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Abstract: As aircraft noise affects large areas around airports, noise exposure calculations need to

be highly accurate. In this study, we compare noise exposure measurements with calculations of

several thousand single flights at Zurich and Geneva airports, Switzerland, of three aircraft noise

calculation programs: sonAIR, a next-generation aircraft noise calculation program, and the two

current best-practice programs FLULA2 and AEDT. For one part of the flights, we had access to flight

data recorder (FDR) data, which contain flight configuration information that sonAIR can account for.

For the other part, only radar data without flight configuration information were available. Overall,

all three programs show good results, with mean differences between calculations and measurements

smaller than ±0.5 dB in the close range of the airports. sonAIR performs clearly better than the

two best-practice programs if FDR data are available. However, in situations without FDR data

(reduced set of input data), sonAIR cannot exploit its full potential and performs similarly well as

FLULA2 and AEDT. In conclusion, all three programs are well suited to determine averaged noise

metrics resulting from complex scenarios consisting of many flights (e.g., yearly air operations), while

sonAIR is additionally capable to highly accurately reproduce single flights in greater detail.

Keywords: aircraft noise; simulation; sonAIR; FLULA2; AEDT; validation with measurements

1. Introduction

Aircraft noise usually affects large areas around airports. In populated regions, a large
number of people may be exposed [1,2], entailing, among others, restrictions for land-use
planning. Besides economic consequences, it can also cause various health effects [3,4].
In 2017, around 3.2 million people were estimated to be highly annoyed by aircraft noise
and 1.4 million suffered from sleep disturbance around the 47 major European airports. In
addition, more than 1 million people were exposed to more than 50 aircraft noise events
per day exceeding 70 dB in 2017—this is 60% more than in 2005 [5].

Since aircraft noise has a large-scale impact, noise exposure cannot be assessed by
measurements alone, but has to be established using model calculations. Due to their
impact on land-use planning, aircraft noise calculations need to be highly accurate. Cal-
culation uncertainties strongly depend on the modelling approach, model sophistication,
traffic input data, available sound source data and airport peculiarities such as specific
aircraft fleet or different flight procedures [6–8]. Systematic comparisons of simulations
with independent measurements as a validation step are therefore essential.

In the past, model validations were conducted for different models such as ANCON
in the United Kingdom [9], and FLULA2 [7,10] and sonAIR [11] in Switzerland. Another
study compared calculations of the maximum A-weighted sound pressure level (LA,max)
with three different scientific simulation programs (PANAM, ANOPP, CARMEN) by means
of benchmark tests with a reference and a low-noise vehicle [12]. Literature, however, does
not provide any information on larger validation campaigns for AEDT. Previous research
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has focused on specific aspects, such as the accuracy of the AEDT noise input database, the
noise power distance (NPD) curves and their potential for improvement [13]. Studies which
compare different noise models together and against measurements are not available.

The aim of this study was therefore to conduct a comparison and systematic validation
of three different aircraft noise calculation programs, namely sonAIR, FLULA2 and AEDT,
using a large measurement data set. The three programs are based on inherently different
modelling approaches. sonAIR [14,15], with its detailed spectral noise emission and
propagation models, was recently developed to accurately reproduce single flights as
well as (new) noise abatement flight procedures [16]. FLULA2 [17] is an empirical time-
step model and an official tool to calculate yearly aircraft noise exposure in Switzerland.
AEDT [18] is a Doc 9911 [19] compliant and Doc 29 [20] equivalent segmentation-based
model. Both, FLULA2 and AEDT, are best practice programs, primarily developed to
calculate complex scenarios such as yearly air traffic operations, which include various
aircraft types and large numbers of flights. For the validation, we simulated 8785 single
flights around the airports of Zurich and Geneva, Switzerland, and compared the results
with corresponding measurements.

2. Materials and Methods

2.1. Concept Overview

We simulated approaches and departures around the airports Zurich (ZRH) and
Geneva (GVA) with all three aircraft noise calculation programs and compared them with
measured data at the corresponding microphone locations (cf. Section 2.3).

The acoustic quantity used for the comparisons is the A-weighted sound exposure
level LAE (total amount of sound energy of an event (single aircraft flyby), related to the
duration of 1 s, also referred to as “SEL”). Specifically, for the measurements, the LAE,tg is
used, with tg being the time period of an event with the instantaneous sound pressure level
above a measurement location specific threshold (ZRH) or dynamic threshold (GVA). This
quantity is used to have a sufficiently large signal-to-noise ratio to exclude measurement
location specific or varying background noise. Further, the LAE,t10 (total amount of sound
energy of an event over the duration of t10) is used for the simulations with FLULA2
and sonAIR, where t10 is the 10 dB-down-time, i.e., the time period during which the
sound pressure level is less than 10 dB below the LA,max. The LAE,10 is very similar to the
LAE,tg and was thus used for the best comparability with the LAE,tg of the measurements.
Finally, as AEDT does not yield the LAE,t10 as output, we compare the LAE obtained with
AEDT. This is feasible since the sound exposure levels in the AEDT database (NPD curves)
are based on 10 dB-down-time values (p. 28 in [21]). In addition, the difference between
LAE,t10 and LAE is usually small (in the range of some 0.1 dB). Thus, all three quantities,
the measured LAE,tg, the calculated LAE,t10 (FLULA2, sonAIR) and LAE (AEDT) are highly
comparable. We only considered large civil aircraft types, since they represent the majority
of movements on public airports and dominate the aircraft noise exposure in these areas.
The simulated aircraft types in the present study cover the most frequently operating
commercial aircraft in Switzerland.

For 2126 of the overall 8785 simulated flights, Swiss International Air Lines provided
us with flight data recorder (FDR) data. Besides time and position information, FDR data
include Mach number, air density and N1 (rotational speed of the low-pressure compressor),
which are mandatory input data for sonAIR. sonAIR is further able to include the airplane
configuration for some aircraft types [15], in which case, the most detailed available sonAIR
emission models can be applied. For flights where no FDR data were available, we used
radar data, which include only time and position information. As N1 is a mandatory
input parameter for sonAIR, N1 was in this case estimated based on the methodology
of Schwab et al. [22]. Further, Mach number and air density, which are also mandatory
input parameters, were deduced from local meteorological profiles in this particular case.
However, the airplane configuration cannot be estimated from radar data. Therefore, these
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calculations were performed with a set of reduced sonAIR emission models [15] that do
not require information on aircraft configuration.

We simulated three flight datasets separately. Flights with measurement data recorded
close to the airport, once with and once without FDR data, and flights with measurement
data recorded at greater distance to Zurich airport, for which FDR data were available.
Table 1 lists the aircraft types (ICAO designation) used for simulation and distinguishes
whether full or reduced models, i.e., with or without FDR data as input, were used for
calculations with sonAIR. Note that several aircraft types are listed in both categories, as
flights with and without FDR data were measured and analyzed for the corresponding
aircraft types. In contrast to sonAIR, FLULA2 and AEDT do not make use of the additional
information of FDR data and use the same modelling approaches for both, flights with and
without FDR data available.

Table 1. Simulated aircraft types with and without FDR data available. For several aircraft types, both cases occurred.

Simulation Models Aircraft Types (ICAO Designation)

Aircraft Types with FDR Data Available
(ICAO Designation):

A319, A320, A321, A333, A343, B77W, BCS1, BCS3

Aircraft Types without FDR Data Available
(ICAO Designation):

A319, A320, A321, A333, A343, A388, B733, B734, B735, B736, B737, B738, B739,
B762, B763, B764, CRJ7, CRJ9, CRJX, E170, E190, E195, F100, FA7X

Note that the calculations with sonAIR were taken from [11], but had to be re-analyzed
for the current purpose. The calculations with FLULA2 and AEDT were done specifically
for this study.

2.2. Description of the Aircraft Noise Programs

The following subsections give an overview of the most important characteristics of
the three noise calculation programs. Table 2 provides an overview of the model properties
and their settings within the calculations of the current study.

Table 2. Properties of the three programs for the calculations in the scope of this paper.

Model Properties sonAIR FLULA2 AEDT

Model approach Time step model Time step model Segmented model

Noise calculation method
Semi-empirical source model

and separate
sound propagation model

Combined sound emission
and propagation in an

empirical sound emission
pattern

Combined sound emission
and propagation using noise
power distance (NPD) curves

Spectral calculation Yes No (A-weighted level) No (A-weighted level)

Source model
3D (aircraft type specific),

separate engine and airframe
model

2D (longitudinal directivity)
3D (2D + engine installation

effects)

Bank Angle considered Yes No (as 2D source model) Yes

Thrust setting considered Yes (with N1)

No, but separate emission
models for departure with

max and flex power and for
approaches

Yes (calculated thrust)

Aircraft weight for thrust
estimation

Implicitly in N1 estimation if
no FDR data available, not
used if FDR data available

D: different sound emission
patterns (max and flex power)

depending on weight

D: Depending on flight
distance A: Max. landing

weight

Departure Cut-Back Yes (with N1) Yes (sound level reduction) Yes (with thrust)

Aircraft configuration Yes (if FDR data available) No No

Approach reversed thrust No No Yes

3
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Table 2. Cont.

Model Properties sonAIR FLULA2 AEDT

Aircraft trajectory Real 3D trajectory Real 3D trajectory
2D (ground track) with

standard profiles or 3D with
fixed point profiles

Terrain Yes Yes Yes

Buildings Yes No No

Ground properties Yes No, soft ground No, soft ground

Weather
Vertical profiles of pressure,
temperature, humidity and

wind speed
ISA atmosphere

ISA atmosphere or
high fidelity weather data or

average airport weather

Atmospheric attenuation ISO 9613-1 ISO 9613-1
SAE-ARP-5534 or
SAE-ARP-866A or

SAE-AIR-1845

2.2.1. sonAIR

Details on sonAIR are given in [14,15]. In short, sonAIR is a spectral time step noise
calculation program with three-dimensional sound emission, developed to accurately re-
produce the sound exposure of single flights and/or noise abatement flight procedures [14].
The emission model describes airframe and engine noise separately through multiple
regression models, derived from large measurement campaigns [15]. Separately calculated
sound propagation accounts for geometric divergence, atmospheric absorption, shielding
effects, ground reflection of uneven terrain and varying surface properties, foliage attenua-
tion and meteorological effects [14]. If desired, also buildings can be taken into account to
calculate corresponding barrier effects as well as reflections [23].

For emission calculations, sonAIR uses N1 as main parameter of the engine noise
calculation. If FDR data are available, sonAIR is able to further account for airplane
configuration, namely flaps, gears and speed brakes settings for certain aircraft types
(cf. Table 1). The corresponding emission models are referred to as “3D” models [15]. If no
FDR data are provided, sonAIR uses reduced emission models, which do not account for
airplane configuration [15]. These models are referred to as “3Dred” (“red” for reduced)
models. The sonAIR aircraft noise calculation program has been successfully validated in a
rigorous validation exercise with roughly 20000 single flights around ZRH and GVA [11].
The simulations within the present study were conducted with the scientific MATLAB
tool version 7 of sonAIR, using the sonAIR emission model version 1.1-0013 based on
measurement campaigns in 2013, 2014, 2016 and 2017 at ZRH.

2.2.2. FLULA2

Details on FLULA2 are given in [24,25]. In short, FLULA2 is, like sonAIR, a time step
noise calculation program. It uses two-dimensional sound emission patterns, rotationally
symmetric with respect to the roll axis. The sound emission and propagation are combined
in a fully empirical model description [25]. FLULA2 was developed for calculations of
yearly air traffic scenarios and is one of three official models in Switzerland for aircraft
noise calculations [26].

FLULA2 yields the A-weighted sound exposure level of single flights, accounting for
real three-dimensional flight trajectories, as well as speed and terrain data. An additional
term accounts for lateral attenuation, but no engine installation effects are considered.
Emission models are available for approaches and departures with either maximum or
reduced (flex) power [24]. For the current calculations, FLULA2 version 004 was used with
the emission database RC_2019, based on measurement campaigns in 1996, 2013, 2014,
2016 and 2017 at ZRH. Note that the FLULA2 sound source data for the aircraft types
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examined in the present study were fully derived from sound source data of sonAIR, based
on the latter four campaigns (internal Empa report No. 5214.019893).

2.2.3. AEDT

Details on AEDT are given in [18]. In short, AEDT is a software system to calculate
fuel consumption, gaseous emissions and noise related to aircraft operations. The flight
trajectories are divided in flight segments [27]. AEDT uses noise power distance (NPD)
curves as noise calculation database, which contain A-weighted noise values depending on
power setting and slant distances to the receiver for different aircraft and operational modes.
The noise emission and propagation models are fully empirical and combined within the
NPD curves. Additional terms account for lateral attenuation and engine installation
effects. AEDT (previously Integrated Noise Model, INM) was developed for calculations
of yearly air operations. Amongst other things, it is used by the U.S. government for
regulatory studies, research and domestic as well as international aviation environmental
policy analyses [15] and is fully compliant to ICAO Doc 9911 [19]. We used the software
version AEDT 3c within this paper, with the corresponding underlying NPD database and
airport specific default procedural profiles.

The aim of this study was to investigate how well AEDT performs with default settings,
and therefore (unlike for FLULA2 and sonAIR), we did not make any adjustments to meet
local conditions. This means that NPD data, (procedural) flight profiles and weather data
are not adapted to conditions around ZRH and GVA. Instead, standard procedural profiles
of ZRH and GVA, standard weather conditions (ISA atmosphere) and unadjusted NPD
data were used. While adjusted NPD data and flight profiles are likely to improve results,
adjustment of the weather data should only have minor effects on the noise calculations
(for sonAIR, differences in calculations with standard atmospheric and local atmospheric
conditions were found to be less than 0.1 dB [11]).

Simulation process and settings in AEDT for this study: The AEDT simulation process
is not designed for calculating several thousand individual flights with one command, if
the calculation results of every flight have to be evaluated separately. Therefore, a process
workaround was done for the calculations in the present study. AEDT allows importing
simulation specific input data for a single flight via AEDT standard input files (ASIF).
The corresponding data are stored in an SQL server and can be manipulated via SQL
commands. This allows defining all necessary calculation settings. The automation of
input via ASIF and SQL commands, execution and output (LAE) of the calculation of each
single flight is realized by calling command line files.

2.3. Acoustic Measurements

Three existing acoustic measurement datasets are used for this study. One data set
was obtained during a measurement campaign carried out in autumn of 2017, in the far
range of up to 53 km from touchdown at ZRH, by the authors’ institution, Empa [11]. The
other two data sets were obtained from stationary noise monitoring terminals (NMT) in
the close range to ZRH and GVA [11]. The measurement campaigns are described in [11].
For readers’ convenience, we give a summary of the campaigns below.

Figures 1 and 2 show the NMT network in the close range to ZRH and GVA. The NMT
network of ZRH consists of 14 terminals which are distributed around the airport to cover
the major departure and approach routes. The NMT network of GVA consists of 4 terminals.
The black dots in Figures 1 and 2 represent the locations of the microphones where the
aircraft noise was measured. The black circles around each measurement location represent
spatial gates, which the flight trajectories have to penetrate to be considered in this study.
In the Figures, all simulated departure and approach trajectories are visualized. Figure 3
shows the measurement layout in the far range to ZRH. The black lines in this this Figure
represent spatial gates, which the flight trajectories have to penetrate to be considered in
this study. In this case, approaches on runways 28 (A28) and 34 (A34) were measured.
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Figure 1. Noise monitoring terminals (NMT) in close range to ZRH with all flight trajectories used for
this study, colored by procedure. The black circles around each terminal represent spatial gates, which
the flight trajectories have to penetrate to be considered (basemap: swissALTI3D LV95, swisstopo;
source: Federal Office of Topography).

 

Figure 2. Noise monitoring terminals (NMT) in close range to GVA with all flight trajectories used for
this study, colored by procedure. The black circles around each terminal represent spatial gates, which
the flight trajectories have to penetrate to be considered (basemap: swissALTI3D LV95, swisstopo;
source: Federal Office of Topography).
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Figure 3. Measuring stations of the measurement campaign in the far range to ZRH with all flight
trajectories used for this study. Approaches on runway 28 (A28) are depicted in blue and on runway
34 (A34) in purple. The black lines represent spatial gates, which the flight trajectories have to penetrate
to be considered (basemap: swissALTI3D LV95, swisstopo; source: Federal Office of Topography).

As measurements conducted during bad weather conditions, such as strong wind sit-
uations with wind speeds exceeding 5 m/s and/or rain, generally have higher background
noise, they were systematically excluded from the analysis.

2.4. Simulation Input Data

2.4.1. Flight Data

We simulated each individual flight separately using either FDR data or radar data
(see Section 2.1). FDR data were provided by Swiss International Air Lines. If no FDR data
were available, we used radar data provided by Flughafen Zürich AG (owner and operator
of Zurich Airport). The trajectory data were processed as necessary (e.g., N1 estimation for
sonAIR in case of radar data, see above) to serve as inputs for the single flight simulation
in sonAIR, FLULA2 and AEDT. Table 3 provides an overview of the simulated flights that
are compared with the corresponding measurements.

Table 3. Number of simulated flights and aircraft types.

Close/Far Range to Airports FDR Available # Flights Airport (s) # Different Aircraft Types

close yes 1732 ZRH/GVA 8
close no 6659 ZRH/GVA 24
far yes 394 ZRH 5

2.4.2. Additional Input Data

Weather data for the sonAIR simulations were available as vertical profiles of air
pressure, temperature, humidity and wind speed (COSMO-1 forecast data by the Federal
Office of Meteorology and Climatology, MeteoSwiss). For FLULA2 and AEDT, standard
atmospheric conditions for air pressure (1013.25 hPa) and temperature (15 ◦C) according
to the International Standard Atmosphere (ISA) were used, with 70% relative humidity.
Note that while AEDT may also consider specific (e.g., local) meteorological conditions, we
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used standard atmospheric conditions for AEDT, as we wanted to test how the program
performs with default settings (cf. Section 2.2.3).

sonAIR and FLULA2 both by default perform simulations with terrain data (Digital
Terrain Model DTM by the Federal Office of Topography, swisstopo). FLULA2 uses a
resolution of 25 m × 25 m in the whole calculation area. sonAIR uses a resolution of
25 m × 25 m in the far range of the airport, but a finer resolution of 2 m × 2 m closer to
the airports, to integrate buildings, on which the NMTs were installed, manually from the
swissBUILDINGS3D vector based dataset by swisstopo. The terrain model was used in
both FLULA2 and sonAIR, to account for receiver height (= microphone height), ground
reflections from roofs of the NMT locations (sonAIR only), as well as possible shielding
effects (FLULA2: by terrain only, sonAIR: also by buildings close to the airport), which,
however, are negligible for the examined microphone locations in this study, given the
present terrain situation. In AEDT, we did not model shielding by terrain, but accounted
for the true microphone height.

Ground cover data were obtained from the Swiss Map Vector 25 by swisstopo in the
far range and from cadastral surveying of the cantons in the close range to the airports,
both with a resolution of 5 m × 5 m.

2.4.3. Sound Level Correction in AEDT

The aircraft and engine designations in the input data of the simulated flights had to
be renamed to assign a suitable emission dataset in AEDT. If there is no corresponding
emission model in the database, AEDT substitutes with a proxy type [20]. However, the
sound emission levels (NPD curves) of the substitution model may differ from the actual
aircraft, which needs to be corrected afterwards. The method of the sound level correction
is given in Section 6.4 of Doc 29, Volume 1 [28]. The database for the sound level corrections
is the EASA Jet aeroplanes noise database [29]. The list of aircraft types simulated with
AEDT, their emission models and corresponding level corrections can be found in Table S1
in the Supplementary Materials. Note that for FLULA2 and sonAIR, no substitutions and
corresponding level corrections were necessary as all studied aircraft types were available
in their data bases.

2.5. Measurement and Calculation Uncertainties

Measurement uncertainties differ between accompanied and automated measure-
ments [7,30]. In accompanied measurements, such as those in the far range to ZRH, local
influencing factors such as ambient noise or reflections on buildings can largely be ex-
cluded. Here, the remaining uncertainty is due to the measurement devices and amounts
to around 0.5 dB (68% standard uncertainty). Automated measurements, such as the
NMT stations in the close range to ZRH and GVA, are characterized by less controlled
measurement conditions. The locations might not be ideal from an acoustical point of view,
and event trigger levels are used for recordings. In addition to device-related uncertainties,
buildings and ambient noise may affect the accuracy of the measurement. Depending on
the locations, the measurement uncertainty amounts to 0.5–0.9 dB [7,30].

Besides, calculations are also afflicted by input data and (sound emission and propa-
gation) modelling uncertainties, which vary along the flight path [6–8]. The calculation
uncertainties for FLULA2 were estimated to amount to between 0.5 dB (day) and 1.0 dB
(night) for legally relevant yearly noise exposures LAeq ≥ 53 dB (day) and LAeq ≥ 43 dB
(night), respectively [6,7]. These values are likely to be similar for sonAIR and AEDT.

When comparing the simulation results with the measurement and interpreting the
differences, one should keep these uncertainties in mind [7,31].

3. Results

This section shows the comparisons between the simulations with the different pro-
grams and the measurements. The comparisons are separately done for each program and
distinguished between events with FDR data (referred to as “FDR” in the following) and
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without FDR data available (“nonFDR”), as well as in close and far range to the airports.
Note that the subsequent plots display multiple aircraft types and measurement locations
with different local conditions. A list with mean values and standard deviation of the
differences between calculations and measurements of the three models for each aircraft
type can be found in Tables S2–S4 in the Supplementary Materials.

3.1. Close Range to Airports, FDR

The aircraft types with FDR data included (“FDR types”) in the study in close range
to the airports are given in Table 1. Figure 4 shows the differences between corresponding
calculations and measurements with scatterplots, separately for all three programs.

 

  

(a) (b) (c) 

−

−

Figure 4. Scatter plots of simulation vs. measurements for aircraft with FDR data in the close range to the airports (ZRH
and GVA combined), grouped by procedure (D: Departure, A: Approach, SD: Standard deviation). (a) sonAIR, (b) FLULA2,
(c) AEDT.

Overall, there is a very good agreement between calculations and measurement in the
close range with sonAIR. The single event level LAE,t10 is slightly underestimated (−0.3 dB),
with departures particularly contributing to this underestimation. The standard deviation
for the LAE,t10 is 1.6 dB.

The LAE,t10 calculated with FLULA2 also agree well with measurements. Overall,
calculations slightly underestimate measurements by −0.4 dB, but this difference is sub-
stantially smaller than the measurement and calculation uncertainties (Section 2.5). In the
scatter plot, there are slight horizontal stratifications, which are due to the rigid directivity
patterns of FLULA2. For sonAIR with dynamic sound source data, these stratifications are
not visible.

The overall simulation results obtained with AEDT also agree well with measurements.
The scattering is somewhat larger than for sonAIR and FLULA2. The LAE for departures
are generally underestimated and those for approaches generally overestimated. As in
FLULA2, there are horizontal stratifications visible in the scatter plot. The reason in this
case is that AEDT uses type-specific standard procedural profiles for the calculations in
this study, in which the thrust and altitude profile is the same for a large number of flights.
Especially for quieter approaches, some aircraft type-specific deviations can be identified,
which appear as horizontally layered clusters.

sonAIR is able to represent all aircraft types with high accuracy, while FLULA2 and
especially AEDT show more type-specific deviations. For more details on specific aircraft
types, we refer to Table S2 of the Supplementary Materials.
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3.2. Close Range to Airports, nonFDR

The aircraft types without FDR data included (“nonFDR types”) in the study in
close range to the airports are given in Table 1. Figure 5 shows the differences between
corresponding calculations and measurements with scatterplots, separately for all three
programs.

(a) (b) (c) 

−

Figure 5. Scatter plots of simulation vs. measurements for aircraft without FDR data in the close range to the airports (ZRH
and GVA combined), grouped by procedure (D: Departure, A: Approach, SD: Standard deviation). (a) sonAIR, (b) FLULA2,
(c) AEDT.

On average, sonAIR reproduces the measurements as good as with the FDR types, with
a mean difference of −0.3 dB, but with a larger standard deviation of 2.2 dB. Departures are
again slightly underestimated, while the approaches show on average a very good match.

Overall, there is also a good agreement between calculations and measurements for
FLULA2. The standard deviation is very similar for calculations with FDR data. Never-
theless, a larger number of outliers is visible, especially in cases of lower LAE,t10. This is
further discussed in Section 3.4.

The calculations of AEDT with nonFDR types also show on average a good agreement
with the measurements. As with the FDR types, approaches are generally overestimated
and departures are underestimated. The standard deviation of 2.5 dB is the same as for
calculations with FDR data. This was expected, as AEDT and FLULA2, in contrast to
sonAIR, do not include additional flight parameters from the FDR data. Again, horizontal
stratifications are visible for both FLULA2 and AEDT.

As for the FDR types, the differences in aircraft type-specific differences are smallest
for sonAIR. FLULA2 and especially AEDT show larger differences. The corresponding
data can be found in Table S3 of the Supplementary Materials.

3.3. Far Range to Airports, FDR

The aircraft types with FDR data included (“FDR types”) in the study in far range to
the airports are A319, A320, A321, A333, A343. Figure 6 shows the differences between
corresponding calculations and measurements with scatterplots, separately for all three
programs.
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Figure 6. Scatter plots of simulation vs. measurements for approaches of aircraft with FDR data in the far range of ZRH. A:
Approach, SD: Standard deviation. Note that no departures were recorded (Section 2.3). (a) sonAIR, (b) FLULA2, (c) AEDT.

sonAIR reproduced the measured noise exposure values well over all microphone
locations and aircraft types. On average, there is a slight overestimation, with a mean
difference of +0.4 dB and a standard deviation of 1.3 dB. In the area of lower sound pressure
levels (corresponding to larger propagation distances/flight distances to touchdown), a
slightly increased scattering can be observed. These differences are likely a consequence of
turbulence induced scattering of the measured levels, which tends to be more pronounced
at greater propagation distances. Another uncertainty arises from the fact that sonAIR
has to estimate the sound emission outside of the verified model parameter range in these
cases (extrapolation of model parameters).

The calculations with FLULA2 show, on average, a good agreement with the measure-
ments. However, the differences are clearly larger than in the close range, especially for
approaches on runway 34 with an underestimation of 3.2 dB (see Table 4). For FLULA2,
the scattering is substantially larger in situations with LAE,t10 below 70 dB. In addition,
the horizontal stratifications in the scatter plot are more pronounced than in the close
range. This is expected, as FLULA2 has fixed directivity patterns, which represent the
configuration of the final approach state. Therefore, FLULA2 can represent flight conditions
far away from the airport only to a limited extent, and larger differences to measurements,
as observed here, may occur.

Table 4. Differences between simulation and measurements for all scenarios, in brackets separated
into departures (D) and approaches (A).

Scenario Model Median (dB) SD (dB)

ZRH & GVA, FDR,
close range

sonAIR −0.4 (D: −0.6, A: −0.2) 1.6 (D: 1.5, A: 1.6)
FLULA2 −0.4 (D: −0.4, A: −0.4) 2.0 (D: 2.0, A: 1.9)

AEDT −0.3 (D: −1.1, A: +0.6) 2.5 (D: 2.5, A: 2.3)

ZRH & GVA,
nonFDR, close range

sonAIR −0.5 (D: −0.7, A: −0.2) 2.2 (D: 2.0, A: 2.3)
FLULA2 0.1 (D: 0.0, A: +0.2) 2.2 (D: 2.2, A: 2.3)

AEDT −0.5 (D: −1.1, A: +0.4) 2.5 (D: 2.5, A: 2.5)

ZRH, FDR, far range
sonAIR 0.4 (A28: +0.5, A34: +0.2) 1.3
FLULA2 0.3 (A28: +0.8, A34: −3.2) 2.7

AEDT −0.1 2.2

Overall, the calculations with AEDT show good agreement with the measurements.
The standard deviation of 2.2 dB is similar to the close range. Similar to FLULA2, the
horizontal stratification in the scatter plot is more pronounced, whereby two horizontal
clusters are clearly to the right of the 1:1 line (at simulated LAE of ~75 and 80 dB). These are
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the calculations of one specific aircraft type, which AEDT seems to generally underestimate
(about 2 dB lower LAE than FLULA2 and sonAIR). This might be explained by the fact that
this type is poorly mapped by the NPD curves of its proxy type in AEDT.

The corresponding data can be found in Table S4 of the Supplementary Materials.

3.4. Overall Comparison of the Three Aircraft Noise Programs

Figure 7 shows the overall performance comparison (differences in calculations vs.
measurements) of the three models with Box-Whiskers-plots, separately for approaches
and departures. Table 4 numerically summarizes the results presented in Figure 7. In
the close range to the airports, sonAIR and FLULA2 reproduce the measured values
similarly well, with differences mostly smaller than 0.5 dB, while the calculations with
AEDT show an overestimation for approaches (up to 0.6 dB) and a more pronounced
underestimation for departures (up to −1.1 dB). In addition, for the FDR types, sonAIR has
the smallest standard deviations (up to 1.6 dB) and AEDT has the largest (2.5 dB); FLULA2
lies in between (2.5 dB). For the nonFDR types, sonAIR calculations show similar standard
deviations as FLULA2 and AEDT (Table 4).

−

 

(a) (b) (c) 

∆ ∆Figure 7. Box-whisker-plots of differences ∆LAE,t10 for sonAIR and FLULA2 and ∆LAE for AEDT (simulation minus
measurements) for all scenarios, grouped by procedure (D: Departure, A: Approach). (a) ZRH & GVA, FDR, close range;
(b) ZRH & GVA, nonFDR, close range; (c) ZRH, FDR, far range.

In the far range, all three models show, on average, good agreement with the measure-
ment data. The smallest standard deviations are obtained with the sonAIR calculations.

Figures 8 and 9 compare the calculated LAE,t10 (LAE for AEDT) of the three models
for the datasets with and without FDR data in the close range to ZRH and GVA. This
gives an indication of the overall agreement between the three model calculations (the
results of the far range are not included in this comparison, as the number of flights
are limited, and as only approaches of FDR types are available). The calculated event
levels with sonAIR and FLULA2 agree well for both, FDR and nonFDR types, with a
moderate standard deviation of 1.6 dB. This was expected, as FLULA2’s sound source
data for the aircraft types of the present study were derived from sound source data of
sonAIR (Section 2.2.2). Thus, differences between sonAIR and FLULA2 are exclusively due
to different underlying modelling approaches, but not different databases. The compar-
isons of AEDT with FLULA2 and sonAIR show somewhat larger deviations from the 1:1
line. The standard deviation varies between 2.2 and 2.5 dB. This may be due to aircraft
type or measurement location specific differences in the calculated event levels. Larger
differences between AEDT and sonAIR/FLULA2 were expected, as AEDT differs not only
with respect to underlying modelling approaches, but also databases (NPD curves and
standard procedural profiles). Overall, there are no systematic differences between the
three programs, indicating that their calculation results are equivalent on average.
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(a) (b) (c) 

Figure 8. Scatter plots of the calculated event levels LAEt10 (LAE for AEDT) between the three models for aircraft with
FDR data in the close range (ZRH and GVA combined), grouped by procedure (D: Departure, A: Approach, SD: Standard
deviation). (a) sonAIR vs. FLULA2; (b) FLULA2 vs. AEDT; (c) sonAIR vs. AEDT.

(a) (b) (c) 

Figure 9. Scatter plots of the calculated event levels LAE, t10 (LAE for AEDT) between the three models for aircraft without
FDR data in the close range (ZRH and GVA combined), grouped by procedure (D: Departure, A: Approach, SD: Standard
deviation). (a) sonAIR vs. FLULA2; (b) FLULA2 vs. AEDT; (c) sonAIR vs. AEDT.

Larger outliers as observed in Figure 4 and especially Figure 5 mostly vanish. These
deviations are therefore likely due to turbulence-induced sound propagation effects and/or
ambient noise contaminations that neither of the examined calculation programs accounts
for.

4. Discussion

In this study, a comparison and systematic validation of three inherently different
aircraft noise calculation programs, namely sonAIR, FLULA2 and AEDT, was performed
with a large measurement data set.

The calculations with sonAIR show a very good agreement with the measurements,
both in the close and in the far range to the airports, although the LAE,t10 of departures is
generally slightly underestimated. If FDR data are available as input, sonAIR is particularly
accurate, with smaller standard deviations of the differences to the measurements than
those of FLULA2 and AEDT. This is particularly evident in the far range, where sonAIR cal-
culates noise exposure with a standard deviation of 1.3 dB, compared to 2.7 dB of FLULA2
and 2.2 dB of AEDT. By considering airplane configuration and the separation of engine
and airframe noise, approaches in particular can thus be more accurately reproduced by
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sonAIR. Only a few nonFDR types show somewhat larger mean differences: here, sonAIR
performs similarly accurately as FLULA2. Also the far range calculations would be less
accurate if no FDR data were available, with roughly 1 dB larger standard deviations [11].

In the close range, the LAE,t10 calculated by FLULA2 also agree well with the measure-
ments. However, FLULA2 is not able to reproduce the LAE,t10 of all aircraft types equally
well as sonAIR, and a larger number of aircraft type-specific differences larger than 1 dB
result. In the far range, FLULA2 shows a strong underestimation of −3.2 dB for approaches
on runway 34 (see Table 4). During the entire approach phase, FLULA2 uses static source
model representing final approach configuration. This leads to an underestimation of the
airframe noise far from the airport when airplane speeds are higher than close to touch-
down. The FLULA2 emission patterns therefore only partially represent flight conditions
far from airports, where, e.g., flaps and gears settings are completely different.

AEDT also overall yields a good agreement with measurements, in the near and far
range to the airports, although in close range, approaches tend to be overestimated while
departures are underestimated. The differences to measurements in the close range are
generally greater than for sonAIR and FLULA2. In interpreting these results, however, one
should keep in mind that AEDT’s sound source database does not cover all aircraft engine
types that we measured. Thus, they had to be substituted with comparable proxy types in
some cases. In addition, contrary to sonAIR and FLULA2, neither sound source data nor
flight profiles were specifically tuned to the local conditions of ZRH and GVA.

This study shows that sonAIR is clearly more accurate than the best practice models
FLULA2 and AEDT if FDR data with flight configuration information are available for
calculations. In this case, sonAIR can exploit its full potential, by using the best possible
3D source model with detailed consideration of the flight configurations. For calculations
without FDR data, all three models show similar results. However, for all three programs,
the accuracy of calculations varies between different aircraft types; here, the fleet mix
determines how well the results are on average. For yearly aircraft noise calculations with
a fleet consisting of many aircraft types, this point is not critical. While both FLULA2
and sonAIR are based on measurement data around ZRH and therefore adapted to local
conditions such as the exact aircraft fleet, flight profiles, etc., in this region, this is not the
case for AEDT. By adjusting the source data, AEDT in particular could be better tuned to
local conditions which would improve modelling results. However, input data adjustment
and corresponding calculations were beyond scope of this paper.

In conclusion, there are no systematic differences between the three models, indicating
that their calculation results are equivalent on average. All three programs are well suited
to reproduce measurements sufficiently accurate on average and thus also to determine
averaged noise metrics resulting from complex scenarios consisting of many flights (e.g.,
yearly air operations), while sonAIR is additionally capable to highly accurately reproduce
single flights in greater detail. sonAIR also shows the lowest aircraft type specific deviations,
which makes it more robust with respect to single-flight simulations.

5. Conclusions

In this study, we calculated the A-weighted sound exposure level of several thousand
single flights with three different aircraft noise calculation programs at receiver locations
around Zurich and Geneva airports. We compared the results to measurements and be-
tween the programs. Overall, all three models yield results that achieve good agreement
between each other and with the measurements. Using FDR data, sonAIR shows a substan-
tially lower deviation from measurements than FLULA2 and AEDT, for both, departures
and approaches, especially in far range to the airports. Without using FDR data, however,
the deviations are similar to those of FLULA2 in the close range. However, substantially
more aircraft type and measurement location-specific deviations larger than 1 dB occur
with calculations of FLULA2 than with sonAIR, especially in the far range. This reveals
the advantage of the sonAIR modeling approach with dynamic and separate sound source
models for engine and airframe noise. AEDT also reproduced the measurements well,
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in both, the close and far range to the airports, with slightly larger mean differences and
standard deviations than sonAIR and FLULA2. However, standardized procedural profiles
and NPD curves were used without adaptions to the local conditions, while FLULA2 and
sonAIR are adjusted to specific Swiss conditions. Consequently, AEDT can be attested a
high modelling performance as well.

In conclusion, the present study shows that, on average, all three inherently different
modelling approaches of the aircraft noise calculation programs are able to reproduce
measurements in the close and far range sufficiently accurate, with mean differences below
1 dB. All three programs are therefore well suited to determine averaged noise metrics
resulting from complex (e.g., yearly) airport scenarios. The strength of sonAIR is shown
especially if FDR data are available and/or in the far range of airports, being able to
reproduce individual flights very precisely (low scatter).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/aerospace8120388/s1, Table S1: List of aircraft types simulated with AEDT, their emission
models and corresponding level corrections, Tables S2–S4: List of emission models with FDR data
in the close range (ZRH and GVA combined), with mean values and standard deviations between
calculations and measurements, separately for departures and approaches.
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Abstract: As part of a collective research effort towards greener aviation, the present study focuses

on the noise impact of aircraft operations around major airports. To this end, an aircraft noise

prediction platform is developed, which relies on state-of-the-art functionalities as well as more

specific, innovative features. Originally built upon the Aircraft Noise and Performance (ANP)

database and its Noise–Power–Distance (NPD) table, the method is further refined to alleviate

most of their inherent limitations (e.g., standardized and simplified aircraft noise scenarios). The

resulting aircraft noise prediction platform is validated against benchmark cases of increasing

complexity, being then applied to real-life situations involving actual aircraft operations around

Hong Kong International Airport (HKIA). Specific comparative analyses are conducted, which

allow highlighting the variability of the noise impact by aircraft, depending on their type (A330,

B777) and/or operational conditions (power settings, meteorological conditions, routes, banks,

etc.). The study delivers insightful outcomes, whether phenomenological (aircraft noise impact)

or methodological (aircraft noise prediction). As a by-product, it illustrates how noise prediction

methods/platforms such as the present one may help in guiding the further expansion of airport

operations and/or infrastructures (as is currently the case with HKIA).

Keywords: green aviation; airport operations; aircraft noise impact; noise prediction method

1. Introduction

The development of low-noise technologies and the establishment of more stringent
regulations have led to a continuous decrease in the noise impact by air traffic over recent
decades [1]. However, the environmental noise pollution caused by civil aviation is still a
major societal concern, because of the many adverse effects it entails (annoyances, sleep
disturbances, health issues, educational achievements, etc.) [2–4]. This makes aircraft
noise a show-stopper for airports expansion [5], which may question the sustainable
development of the aviation market [6–8] whose annual growth is about 5% [9]. Therefore,
mitigating the noise impact of civil aviation is of utmost importance for all major countries,
especially those which possess large aviation hubs located nearby highly dense cities, such
as China [10,11]. Indeed, not only China is the most populous country in the world, but it
also ranks second in the world in terms of passenger air traffic and it has now replaced the
United States as the world’s largest aviation market [12]. In particular, Hong Kong, which
is the world’s sixth most densely populated city, is also the busiest airport in terms of cargo
volume, worldwide. To cope with the growing demand for air transportation, the Hong
Kong International Airport (HKIA) is now expanding its capacity, through the deployment
of a third runway [13]. This obviously raises legitimate concerns about how the noise
impact by aircraft operations will affect the many residential areas surrounding HKIA.

Aircraft noise has been a matter of intense research over the past 50 years. Essentially,
two main approaches exist to mitigate aircraft noise, namely at the aircraft level by re-
ducing its sources [14] and at the operation level by reducing its perceived impact on the
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ground [15–17]. The former strategy seeks at developing quieter engines and low-noise
aircraft designs [18], which however constitutes a daunting challenge given the multiple
components involved (e.g., high-speed jets, combustion, turbine, fan, landing gear, high-lift
devices, cavities, etc.) [19,20]. The latter strategy rather seeks at optimizing the aircraft
operations nearby airports (e.g., through noise abatement flight procedures) [17,21,22].
This however requires properly assessing the noise impact induced by aircraft during their
departure and approach flight phases, which can be achieved through field measurements
and/or predictive models. Field measurements are relatively straightforward and reli-
able [23], but they can only be performed a posteriori, over certain predetermined locations
(e.g., using in-situ microphones). Notably, they solely offer measuring the noise impact
from actual aircraft operations, but they do not allow to extrapolate it to alternative sce-
narios (e.g., for exploring the impact of new flightpaths, runways, fleets, noise abatement
procedures, etc.). Moreover, field measurements can be polluted by ambient sounds, which
makes it more difficult to discriminate the actual aircraft noise [24]. All these issues can
be overcome by using predictive models, whose principle is to virtually recreate the noise
impact by aircraft operations. The major limitation of these models is their cost in terms
of computational resources, which scale with the accuracy level that is sought after. Over
recent decades, many aircraft noise prediction approaches were proposed, which can be
subdivided into three categories [25,26], namely, empirical [27–30], semi-empirical [31–33]
and analytical [34–36]. Falling in the first category, the so-called Integrated Noise Model
(INM) [37] developed by the US Federal Aviation Administration (FAA) is used world-
wide for assessing the noise impact around airports. This tool is commonly used for
either (i) monitoring aircraft operations, (ii) studying their impact on the neighboring
populations [38–40], (iii) guiding the further development of airports [22,41,42], or even
(iv) establishing low-noise flight procedures [43,44]—all that whereas incorporating other
constraints (e.g., fuel consumption and chemical emissions) [45,46]. In particular, the INM
model is now the cornerstone of large prediction platforms aiming at optimizing airport
operations, worldwide, such as the Aviation Environmental Design Tool (AEDT) in the
U.S.A. The latter constitutes one of the major bricks of the FAA-led Next Generation Air
Transport System [47], whose goal is to revamp America’s aviation infrastructures and
operations into a renewed, integrated, clean and efficient air system [47]. Similar large-scale
initiatives exist worldwide, for instance in Europe with the Environmental Noise Direc-
tive [48], whose aircraft noise aspects are tackled using methods that also rely on the INM
model. Notably, the baseline methodology underlying INM is best described in ref [49],
which was issued by a concertation group of the European Civil Aviation Conference
(ECAC) in the framework of the END initiative [48]. Since the latter initiative extends to
other industries (civilian and military aviation, railway, road traffic, etc.), current efforts
focus on unifying and standardizing the prediction tools for environmental noise miti-
gation, for instance by developing the so-called Common Noise Assessment Methods in
Europe [50]. Regarding aviation noise, the CNOSSOS-EU approach also relies on the INM
model whereas integrating additional databases, thereby offering to tackle not only civilian
aircraft, but also military ones, as well as helicopters, or specific airport operations (e.g.,
engine run-up noise). This may be pivotal in implementing strategic noise maps [51,52],
thereby helping policymakers in their efforts to improve the land-use planning around
major airports, as advocated by ICAO for mitigating environmental noise by air traffic. All
the above illustrates how aircraft noise prediction tools can be advantageously integrated
into larger platforms, thereby allowing to tackle environmental issues that would be too
challenging to handle otherwise.

The present study is part of a larger research effort, whose objective is to develop
a flightpath optimization platform enabling to minimize both the fuel consumption and
noise emission due to aircraft operations nearby airports [45]. As a starting point, we
here develop a noise prediction approach that comes as a mix between the INM baseline
methodology [49] and novel, specific features. Upon incremental validations, we apply the
resulting approach/tool to actual aircraft operations, thereby highlighting its relevance for
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real-life situations. This paper is organized as follows. In Section 2, the noise prediction
approach is outlined, with a special emphasis put on the specific improvements that were
brought to it. The method and subsequent tool are then validated in Section 3, this being
achieved using several benchmark cases of increasing representativeness. In Section 4, the
approach is applied to realistic scenarios coming from actual aircraft operations nearby
Hong Kong International Airport. Finally, some conclusions and perspectives are drawn.

2. Computational Methodology

This section outlines the present noise prediction approach, which incorporates specific
supplements compared to the baseline methodology described in [49].

2.1. Overview

Similar to the INM-related baseline methodology it originates from, the present ap-
proach primarily relies on the so-called Aircraft Noise and Performance (ANP) database
and its associated Noise–Power–Distance (NPD) subset. This ANP/NPD database can be
seen as a semi-empirical tool that allows estimating the noise impact induced by a given
aircraft, depending on what its power settings and distance to the ground are [53]. Here
it is worth reminding that such a noise impact is commonly measured in terms of Sound
Exposure Level (SEL) or Effective Perceived Noise Level (EPNL), both of which represent
the overall sound energy of a single noise event once integrated over a given duration
(one and ten seconds, respectively) [37,54] and tailored to the sensitivity of the human
ear (e.g., the SEL is A-weighted and the EPNL is tone corrected). Both measures thus
translate the loudness or noisiness of the noise event, whereas their cumulative effect over
successive events can be averaged (e.g., Day–Night average sound Level, DNL, Equivalent
Sound Level, Leq). Given its empirical nature, the ANP/NPD database/tool is a powerful
resource for predicting the noise environment around airports. On the other hand, since
it is built upon standardized scenarios of aircraft operations (aircraft types, flightpaths,
power settings, atmospheric conditions, etc.), its application is limited to rather canonical
situations of air transport exploitation. Moreover, since the NPD-based noise prediction
kernel relies on a rather rudimentary scenario of noise emission by a simplistic source
(isolated jet) within a homogeneous free-field medium, the approach somehow lacks accu-
racy. One way to mitigate these limitations is to improve both the source characteristics
and the propagation features that the approach relies on, which can be partly achieved
by incorporating additional correction factors. This is what was carried out here and is
summarized below.

On one hand, the characteristics of the noise source can be improved through a more
accurate description of both its intensity and directivity. First, the source intensity is
directly driven by the aircraft power settings, which can be refined by using the actual
ones instead of their standardized counterparts. To this end, Section 2.3.1 proposes a
method for assessing the actual power settings of an aircraft, based on its flightpath
characteristics. Second, the source directivity is related to the way the engines are installed
within the airframe (e.g., wing-mounted or fuselage-mounted), with an installation effect
that can be partly incorporated through the proper estimation of the aircraft bank angle (see
Section 2.3.2). On the other hand, the propagation features can be refined through several
means such as a more accurate description of the propagative path itself (e.g., incorporating
all the flightpath sections that contribute to the noise impact, see Section 2.3.3), as well
as of the noise phenomena to occur during the propagation phase (e.g., absorption due
to the humidity, refraction due to the atmosphere inhomogeneities, reflection due to the
ground, etc.). Some of these refinements are part of the INM-based method which is
described in Section 2.2, whereas others are specific to the current work and are detailed in
Section 2.3. Yet, not all of these effects can be incorporated in the approach, which would
be too complex and costly otherwise. For instance, one can here remind that the sound
refraction originates from the atmospheric heterogeneities, which either affect the sound
speed (and thus the acoustic impedance) through the pressure and temperature variations,
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or add convection effects due to winds. Whereas the former effect can be incorporated
in a rather straightforward manner, the latter raises more challenges in terms of practical
implementations and CPU cost efficiency.

Figure 1 sketches the overall methodology, both summarizing the baseline approach [49]
and highlighting the specific addendums brought to it in the present work.

 

Figure 1. Aircraft noise prediction methodology, as built-up from the baseline approach [49] (in black) whereas incorporating
specific addendums (in red).

2.2. Baseline Approach

This section gives a brief overview of the baseline approach, whose detail can be
found in [49]. Recommended by the International Civil Aviation Organization (ICAO), this
approach is widely adopted by airports and legislation authorities for assessing the noise
impact of aircraft operations (at least for commercial aircraft) [55].

As detailed in ref [53], this methodology relies on the fragmentation of the flightpath
into specific segments, each one being allotted the aircraft corresponding characteristics
(position, power settings, airspeed, etc.). Those characteristics are then translated into
suitable inputs (power settings, aircraft-to-ground distance) for the NPD-based noise
prediction tool to assess the aircraft noise impact on the ground. More precisely, the 3D
flightpath is decomposed into the so-called ground track (i.e., the vertical projection of
the flightpath on the ground) and flight profile (i.e., the altitude changes of the aircraft
along the ground track), both of which are made of a finite number of continuous straight-
line segments. The detail of these flight segments (endpoints) and associated aircraft
characteristics (operational data) can be inferred from the flightpath records (either radar or
Flight Data Recorder, FDR), or estimated using specific formulas [49]. Using this, the aircraft
power settings and aircraft-to-ground distance can be obtained, thereby allowing the
aircraft noise impact to be assessed through proper (linear and logarithmic) interpolations
of the NPD database.
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As was said, however, the NPD database is built upon an ideal scenario following
which the ground observer would be located right below the aircraft, with the latter flying
at a constant speed and power settings along an infinite horizontal flightpath and under
specific atmospheric conditions. For the method can be applied to more realistic scenarios,
it is thus needed to enhance it with several correction terms, namely, start-of-roll directivity,
engine installation, finite segment, duration, acoustic impedance, and lateral attenuation
adjustments. The start-of-roll directivity correction reflects the highly directive radiation
pattern of the engine noise during the take-off roll. The engine installation correction
accounts for the modification of the aircraft noise source directivity due to the integration
of the engines within the airframe (e.g., scattering by the wings, refraction effects in the near-
field, etc.). The finite segment correction translates the fact that, different from the NPD
assumption, the flightpath is made of finite segments. The duration correction accounts for
the difference between the actual aircraft speed and that from the NPD standard (160 knots),
such disparity in speed translating into shorter or longer sound exposures. The acoustic
impedance adjustment accounts for the difference between the local atmospheric conditions
(taken at the airport level [49]) and that from the NPD standard. The lateral attenuation
translates all the noise interferences induced by the reflection (and, to a lesser extent, by the
refraction) effects inherited from the ground presence. Here it is worth noticing that these
refraction effects are incurred by either the temperature and/or wind gradients induced
by the ground, depending on its characteristics (e.g., roughness, heat transfer). All these
correction terms enable the NPD-based noise prediction tool to assess more accurately the
noise impact of aircraft in different scenarios. As an illustration, Appendix B exemplifies
how these various correction terms weigh on the prediction of the noise impact by a typical
aircraft at take-off.

2.3. Specific Improvements Brought to the Methodology

The ANP database is built on a standardized scenario of aircraft operations (flight
profile, power settings, airspeed, etc.). However, in reality, the actual operations often
deviate from these standard cases, due to various factors (terrain, wind speed and direction,
noise abatement flight procedure, etc.). For the overall methodology to be closer to reality,
the NPD-based noise prediction must therefore be enhanced with various refinements—
which was carried out here and is summarized hereafter.

2.3.1. Refinement of the Aircraft Noise Emission (Intensity), through the Incorporation of
the Actual Power Settings

Ideally, the aircraft operational data should be inferred directly from actual records
(either radar or Flight Data Recorder, FDR). Whereas FDR data offer the most compre-
hensive and accurate information, their proprietary nature makes them difficult to access.
Conversely, radar data are open source and therefore readily available but they offer less
detailed information. For instance, the flightpath characteristics of any aircraft can be easily
accessed through their radar data, which can be accessed via public domain websites (e.g.,
FlightAware, Flightradar24, OpenSky Network, etc.). These data, however, do not provide
any insights about the aircraft power settings, which makes them less straightforward to
use in the present context. To overcome this issue, the present approach incorporates a
functionality that offers assessing the aircraft power settings directly from the flightpath
characteristics (flight profile and airspeed). To this end, we derive a simplified model
for the thrust to be delivered by the engines when the aircraft is in dynamic equilibrium,
whether it is considered at roll or aloft. By developing the corresponding equations of
motion (cf. Appendix A), one can express the aircraft thrust via the following integrated
formula (which is valid whether the flight segment is, i.e., either ground roll or aloft):

21



Aerospace 2021, 8, 264

T = m

[

a + g

(

µF

cosγ + µFsinγ

)]

+ L

[

CD

CL
+ cosφ·

(

sinγ − µFcosγ

cosγ + µFsinγ

)]

(1)

In the above, T indicates the thrust (in lbf), L is the lift force, CD/CL is the drag-to-lift
ratio, m is the aircraft mass (in lbm), a is the aircraft inertial acceleration (in average), g is
the gravitational acceleration. Besides, γ and φ, respectively, stand for the flightpath and
bank angles (which are zero when the aircraft is on its ground roll). On the other hand, µF is
the friction coefficient [56], which accounts for the additional drag effect due to the runway
(and is zero when the aircraft is aloft). From there, two scenarios can be distinguished:

When the aircraft is aloft (µF = 0), Equation (1) can be re-expressed as (cf. Appendix A)

T = m

[

a + g

(

CD

CL
· cosγ

cos φ
+ sinγ

)]

(2)

Oppositely, when the aircraft is on the ground roll (γ = φ = 0), and by introducing a
lift model [57], one can show that (cf. Appendix A)

T = m

{

a + g

[

CD

CL
·
(

VTAS

VLOF

)2

+ µF

(

1 −
(

VTAS

VLOF

)2
)]}

(3)

where VTAS and VLOF stand for the aircraft true airspeed (TAS) and its value at lift-off,
respectively.

All parameters appearing in the above Equations (2) and (3) are readily available from
the flight data and/or ANP database, for each aircraft type and flight setting. One can thus
get the actual thrust directly from the aircraft and flight parameters, in all flight phases
(whether the aircraft is aloft or on its ground roll). For being readily exploitable, however,
the actual thrust must be scaled back to the standardized value upon which the NPD
database is built upon, namely the corrected net thrust at sea level. To do so, the actual
thrust is then adjusted through a gross-to-net thrust factor, which translates the fact that
the thrust delivered at a given altitude deviates from its sea-level counterpart. This factor
can be expressed through δ, the ratio of the ambient air pressure around the aircraft to the
standard air pressure at mean sea level [23]. Once scaled by the number of engines, N, one
finally gets the corrected net thrust per engine, to be used as input for the NPD database.

Fn =
T

Nδ
(4)

2.3.2. Refinement of the Aircraft Noise Emission (Directivity), through the Incorporation of
the Engine Installation Effects (Bank Angle)

The way the engines are mounted within the airframe affects the directivity of the air-
craft noise source. These so-called acoustic installation effects can be partially incorporated
through the aircraft bank angle [49], which relates to the depression angle (ϕ) that is directly
linked to the engine installation (see Figure 2 below, as well as Figure A1 in Appendix A).
Indeed, when installed on an aircraft, engines see their noise directivity importantly al-
tered because of the multiple scattering effects induced by the airframe elements (e.g.,
wings) [23]. This directivity, which is measured through the depression angle, mostly
depends on the way the engines are positioned within the airframe (e.g., wing-mounted,
fuselage-mounted). From a ground observer perspective, the noise intensity is thus to be
driven by the combination of the depression and bank angles.
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Figure 2. Engine installation effects on aircraft noise directivity. Noise level correction (dB) as a
function of depression angle (deg).

In the absence of any specific formulas provided in Ref [49], the aircraft bank angle is
here estimated through the flightpath turn radius, using a geometrical approach [37]. To do
so, the ground track is first approximated (using cubic spline interpolation) as a succession
of evenly spaced points, each one being then inferred its corresponding turn radius (which
is determined from the circumradius of the triangle formed with its two neighboring
points). From there, using the aircraft airspeed along with the gravitational acceleration,
the bank angle is derived [49]. Once filtered out from all possible irregularities coming
from the flight characteristics inaccuracies (especially the aircraft position and airspeed),
the bank angle values are interpolated back to the original ground track. Section 4.3.1 and
Appendix C illustrate the sensitivity of the noise prediction towards these bank effects.

2.3.3. Refinement of the Aircraft Noise Propagation (Distance), through the Dynamic
Specification of the Ground Track and Observers
Dynamic Extension on the Ground Track

By definition, the departure flight sequence begins when the aircraft initiates its
ground roll and terminates once it has climbed up to an altitude of 10,000 ft. Oppositely,
the approach flight sequence starts when the aircraft has descended down to an altitude of
6000 ft and finishes at the end of the landing ground-roll [37]. Because of this somehow
arbitrary definition of the departure and approach procedures, any flightpath segment
that would be beyond their altitude ranges is usually discarded in the aircraft noise
assessment process. This may lead to underestimating the noise levels on the ground,
whose discarded flight segments may still contribute to, depending on the situation (e.g.,
aircraft settings/flightpath ⇔ ground observer relationship). In order to correct such a
potential bias in the noise estimation, some authors proposed to automatically enhance
the default flight sequences with an extra flight segment, of arbitrary length [49]. Given its
arbitrary nature, however, this fix may be partially conclusive (e.g., extra flight segment
of insufficient length). Therefore, we here propose to rather incorporate all the flightpath
segments that actually contribute to the noise impact on the ground, on a case-by-case basis.
To do so, the flight sequence is extended in a dynamic fashion, being automatically added
all the flight segments that are beyond its standard altitude range—this being carried out
until their contribution to the aircraft noise impact is negligible, i.e., the noise levels on the
ground are converged. More detail about this process is provided in Section 4.3.2.

Dynamic Specification of Ground Observers

Classically, the aircraft noise impact is characterized using a set of ground observer
locations, over which the noise contribution by the various flight segments is summed up
over time—all this leading to integrated noise contour maps. The overall efficiency (i.e.,
accuracy and rapidity) of the noise prediction is directly driven by the number and distribu-
tion of these prediction points. Therefore, past researches focused on how to optimize the
latter, for instance using irregular grids [58,59]. Different from the baseline methodology,
the present method incorporates an advanced dynamic grid refinement functionality [37],
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which allows increasing locally the density of observers wherever and whenever needed.
This dynamic, local grid refinement process is conducted automatically during the noise
prediction, which can be seen as a multi-stage calculation. More precisely, the noise predic-
tion is first conducted on a coarse mesh, being then bi-linearly interpolated on a twice finer
grid. The interpolated result is then compared to that of the direct calculation, which is
repeated for each new grid point created. Whenever the two results fall within a certain
threshold, the calculation is considered converged, and the local grid refinement stops.
Should this not be the case, the process is repeated, until a local convergence is reached.
Besides the tolerance (i.e., interpolation accuracy threshold), the degree of refinement is
controlled through two other criteria, namely, the maximum refinement level allowed (with
respect to the initial, coarse grid), and some pre-defined extrema of noise levels. Thanks to
such a dynamic grid refinement functionality, the calculation process is optimal, offering
the best trade-off in terms of accuracy and cost.

2.3.4. Refinement of the Aircraft Noise Propagation (Attenuation), through the
Incorporation of Meteorological Effects

Aside from its emission characteristics (intensity, directivity), the aircraft noise is
also driven by the properties of the atmospheric medium through which it propagates
to the ground. It is not rare, however, that the actual atmospheric conditions deviate
from the standard values upon which the NPD database is built. In this case, the noise
prediction must be corrected from the specific biases induced by these offsets in atmospheric
properties [55]. This can be achieved through two correction terms, namely, the acoustic
impedance adjustment and the atmospheric absorption adjustment. The former correction
accounts for the offset in the sound speed (which is driven by the atmospheric pressure
and temperature values) whereas the latter accounts for the offset in the noise absorption
effect (which is primarily driven by the temperature and relative humidity).

Deviation of the Sound Speed Characteristics (Acoustic Impedance Adjustment)

Acoustic impedance adjustment accounts for the deviation of the medium sound
speed with respect to its NPD standard value. This correction term [49] is classically built
as a function of the atmospheric pressure and temperature (e.g. using Equation (4–6) and
Equation (4–7) from Ref. [49]), both of which have a monotonic effect on the propagation.
As exemplified in Figure 3, a rise in pressure (resp. temperature) shall result in a higher
(resp. lower) correction required. The latter corrections, however, are usually moderate,
with a variability that remains in the order of a decibel (dB). For instance, a pressure
increase of 50 kPa entails a difference of +2.3 dB (regardless of the temperature), whereas a
temperature increase of 40 ◦C induces an effect of −0.3 dB, regardless of the pressure.−

 

Figure 3. Meteorological effects on aircraft noise intensity. Impedance adjustment as a function of
the atmospheric pressure and temperature.

Deviation of the Sound Absorption Characteristics (Atmospheric Absorption Adjustment)

The atmospheric absorption relates to the energy dissipation that sound waves ex-
perience when interacting with air molecules. It is mostly driven by the temperature
and relative humidity, upon which the atmospheric absorption adjustment is thus usu-
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ally built [60]. As an illustration, Figure 4 depicts the difference in the noise levels that
are radiated on the ground by a given sound source located at an altitude of 25,000 ft,
depending on if the propagation medium corresponds to a standard or a non-standard
atmosphere. As can be seen, these differences are nonlinear and non-monotonic, which
makes it uneasy to predict how a given deviation in temperature and/or relative humidity
shall impact the noise prediction. Notably, these effects may cancel out each other—as
highlighted in Figure 4 by the red line, which depicts those atmospheric conditions for
which the difference is nil. In the present approach, the atmospheric absorption adjustment
not only incorporates the deviations in temperature and/or relative humidity (as classi-
cally carried out [60]), but it also includes those in atmospheric pressure. Relying on the
so-called Volpe method [61], this correction is thus expected to yield still more accurate
results, especially for what concerns long-distance propagation. For more detail about
this correction term, the interested reader is referred to Ref. [49] (Equations (D-1) to (D-4))
and Ref. [61] (Equations (1) to (6), Equations (16) and (17)). These atmospheric absorption
effects are further discussed in Section 4.2.

 

Figure 4. Meteorological effects on aircraft noise intensity. Absorption adjustment (difference in SEL
with respect to that of a standard atmosphere).

3. Validation of the Methodology Using Standardized Cases

In this section, the present noise prediction approach is validated using benchmark
cases, which correspond to either virtual standard scenarios or to real-life but well-known
situations (noise certification tests).

3.1. Standardized Scenarios

Here, we consider a total of 12 standardized scenarios, which were previously docu-
mented in [62]. These cases describe the noise impact induced by an aircraft, depending
on its type and/or flightpath. More precisely, we here consider three different types of air-
craft, namely, a jet-powered aircraft with either fuselage-mounted (JETF) or wing-mounted
(JETW) engines, as well as a propeller-powered aircraft (PROP). Each aircraft is taken under
either a departure (D) or an approach (A) flight, which both follow either a straight (S) or a
curved (C) route. Please, see Ref. [62] for a detailed description of these benchmark cases,
some aspects of which are nevertheless further documented in Appendix B (e.g., aircraft
routes, observers locations).

Figures 5 and 6, respectively, depict the noise contour maps associated with all three
aircraft at departure and approach (only the curved routes are considered, for the sake of
conciseness). Of note, the noise metric used here is Sound Exposure Level (SEL). For each
case, the differences between the present prediction and the reference one [62] are quantified
using error maps (obtained by subtracting the reference values from the calculated results).
As one can see, the agreement is good, with absolute error levels that are typically less than
0.01 dB. Notably, compared to some of the past works [23], the present calculations rely
on a coarser distribution of ground observers, whereas delivering more accurate results
(compare for instance the error map of JETFDC case with its counterpart from Ref. [23]
whose visual rendering was here duplicated on purpose.).
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Figure 5. Noise contour map (top) and corresponding error (bottom) for JETFDC (left), JETWDC (center), PROPDC
(right) cases.

 

   

Figure 6. Noise contour map (top) and corresponding error (bottom) for JETFAC (left), JETWAC (center), PROPAC
(right) cases.

This good agreement is verified for all 12 benchmark cases, as shown in Table 1, which
quantifies the mismatches between the present predictions and the reference values. For
each case, this mismatch is characterized via both the maximum absolute error (δmax) and
the average (root-mean-square) error δRMS, as recorded throughout the ground observers.
Notably, for all cases, the average error, δRMS, is much less than the threshold of 0.01 dB,
which is the indicator of a reliable prediction [62]. Moreover, this accuracy level appears
to be higher than the one reached by previous similar studies which focused on the same
benchmark [23].
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Table 1. Errors between the calculated noise levels and the reference results.

Reference Case δmax (dB) δRMS (dB)

JETFAC 0.0125 0.00135
JETFAS 0.0125 0.00149
JETFDC 0.0125 0.00237
JETFDS 0.0125 0.00160

JETWAC 0.0125 0.00183
JETWAS 0.0125 0.00179
JETWDC 0.0125 0.00215
JETWDS 0.0125 0.00157
PROPAC 0.0100 0.00218
PROPAS 0.0016 0.00162
PROPDC 0.0200 0.00423
PROPDS 0.0124 0.00159

All in all, these benchmark cases provide a validation of the present noise prediction
platform and underlying methodology. Appendix B provides a further illustration (along
with a more incremental validation) of the overall prediction process, exemplifying each
calculation step in the particular JETWDS case.

3.2. Noise Certification Cases

To further assess the accuracy of the methodology as well as to lean towards real-life
situations, the present section focuses on actual flight scenarios whose characteristics are
however close enough from the ANP standard ones. To this end, we consider several noise
certification flight tests, for which field measurements were made available by the European
Union Aviation Safety Agency (EASA) [63]. These flights tests were performed for two
different aircraft (B737-800 and A320-211), delivering for each the Effective Perceived
Noise Level (EPNL) over a set of certification points. Indeed, aircraft noise certification
tests follow a very specific protocol [64], which consists in flying the airplane along its
standard approach and take-off flightpaths whereas measuring the resulting noise at
three ground locations, namely the approach, lateral full-power and flyover reference
points [64] (see Figure 7). Notably, these ground measurements are performed such that
the ground reflections are minimized at best (e.g., displaying the microphones over a flat
terrain of known impedance, with no surrounding buildings, etc.). The two considered
certification flights were here virtually duplicated using the noise prediction platform,
thereby delivering the EPNL results provided in Table 2.

 

Figure 7. Reference measurement points in noise certification tests.
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Table 2. Noise levels for B737-800 and A320-211 aircraft at three certification points, as measured and
calculated (in EPNdB) with associated errors (in percentage).

Approach Lateral Flyover

A320-211 B737-800 A320-211 B737-800 A320-211 B737-800

Measurement 96.10 96.30 93.70 93.90 87.40 86.40
Present study 96.32 94.80 94.41 94.71 94.40 94.00

Error 0.229 1.558 0.758 0.863 8.009 8.796

For what concerns the approach procedure, the noise levels predicted at the approach
reference point compare favorably with their flight test counterpart, entailing an error of
0.229% and 1.558% for the A320-211 and B737-800 aircraft, respectively. Besides modeling
aspects, these slight discrepancies between the predicted and measured results may be
attributed to the multiple uncertainties coming from the field test (e.g., slight deviations in
the aircraft trajectory, variations in the atmospheric conditions, variable impedance effects
by the ground, etc.). For what concerns the departure procedure, the EPNL perceived on
the lateral full-power reference point is first considered. Here too, the prediction matches
well the flight tests, with an error of less than 1% between the predicted and measured noise
levels. Notably, this good agreement also holds when the two aircraft are considered under
different atmospheric conditions (as proven by successfully retrieving the prediction results
from Ref. [65], which are not reproduced here for the sake of conciseness). The assessment
is then conducted for the flyover reference point (see Figure 7), leading to an agreement
that is less favorable. Indeed, whatever the aircraft is, the predicted noise levels are about
8% higher than their measured counterpart. Such discrepancies are likely to be due to the
mismatches between the flight procedure used in the prediction (ANP database standard
scenario) and that adopted in the certification (flight test scenario). Indeed, compared
to the former, the latter comes with an earlier reduction in the power settings (thrust is
decreased before the flyover reference point [64]), thereby leading to lower noise levels,
overall. Rather than questioning the validity of the noise prediction approach (which was
demonstrated through all previous cases), these discrepancies rather advocate for basing
it on actual flightpaths rather than on standard ANP-based ones—as usually carried out.
This point is discussed in the following section.

4. Further Illustration of the Methodology Using Realistic Scenarios

The present section further illustrates the capacity of the aircraft noise prediction
methodology to tackle real-life situations by considering actual flight scenarios coming
from one of the major international airports, worldwide.

4.1. Context

Hong Kong International Airport (HKIA) is among the busiest airports in the world,
ranking 1st and 13th in terms of cargo and passenger traffic, respectively. On the other
hand, Hong Kong is the 6th densest city worldwide, and many of its highly populated
residential areas are prone to be impacted by air traffic pollution, whether chemical or
acoustical. Since HKIA’s current two-runway system has almost reached its maximum
operational capacity, a third runway is now being developed so as to cope with the expected
growth of air traffic (of about 5% per year). This makes it critical to accurately assess the
noise impact by aircraft take-off and landing operations at HKIA on local communities.
Such an assessment must account properly for the specificities that characterize the local
Hong Kong aviation scene, whether these concern aircraft operations (power settings,
flight trajectories) or meteorological conditions. Indeed, because of both the complicated
airspace (crowded air traffic, topography, densely populated areas, available routes) and
the adoption of specific procedures (e.g., continuous descent approach, CDA [66]), the
flight trajectories around HKIA are pretty diverse, and definitely non-standard. In addition,
due to its unique geographical location, Hong Kong undergoes important seasonal changes
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over the year (namely, the summer is hot and very humid, whereas the winter is rather
cool and dry.).

To further illustrate the ability of the present approach to tackle real-life scenarios, the
present section assesses the noise impact entailed by actual aircraft flying in and out from
HKIA, a special focus being put on those Hong Kong’s densely populated areas that are
likely to be more exposed to it. The left side of Figure 8 plots the spatial distribution of
Hong Kong’s population in 2020 (as provided by the Hong Kong Census and Statistics
Department) whereas its center side depicts some typical flightpaths of representative
aircraft flying to/from Taipei in 2020 (as provided by the major airline in Hong Kong,
Cathay Pacific). The areas depicted in black (namely, D1-D7) are densely populated
districts with many aircraft flying over, which the focus is put on here. In that regard,
a representative set of aircraft and flightpaths are selected, their noise footprint on the
ground being then simulated using the noise prediction platform.

     

Figure 8. Noise impact by aircraft operation around Hong Kong. Left: Distribution of Hong Kong’s population (2020 year).
Center: flightpaths of aircraft flying from/to HKIA whereas passing over densely populated districts in Hong Kong (D1 to
D7). Right: A330 aircraft departing from HKIA following a standard departure route.

A quick analysis of the air traffic around HKIA in 2021 reveals that the most frequently
used aircraft types are A330-343, B787-9 and B777-3ER. We thus here consider both A330-
343 and B777-3ER aircraft flying in/out HKIA from/to Taipei (the B787-9 being discarded
since its characteristics are not yet incorporated in the ANP database and are rather close
to those of A330-343). For each aircraft considered, the operational characteristics and
associated flightpaths are excerpted from actual data provided by the airline (Cathay
Pacific). Among all available possibilities, specific flights are selected, and their noise
impact (SEL) on Hong Kong residential areas is predicted using the present approach. The
latter incorporates most features, e.g., it accounts for the atmospheric properties (humidity,
temperature, pressure), the installation effects (bank angle), the dynamic grid functionality.
On some occasions, additional methodological ingredients are used, e.g., the ground track
extension (cf. Section 4.3.2), the thrust approximation (cf. Section 4.3.3). Unless stated
otherwise (e.g., Section 4.2.2), the atmospheric conditions correspond to the so-called
ISA+10 atmosphere, which is classically used (including for noise certification tests) and is
rather close to the yearly averaged meteorological data recorded in Hong Kong. Finally,
for helping the reader identifying more easily the various scenarios considered hereafter,
each flight is labeled using a specific nomenclature, namely, XYn, where X refers to the
aircraft type (“A” for A330-343, “B” for B777-3ER) whereas Y relates to the flight type (“A”
for approach, “D” for departure) and n is the subsequent scenario index (1, 2, etc.).

Regarding the aircraft noise exposure in Hong Kong, the solely available data are the
official records from HKCAD. The latter come as averaged ground noise levels, which are
recorded annually over a few specific locations and integrated over time (irrespective of
aircraft movements). In the absence of suitable validation means coming from field tests,
all the noise predictions presented hereafter are thus used for illustration purpose. They
however deliver insightful information, whether the latter relates to phenomenological
aspects (see Section 4.2) or to methodological considerations (see Section 4.3). More pre-
cisely, here, we assess the noise impact sensitivity towards various key factors, namely the
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flight characteristics (flightpath, power settings), the meteorological effects (atmospheric
absorption, acoustic impedance), the aircraft type, but also the way to infer them better
(flightpath extension, trajectory and/or thrust approximation), etc. Of note, these predic-
tions incorporate the ground effects regardless of the specificities coming from the actual
terrain (e.g., landscape, buildings, vegetation, or water), which would be too cumbersome
to account for. These specificities are nevertheless expected to be of secondary importance
compared to the effects that are primarily sought after, here.

4.2. Phenomenological Aspects

4.2.1. Noise Impact Variability upon the Flight Scenarios

Aircraft operations around HKIA rarely comply with standardized flightpaths, being
rather characterized by scattered flight profiles. In that regard, the present section illustrates
the variability of aircraft noise impact towards the diversity in flight routes.

Departure Scenarios

We consider those departure routes followed by A330-343 aircraft flying from Hong
Kong to Taipei, focusing on those Hong Kong densely populated areas that are located
underneath flight corridors (namely, D1, D5, D6, and D7 in Figure 8). Among all corre-
sponding flights available from the database, two specific A330-343 departure flights are
chosen upon the high disparity between their characteristics. Indeed, the first aircraft
(flight AD1) flies over D1 and D7 districts following a standard route, while the second
aircraft (AD2) rather flies over D5 district with a much lower rate of climb (ROC). The
left and center sides of Figure 9, respectively, depict the ground track and flight profile of
the corresponding routes, which are here plotted up to the nominal maximum altitude of
10,000 ft [37]. The right side of Figure 9 plots the observer grid, as generated using the
dynamic meshing technique (cf. Section 2.3.3).

   

Figure 9. A330 aircraft departing from HKIA. Flights AD1 and AD2 respective routes (left: ground track, center: flight
profile) and corresponding ground observers (dynamic grid, right).

The left and right sides of Figure 10 depict the SEL contours generated by flights AD1
and AD2, respectively. As can be seen, each flight exhibits a rather specific noise signature
on the ground, thereby impacting Hong Kong in its own way. This disparity between both
flights’ impacts is quantified on the Figure 11, which depicts the differences between the
two noise maps (obtained here by subtracting the former from the latter).
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Figure 10. A330 aircraft departing from HKIA. Noise impact (SEL) generated by flight AD1 (left)
and AD2 (right) over Hong Kong city.

    

∆Figure 11. Difference in the noise impact (∆SEL) by flights AD1 and AD2 (as obtained by subtracting
the former from the latter), with a closer view provided on the right side.

Compared to flight AD1 (standard route, higher ROC), flight AD2 (deviated route,
lower ROC) has a much higher impact on some of the populated areas, namely districts
D1, D5 and D6 (see the right side of Figure 11). More precisely, the excess in SEL raises
up to 5dB in districts D1 and D5, whereas it can reach up to 15dB in district D6, which is
the most densely populated area in Hong Kong. On the other hand, the opposite holds for
other city areas—such as district D7, where the impact of flight AD1 is about 10dB higher
than that of flight AD2.

At this stage, it is worth noting that the higher altitude of flight AD1 does not nec-
essarily translate into a lower noise impact on the ground areas it flies over, compared
to what happens for flight AD2. For instance, the noise impact by flight AD1 on the D7
district is comparatively higher than that of flight AD2 on the D5 district, although the
latter flight travels at an altitude that is half of the former. This can be explained by the
difference in the power settings adopted by both aircraft along their respective routes.
Indeed, the power settings associated with both flights are depicted in Figure 12, which
delineates (in dash-dotted lines) the particular flight phase during which both aircraft pass
nearby districts D1 and D5. During this phase, flight AD1 exhibits an engine power that is
more than twice that of flight AD2 (whose ROC is suddenly and drastically reduced at that
time). This excess of propulsive power translates into a more important noise emission,
whose effect cannot be completely mitigated by the longer propagation distance entailed
from flight AD1 higher altitude. Independently of the engines power (i.e., noise source
amplitude), the flightpath angle (i.e., noise source directivity) may also explain such a
comparatively higher noise impact by flight AD1. Indeed, during this flight phase, flight
AD2 adopts a lower climb angle than that of flight AD1, as revealed by the flight profiles
on the center side of Figure 9. Considering the highly directive patterns of jet noise (whose
maximum radiation is aligned with the aircraft axis), this lower flightpath angle by flight
AD2 is likely to induce a lower noise impact on the ground. This being said, these more
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favorable characteristics of flight AD2 (less power, reduced climb angle) do not prevent it
to generate a quite substantial noise impact on these areas it flies over rather closely, such
as districts D1 and D5.

 

Figure 12. Power settings (engine thrust) evolution of flights AD1 and AD2.

A similar analysis was conducted for B777-3ER aircraft flying along both the standard
and an alternative deviated route, leading to the same observations (see Appendix C).

All the above illustrate well how the variability in departure procedures around
HKIA may have a quite large impact on specific, highly densely populated areas of Hong
Kong city. From a methodological viewpoint, this underlines the necessity to account as
accurately as possible for all flight characteristics when assessing the noise impact by air
traffic operations.

Approach Scenarios

Whereas the previous section focused on A330 aircraft departing from HKIA (with
their B777 counterpart being documented in Appendix C), this section rather focuses on
B777-3ER aircraft at approach. More precisely, we consider the two approach routes to
HKIA (namely 25R and 25L), which both pass through three densely populated districts
(namely D2, D3, and D4 in Figure 8). Among all B777-3ER aircraft flying from Taipei
to Hong Kong in 2020, two specific flights are selected for their high disparity in terms
of characteristics (see Figure 13). Whereas the first one (flight BA1) approaches the 25L
runway at a higher altitude, the second one (flight BA2) follows the route 25R at a lower
altitude. As can be seen, these flight characteristics differences are more prominent at the
beginning of the flight sequence, since both aircraft adopt similar trajectories as they get
closer to HKIA, to comply with the noise abatement procedures enforced in Hong Kong,
namely the Continuous Descent Approach.

namely the Continuous Descent Approach. 

Figure 13. B777 aircraft approaching HKIA. Flights BA1 and BA2 respective routes (left: ground track, center: flight profile)
and corresponding ground observers (dynamic grid, right).

32



Aerospace 2021, 8, 264

The left and right sides of Figure 14 depict the SEL contours generated by these two
flights BA1 and BA2, respectively. As for what could be observed with the departure
scenarios (cf. Section 4.2.1), each flight impacts differently Hong Kong residential areas.
This disparity between their respective noise impact is quantified on the Figure 15, which
depicts the differences between the two noise maps (obtained here by subtracting the
former from the latter).

  

∆

Figure 14. B777 aircraft approaching HKIA. Noise impact (SEL) generated by flight BA1 (left) and
BA2 (right) over Hong Kong city.

  

∆Figure 15. Difference in the noise impact (∆SEL) by flights BA1 and BA2 (as obtained by subtracting
the former from the latter), with a closer view provided on right side.

Being sandwiched between 25L and 25R routes, the populated D3 district sees its
northwestern part impacted more by flight BA2 than by flight BA1 (with a difference in
SEL of up to 7.6 dB), whereas the opposite occurs on D3 southern part (where flight BA1
impact exceeds that of flight BA2 by up to 7.3 dB in SEL)—see the right side of Figure 15.

Considering that most of D3 residents are concentrated in its central and southern
areas, flight BA1 thus appears to be less environmentally friendly for this district. The same
observation holds for the D2 district, whose population concentration is four times higher
than that of its D3 counterpart. Being located right underneath 25L route, this district is
impacted more by flight BA1, with an excess in SEL of up to 9dB (compared to that of flight
BA2). On the other hand, the D4 district appears to be equally exposed to both flights, each
inducing an excess of 5–7 dB compared to the other for those observers that are located
underneath their respective flightpath. All in all, it appears that these densely populated
districts are more exposed to flight BA1, overall. Therefore, the 25R approach route should
be privileged whenever the conditions permit (operational, meteorological, etc.).

A similar analysis was conducted for an A330-343 aircraft flying along these two
approach routes, leading to the same observations (see Appendix C).

As for the departure scenarios (cf. Section 4.2.1), the above results illustrate further
how the approach procedures around HKIA may impact very differently those highly
densely populated areas of Hong Kong city.
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4.2.2. Noise Impact Variability upon the Meteorological Conditions

As said, because Hong Kong usually undergoes important seasonal changes, the local
atmospheric conditions may present large deviations compared to the standard ones. For
instance, according to the meteorological data records acquired over the past decade by
the Hong Kong Observatory and Iowa State University, Hong Kong is characterized by
large yearly variations in temperature and relative humidity (which can range from 3 ◦C to
37 ◦C and 6.91% to 100% throughout the year, respectively). Moreover, these fluctuations
may be important on a much shorter timescale, with large deviations occurring throughout
a single day.

The present section illustrates how such a meteorological variability may affect the
aircraft noise impact on the ground, for instance, because of the deviations in the atmo-
spheric absorption (which focus is put on, here). To do so, we consider the particular case
of an A330-343 aircraft flying from Hong Kong to Taipei along a standard departure route,
this flight being successively operated under four specific meteorological scenarios, which
reproduce the extrema in temperature or relative humidity one can get in Hong Kong,
yearly (see Table 3). For each one of the four scenarios (respectively labeled as AD3, AD4,
AD5, AD6), Figure 16 depicts the corresponding SEL on the ground, whose differences are
quantified and discussed in the next subsections.

Table 3. Yearly extrema in atmospheric conditions recorded in Hong Kong (sea level pressure) and
meteorological scenarios considered for the four flights.

Temperature (◦C)

7 35

Relative
humidity (%)

13 AD3 AD4
100 AD5 AD6

 

Figure 16. A330 aircraft departing from HKIA. Aircraft noise impact on the ground, as depicted in terms of SEL for cases
AD3, AD4, AD5, AD6 (from left to right, respectively).

Effect of Temperature

By comparing either cases AD3 and AD4 or cases AD5 and AD6, we first highlight
how the noise impact may be altered by variations in temperature (alone), for a given
relative humidity. For each pair of cases, Figure 17 depicts the differences in ground noise
levels, as obtained by subtracting the SEL map associated with case AD3 (resp. AD5) from
that of case AD4 (resp. AD6). As can be seen, such a 28 ◦C rise in temperature noticeably
impacts the ground noise levels, whatever the relative humidity is. This effect on the noise
impact appears to be driven by both the observer location and the actual level of relative
humidity. When the latter is low (13%), the noise impact is seen to increase (resp. decrease)
for those observers that are located close to (resp. away from) the ground track (cf. left side
of Figure 17). Oppositely, when the relative humidity is high (100%), a lower (resp. higher)
noise impact is recorded for those observers that are positioned close to (resp. away from)
the ground track (cf. right side of Figure 17).
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− →
→

Figure 17. Effect of the atmospheric properties on the aircraft noise impact. Differences in SEL
induced by a variation in temperature, as obtained for a given relative humidity (left: AD4—AD3,
right: AD6—AD5).

Effect of Relative Humidity

Similarly, by comparing either cases AD3 and AD5 or cases AD4 and AD6, we high-
light how the noise impact may be altered by the variations in relative humidity (alone), for
a given temperature. Figure 18 depicts the differences in ground noise levels, as obtained by
subtracting the SEL map associated with case AD3 (resp. AD4) from that of case AD5 (resp.
AD6). Whatever the temperature is, such an 87% variation in relative humidity significantly
alters the ground noise levels, which now increase everywhere. Again, this effect on the
noise impact appears to depend on both the observer location and the actual temperature.
When the latter is low (7 ◦C), the impact is seen to be more important for those observers
that are located close to the ground track (cf. left side of Figure 18). Oppositely, under
a high temperature (35 ◦C), the impact is higher for those observers that are positioned
further away from the ground track (cf. right side of Figure 18).

 

− →
→

Figure 18. Effect of the atmospheric properties on the aircraft noise impact. Differences in SEL
induced by a variation in relative humidity, as obtained for a given temperature (left: AD5—AD3,
right: AD6—AD4).

Combined Effect of Both Temperature and Relative Humidity

Finally, by comparing cases AD3 and AD6, we illustrate the combined effect of
temperature and relative humidity on the noise impact. Figure 19 depicts the differences in
ground noise levels, as obtained by subtracting the SEL map associated with case AD3 from
that of case AD6. As can be seen, when both temperature and relative humidity increase,
the ground noise impact goes higher. For instance, a variation of +9.6 dB is recorded for that
observer located at the left/bottom corner of the grid. Notably, this difference represents
the arithmetic sum of the ones recorded separately for a variation in temperature alone
(−9.1 dB, cf. left side of Figure 17/AD3 → AD4) and in relative humidity alone (+18.7 dB,
cf. right side of Figure 18/AD4 → AD6). This illustrates well the dual dependency of
the noise impact onto both the temperature and humidity, whose respective effects are
cumulative (and may mitigate each other, depending on the situation, cf. Section 2.3.4).
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Figure 19. Effect of the atmospheric properties on the aircraft noise impact. Differences in SEL
induced by a variation in both temperature and relative humidity (AD6—AD3).

At this stage, it is worth observing that the above results (both trends and numbers) are
specific to the present HKIA-based scenario and should not be extrapolated readily to other
situations. They however highlight well how important the atmospheric properties may
alter the noise impact by air traffic operations, from a phenomenological viewpoint. From a
methodological perspective, they underline the crude necessity of accounting properly for
the local atmospheric conditions when assessing the noise impact of air traffic operations,
especially in those regions that are known to undergo important seasonal variations, such
as Hong Kong.

4.2.3. Noise Impact Variability upon the Aircraft Type

The previous sections highlighted how far a given aircraft may see its noise impact
varying, depending on its operational conditions (flight route and power settings, meteoro-
logical conditions, etc.). Here, we rather explore how, for identical operational conditions,
two distinct aircraft may entail different noise impacts. To do so, we consider two of
the previous flights, whereas allotting them with a different aircraft type than previously
carried out.

Focusing first on departure scenario (cf. Section 4.2.1), we repeat the noise prediction
associated with flight AD2 (deviated route, lower ROC), the previous aircraft (A330-
343) being now replaced with a (virtual) B777-3ER. Of note, it was checked that such a
virtual scenario is realistic, e.g., the B777 engines can deliver the power required by the
corresponding A330 flight settings. Figure 20 depicts the SEL maps induced by both cases
(respectively labeled AD2 and BD1), along with their difference. As can be seen, B777-3ER
aircraft impacts Hong Kong less than its A330-343 counterpart, with noise levels that are
lower by about 3 dB over most residential areas. This trend is however inverted further
away from the ground track, with an excess noise by the B777 of up to 5 dB recorded over
some more remote locations (which are nevertheless sparsely populated).

    

Figure 20. A330 and (virtual) B777 aircraft departing from HKIA. Noise levels (SEL) generated by flight AD2 (left) and BD1
(center) over Hong Kong city, along with their difference (obtained by subtracting the former from the latter, right).
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At this stage, one could wonder about the exact reason for such an inverted trend,
in terms of noise impact by both aircraft with respect to the distance to the ground track.
Indeed, both AD2 and BD1 scenarios differ only by the aircraft type (i.e., noise source),
all other parameters being strictly identical (flightpath, power settings, atmospheric ab-
sorption, etc.). However, as can be inferred from the NPD database (see Figure 21), both
aircraft see their noise levels varying (i.e., decreasing) differently along the propagation
distance. In particular, although they are less than the A330 ones at short distances, the B777
noise levels emerge more further away. This can be related to the atmospheric attenuation
effects, which are to impact differently both noise signatures depending on their respective
spectral content.

 

Figure 21. A330 and B777 aircraft noise impact (SEL) as recorded for various power settings (corrected
thrust) and propagation distances. Excerpted from NPD database.

Focusing now on approach scenarios (cf. Section 4.2.1), we repeat the noise prediction
associated with flight BA1 (25L runway, lower altitude), the previous aircraft (B777-3ER)
being now replaced with a (virtual) A330-343 counterpart. Notably, here too, it was checked
that such a virtual scenario is realistic, e.g., the A330 engines can deliver the power required
by the corresponding B777 flight settings. Figure 22 depicts the SEL maps induced by both
flights (respectively labeled BA1 and AA1), along with their difference. As can be seen,
compared to its B777-3ER counterpart, A330-343 aircraft impacts Hong Kong less, with
noise levels that are systematically lower—wherever the observer location is. In particular,
the populated D6 district sees its noise impact reduced by as much as 5 dB when flown
over by an A330 instead of a B777.

 

Figure 22. B777 and (virtual) A330 aircraft approaching HKIA. Noise levels (SEL) generated by flight BA1 (left) and AA1
(center), along with their difference (obtained by subtracting the former from the latter, right).

The above results illustrate how aircraft noise prediction methods such as the one
presented here constitute not only a useful diagnostic tool but also a powerful predictive
means. Indeed, beyond simply allowing to measure the noise impact by existing aircraft
operations around major airports, such kind of tool can also help better planning them. This
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is of critical importance when new airport developments are on their way, as is currently
the case with HKIA.

4.3. Methodological Aspects

Whereas the previous sections primarily focused on phenomenological aspects of aircraft
noise impact, we here discuss the prediction process under a more methodological angle.

4.3.1. Accounting for the Bank Angle

In the previous sections, all noise predictions accounted for the engine installation
effects (cf. Section 2.3.2), which were incorporated through the bank angle. One can
however wonder about how big their influence on the noise impact is, that is, how critical
it is to integrate them in the calculation process. To do so, we repeat the noise prediction of
flight AD2 (which undergoes more banked turns than flight AD1), the bank angle effect
being either incorporated or neglected in the calculation. Figure 23 compares the SEL
maps obtained with (left) and without (center) the bank angle effect, along with their
difference (right).

 

Figure 23. A330 aircraft departing from HKIA. Noise impact (SEL) generated by flight AD2 with (left) and without
(center) the incorporation of the installation effect (bank angle), along with the difference between both results (obtained by
subtracting the former from the latter, right).

As can be seen, when the aircraft is engaged into a banked turn, most of the observers
that are located on the same (resp. opposite) side of the turn are exposed to lower (resp.
higher) noise levels (see what happens on the right side of Figure 23, for instance). This
trend, however, is inverted for the small fraction of observers that are located very close to
the ground track. All this can be easily explained upon the respective way each observer
perceives the relative depression angle, which is either increased or decreased because of
the bank (see Figure 2, wing-mounted engines polar). From another hand, this effect of the
bank angle appears to be rather modest, with noise differences of less than 0.3 dB overall.
This number appears to be even lower for flight AD1, whose straighter flightpath naturally
leads to a less important effect of the bank angle (cf. Appendix C).

A similar analysis was conducted for B777-3ER aircraft flying along different departure
routes, leading to the same trends (see Appendix C).

On one hand, the above results confirm that the noise impact by an aircraft does not
vary much during a banked turn, which explains why this aspect is often neglected in the
prediction [62]. On the other hand, however, these results illustrate how one can further
refine the accuracy of the noise prediction by incorporating still more additional effects,
even though they are of secondary importance.

4.3.2. Extending the Flightpath Cut-off Limit

In the previous sections, all noise predictions relied on the classical approach of
incorporating only those flightpath segments that would fall under an (arbitrary) reference
altitude of 10,000 ft. As discussed previously (see Section 2.3), this is likely to induce a bias
in the noise prediction because some of the contributing flight segments would then be
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ignored. In Section 4.2.1, for instance, flight AD1 (standard route, higher ROC) reaches
the limit altitude much earlier than flight AD2 (deviated route, lower ROC), which may
translate into a predicted noise impact that becomes less than the actual one. To illustrate
this point, the noise prediction of flight AD1 is here refined, being now conducted using
the automatic flightpath extension proposed in Section 2.3.3 (i.e., all contributing flight
segments are incorporated in the prediction). As revealed by Figure 24, the noise impact by
such an extended flight (labeled hereafter AD1-ext) goes on increasing beyond its former
(10,000 ft limited) value until it reaches a plateau (around an altitude that is almost twice,
i.e., 18,670 ft). This leads to a ground SEL that is higher, with differences of up to 30 dB at
some locations (see right side of Figure 24).

   

Figure 24. A330 aircraft departing from HKIA. Impact of the flightpath extension, as revealed by comparing flight AD1-ext
to AD1. Left: respective routes and ground observers. Center: history of the ground noise impact by the AD1-ext flight,
plotted as an averaged (over all observers) and cumulative (over all flight segments) measure. Right: Differences between
the ground noise levels recorded for AD1-ext and AD1 flights.

The above result illustrates well how aircraft noise predictions can be biased by the
arbitrary limitation of the route beyond a given reference altitude. In turn, it shows how to
avoid such a bias by using a dynamic flightpath extension, such as the one proposed here.

4.3.3. Approximating the Flightpath and/or Power Settings

As said, aircraft operations around HKIA rarely comply with standardized flightpaths,
being rather characterized by scattered flight profiles (cf. Figure 25). In the absence of any
FDR (Flight Data Recorder) inputs, modeling these flights requires using radar information
and inferring power settings, for instance using the model proposed in Section 2.3.1. Radar
data, however, are of limited accuracy [67,68], and it is not rare that they noticeably differ
from the actual (FDR) ones. These discrepancies may question the validity of either the
thrust estimation (which requires knowing accurately both the acceleration and attitude
of the aircraft, cf. Section 2.3.1) or of the noise prediction (which relies on the correct
knowledge of the aircraft-to-ground distance, i.e., flight trajectory). Assessing this point is
the matter of the present section.

We here consider two pairs of specific flights, each relating to an identical aircraft
and mission (B777-3ER or A330-343 aircraft flying from Hong Kong to Taipei) whereas
presenting rather different characteristics in terms of flight profile (cf. Figure 25) and/or
engine power evolution (cf. top right of Figures 26–29). Here, we solely consider departure
scenarios since those are primarily concerned with pure propulsive noise, for which a
correct estimation of the thrust is vital. We first assess the validity of the thrust estimation
alone, this being performed by applying Equations (2)–(4) to accurate trajectory inputs
coming from FDR data. The latter are then replaced with their (less accurate) radar data
counterparts, which are extracted from FlightRadar24 website (business version). The
objective is to assess how far the radar data inaccuracies may impact the thrust estimation,
and ultimately, the noise prediction. Of note, since the present radar data solely provide
the aircraft ground speed, we infer its airspeed counterpart by adding to it a headwind
component (whose value is arbitrarily taken as 8 kt [49], for a lack of better information
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on wind profiles). Besides, here, the atmosphere characteristics are based on the average
values recorded in Hong Kong for 2020.

 

∆𝑆𝐸𝐿 ∆𝑆𝐸𝐿

Figure 25. Flight profiles of B777 and A330 aircraft departing from HKIA (grey curves), with two
pairs of flights selected (namely, BD2 and BD3, AD7 and AD8).

  
 

    

Figure 26. B777 aircraft departing from HKIA (flight BD2). Top: Comparison between the flight profile (left), airspeed
(center), calculated and actual thrust (right) inferred from the FDR and radar data. Bottom: Noise contour map, as obtained
using FDR data and actual thrust (left). Error entailed by an approximation of the thrust (center: smooth calculated thrust)
plus the trajectory estimation (right: radar data, calculated thrust).
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Figure 27. B777 aircraft departing from HKIA (flight BD3). Top: Comparison between the flight profile (left), airspeed
(center), calculated and actual thrust (right) inferred from the FDR and radar data. Bottom: Noise contour map, as obtained
using FDR data and actual thrust (left). Error entailed by an approximation of the thrust (center: smooth calculated thrust)
plus the trajectory estimation (right: radar data, calculated thrust).

   

   

Figure 28. A330 aircraft departing from HKIA (flight AD7). Top: Comparison between the flight profile (left), airspeed
(center), calculated and actual thrust (right) inferred from the FDR and radar data. Bottom: Noise contour map, as obtained
using FDR data and actual thrust (left). Error entailed by an approximation of the thrust (center: smooth calculated thrust)
plus the trajectory estimation (right: radar data, calculated thrust).

41



Aerospace 2021, 8, 264

   

   

Figure 29. A330 aircraft departing from HKIA (flight AD8). Top: Comparison between the flight profile (left), airspeed
(center), calculated and actual thrust (right) inferred from the FDR and radar data. Bottom: Noise contour map, as obtained
using FDR data and actual thrust (left). Error entailed by an approximation of the thrust (center: smooth calculated thrust)
plus the trajectory estimation (right: radar data, calculated thrust).

For both pairs of flights (hereafter labeled as BD2, BD3 and AD7, AD8), the thrust
evolution is first estimated using the actual (FDR) data, its averaged value (labeled as
“smoothed thrust”) being then compared with its actual counterpart (labeled as “actual
thrust”). As can be seen on the top right of Figures 26–29, the agreement is fairly good,
whatever the scenario is. In particular, for both B777 flights (BD2, BD3), the estimation is
very satisfactory, with an estimated thrust that matches the actual one almost perfectly
(compare black and red curves on the top right of Figures 26 and 27, respectively). This
good match slightly degrades for both A330 flights (AD7, AD8), whose actual and predicted
thrust differ in some places (compare again the black and red curves on the top right of
Figures 28 and 29, respectively). These discrepancies come from the much less monotonic
character of the flight (and, thus, power) settings, whose important variations make the
thrust estimation more challenging. Despite such a fussy timeline of the power settings
(which turned out to be the more complicated ones, among all the considered cases), the
thrust estimation is still very favorable, delivering trends that are quite close to the actual
result. This fair character of the thrust estimation naturally translates into a fair prediction
of the aircraft noise impact, as shown on the bottom of Figures 26–29: whereas the left
image plots the actual SEL map (predicted using the actual thrust), its center counterpart
depicts the error incurred by the thrust estimation (obtained by subtracting the former SEL
map from the one predicted using the estimated thrust). Whatever the considered flight
is, this error on the SEL prediction (∆SEL) is mostly in the range of ± 1dB: whereas it can
reach up to ±2.5 dB at the beginning (start-of-roll) and/or the end of the flight sequence
(standard limit altitude of 10,000 ft), the ∆SEL never exceeds ± 1dB in the rest of the flight
sequence. Such discrepancies, which primarily reflect the accuracy limitations of FDR data
(e.g., lack of discretization, absence of information on flap settings, etc.), are deemed to be
acceptable for such low-order modeling of the thrust.

Independent of the thrust model itself, the uncertainties that weigh on the flight
settings (trajectory, airspeed) provided by the radar data may however entail additional
errors. To illustrate this point, we here re-assess the thrust estimation, its FDR-originated
inputs being now replaced with their radar data counterpart. The latter may indeed
importantly differ from the former, whether this concerns the flight profile (cf. top/left
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images of Figures 26–29) or the airspeed (cf. top/center images of Figures 26–29). Notably,
only the actual ground track appeared to be accurately reproduced by the radar data,
across all cases. For each flight, the cumulative effect of all these discrepancies onto
the aircraft noise is again quantified in terms of ∆SEL maps (see bottom right image
of Figures 26–29). The latter are obtained by subtracting the actual ground noise levels
(predicted using the FDR inputs, among which is the actual thrust) from their approximated
counterpart (predicted using the radar-originated inputs and subsequently estimated
thrust). Overall, the fidelity of the noise prediction appears to be driven by the radar data
accuracy. Considering for instance the BD2 flight, one can see that the radar-originated
flight profile, airspeed and thrust do not devoid much from their actual counterparts
(the early take-off excepted). The resulting bias on the noise prediction is fairly low
(cf. bottom right of Figure 26), with deviations of less than 0.5 dB for most of the flight
sequences (except at the take-off start, where radar uncertainties entail noise discrepancies
of about 15 dB). For BD3 flight, the radar-estimated altitude is higher than its actual value
throughout the entire flight sequence (so much that the 10,000 ft limit altitude is reached
earlier), which results in slightly higher error levels on the noise prediction (∆SEL ~ 1 dB,
overall). Notably, the radar-based estimated thrust still agrees well with both its actual
and its FDR-estimated counterparts (compare the blue, red and black curves on the top
right of Figure 27). Only at the start and at the end of the flight sequence, this agreement
on both the thrust estimation and the noise impact appears to be less satisfactory. This
may tend to indicate that, here, the radar data inaccuracies primarily weigh on the thrust
prediction, more than on the propagation aspects (e.g., the aircraft-to-ground distance).
Notably, because their respective discretization levels differ, FDR and radar data exhibit
slightly different start-of-roll point, lift-off point and endpoint. Similar trends are observed
for the AD7 flight, whose radar-originated airspeed appears to be less accurate than its
flight profile counterpart (cf. left and center images on top of Figure 28, respectively).
Combined with the fuzzy evolution of the power settings, these radar data inaccuracies
challenges still more the thrust estimation (compare the blue, red and black curves on the
top right of Figure 28). Besides, such a variability of the radar data airspeed is very likely to
incur a different exposure duration to the noise associated with each flight segment, thereby
further affecting the entire prediction, ultimately. Despite all these discrepancies, however,
the noise impact is predicted rather accurately, with error levels that fall in the range of
[−2; 0] dB (except again near the start-of-roll point, where differences reach 40 dB). Finally,
AD8 flight reveals how radar data may resemble their actual counterparts (cf. left and
center images on top of Figure 29) whereas entailing still more bias on the thrust estimation
(compare the blue, red and black curves on the top right of Figure 29). At this stage,
however, it is believed that the lesser discretization of the radar data (compared to their
FDR counterpart) might explain such discrepancies on the thrust, whose estimation might
then be still more challenged by the fuzzy timeline of the power settings. Whatever the
reason for such biases on the thrust estimation, the overall impact on the noise prediction
is still acceptable, with ∆SEL that never goes under −3 dB (cf. bottom right of Figure 29).

All in all, the above results illustrate the ability of the noise prediction method (and
its underlying thrust model) to solely rely on radar data, thereby allowing to handle
flightpaths that differ from standard ones whenever FDR information is unavailable.

5. Conclusions and Perspectives

The present study focuses on the noise impact by aircraft operations around major
airports. To this end, an aircraft noise prediction platform was developed, which relies on
state-of-the-art functionalities as well as more specific, innovative features. More precisely,
the method classically relies on the Aircraft Noise and Performance (ANP) database and
its Noise–Power–Distance (NPD) table. The latter, however, are known to suffer from
restrictive assumptions which limit their application to simplified situations. For instance,
the ANP database is built upon standardized scenarios of aircraft operations (aircraft types,
flightpaths, power settings, atmospheric conditions, etc.). Besides, its NPD component
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relies on the simplistic scenario of a punctual noise source radiating within a homogeneous
free field. Last but not least, the ground observer is assumed to be located right underneath
the aircraft, with the latter flying with a constant speed and power settings along an infinite
horizontal flightpath. To alleviate all these limitations, the present method incorporates
several functionalities, some of which are specific to the present study. These features aim
at (i) refining the noise emission stage (e.g., source intensity and directivity) as well as (ii)
improving the propagation phase. Regarding for instance the refinement of the aircraft
noise source, an innovative method is proposed, which allows inferring the engine power
solely from the aircraft flightpath characteristics (whose access is much easier than that of
Flight Data Recorder). Besides this, a functionality is introduced which allows extending
automatically and dynamically the flightpath, thereby avoiding an arbitrary truncation of
the aircraft noise emission as well as ensuring an accurate representation of its subsequent
propagation. The latter propagation is also refined through the proper incorporation of the
noise attenuation effects induced by any realistic, non-standard atmosphere. Other specific
features are incorporated into the method, which aim at improving its efficiency (accuracy
and execution speed). For instance, a recursive, dynamic grid refinement technique offers
to optimize the number and distribution of ground observers, thereby maximizing the
results accuracy whereas minimizing the prediction time.

The noise prediction method and subsequent computational platform are successfully
validated using several benchmark cases of increasing representativeness. They are then
applied to several realistic scenarios coming from actual aircraft operations around Hong
Kong International Airport (HKIA). Specific comparative analyses are conducted, which
allow highlighting the variability of the noise impact by aircraft, depending on their type
(A330, B777) and/or operational conditions (power settings, meteorological conditions,
routes, banks, etc.). From a phenomenological viewpoint, results allow discriminating
the more prominent drivers, namely, the aircraft flightpath characteristics, the engine
power settings, etc. It is also shown how important the meteorological conditions can be,
because of the specific atmospheric attenuation effects they entail. Oppositely, the engine
installation effects (assessed through the aircraft bank effects) appear to be of secondary
importance. From a methodological perspective, the results showcase the capacity of the
present approach to handling real-life situations, including when the latter greatly differ
from the standardized scenarios underlying the ANP database. They also illustrate how
noise prediction methods/platforms such as the present one may help in guiding the
further expansion of airport operations and/or infrastructures (as is currently the case
with HKIA).

With this end in view, it is planned to further improve the present approach, whether
it is by refining still more its noise emission stage (e.g., assessing better the aircraft power
settings using the Base of Aircraft Data database, BADA [69–71]), or by strengthening
further its propagation phase (e.g., incorporating variable atmospheric conditions such as
wind effects [72–74]). Last but not least, it is envisioned to extend the tool’s capacities from
an aircraft to a fleet level [75] so as to allow better optimizing air traffic operations.
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Appendix A. Integrated Thrust Equation for the Aircraft at Roll and Aloft

Appendix A.1. Integrated Thrust Equation

We here derive an integrated expression of the engine(s) thrust required for the aircraft
to remain in dynamic equilibrium, either aloft (in-flight segments) or on the ground (ground-
roll segments). To do so, we consider a virtual situation in which the aircraft is exerted
all typical forces (including the ground reaction, which shall vanish automatically in the
air). Assuming that the aircraft undergoes a straight accelerated motion, we derive the
longitudinal equations of motion (EOM). Once projected along the so-called stability axes
(i.e., parallel and perpendicular to the airflow direction, see Figure A1), these EOM are
respectively given by:

  

𝛼 𝛾 𝜙 𝛽𝜑
𝑚𝑎 = 𝑇𝑐𝑜𝑠𝛼 − 𝐷 + 𝑅 − 𝑊 𝑠𝑖𝑛𝛾 − 𝐹 𝑐𝑜𝑠𝛾0 = 𝑇𝑠𝑖𝑛𝛼 + 𝐿𝑐𝑜𝑠𝜙 + 𝐹 𝑠𝑖𝑛𝛾 + 𝑅 − 𝑊 𝑐𝑜𝑠𝛾𝑚 𝑎 𝛼 𝛾 𝜙

𝜑 𝑇, 𝐿𝐷 𝑅 𝐹 𝜇

Figure A1. Forces exerted on the aircraft, as depicted in its longitudinal (left) or lateral (right) planes.
Angles associated with the projection in the Earth (x, y, z) and aircraft stability (x’, y’, z’) reference
frames: Angle-of-attack (α), flightpath (γ) and bank (φ) angles, along with the elevation (β) and
depression (ϕ) angles.

ma = Tcosα − D + (R − W)sinγ − FRcosγ (A1)

0 = Tsinα + Lcosφ + FRsinγ + (R − W)cosγ (A2)

In the above equations, m and W, respectively, stand for the mass and weight of the
aircraft, whose (average) acceleration is a. On the other hand, α, γ and φ stand for the
aircraft’s angle of attack, flightpath and bank angles, respectively. Of note, the bank angle
refers to the angle between the Earth reference frame’s horizontal axis (y) and that of the
aircraft’s stability reference frame (y’), whose angle with the aircraft-to-observer noise
propagation path corresponds to the depression angle (ϕ). Aside from that, T, L and D
are the propulsive (thrust) and aerodynamic (lift and drag) forces. R and FR are the two
components of the runway reaction, namely the vertical reaction and the roll resistance,
which are related through the friction coefficient characterizing the runway, µF

FR = µF·R (A3)
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As a reminder, a typical value for this friction factor is 0.02 (resp. 0.4) for a dry concrete
runway without (resp. with) brakes applied.

By combining Equations (A3) and (A2), one can express the ground vertical reaction as

R =
Wcosγ − Lcosφ − Tsinα

cosγ + µFsinγ
(A4)

When introducing the lift and drag coefficient (CL, CD), one can then express the drag
in terms of the lift alone

D = L·CD

CL
(A5)

One can legitimately assume that the aircraft’s angle of attack is small (that is cosα ∼ 1
and sinα ∼ 0), which further simplifies the above relationships. After a few developments,
the thrust can be expressed as

T = m

[

a + g

(

µF

cosγ + µFsinγ

)]

+ L

[

CD

CL
+ cosφ·

(

sinγ − µFcosγ

cosγ + µFsinγ

)]

(A6)

Appendix A.2. Particular Case of in-Flight Segments

When the aircraft is aloft, the ground reaction is nil (µF = 0), and Equation (A6)
becomes

T = m[a] + L

[

CD

CL
+ cosφ·

(

sinγ

cosγ

)]

(A7)

Considering that the lift equals the weight corrected from the simultaneous projection
of flightpath and bank angles

L = W
cosγ

cos φ
(A8)

Equation (A6) then becomes

T = m

[

a + g

(

CD

CL
· cosγ

cos φ
+ sinγ

)]

(A9)

Of note, all parameters appearing in the above equation are readily available from the
flight data and/or ANP database.

Appendix A.3. Particular Case of Ground-Roll Segments

On the other hand, when the aircraft is on the ground roll (γ = φ = 0), Equation (A6)
becomes

T = m(a + gµF) + L

(

CD

CL
− µF

)

(A10)

Expressing the lift force in these conditions is less straightforward, and requires
developing an alternative lift model [57]. To do so, we start from the definition of lift

L =

(

1
2

ρSCL

)

V2
TAS (A11)

where ρ is the air density, VTAS indicates the true airspeed of the aircraft, S is the wing area
and CL is the lift coefficient. Assuming that the wing can be considered as a thin airfoil, the
lift coefficient can be classically related to the angle of attack, α (which is supposed to be
small enough).

CL = CL,0 + CL,αα (A12)

where CL,0 stands for the zero-lift coefficient and CL,α is the lift coefficient slope. Assuming
that the aerodynamic settings (α, S) and the atmospheric conditions (ρ) do not vary during
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the ground roll (i.e., C = 1
2 ρSCL = const), Equation (A11) turns into a parabolic equation

of the aircraft speed (alone)
L = C·V2

TAS (A13)

At the lift-off point, the ground reaction vanishes and the lift strictly equals the aircraft
weight, W

W = L = C·V2
LOF (A14)

where VLOF is the lift-off speed of the aircraft. By neglecting any variation of the aircraft
weight during the ground roll, one can thus re-express the lift force as

L = W·
(

VTAS

VLOF

)2

(A15)

All in all, Equation (A6) then becomes

T = m

{

a + g

[

CD

CL
·
(

VTAS

VLOF

)2

+ µF

(

1 −
(

VTAS

VLOF

)2
)]}

(A16)

Here too, all parameters appearing in the above equation are readily available from
the flight data and/or ANP database.

Appendix B. Further Illustration of the Noise Prediction Process and of Its Validation

against Reference Cases

This section further illustrates the validation cases provided in Section 3.1, one of
which is selected and documented more thoroughly.

Figure A2 depicts the routes (departure and approach, either straight or curved) as
well as the set of observers (namely R1–R17) used for all cases [62]. For more details about
the other parameters (flightpath, meteorological conditions, power settings, airspeed, etc.),
the reader is referred to Ref. [62]. Among the various cases listed, we here specifically
focus on the JETWDS configuration (i.e., a wing-mounted jet engines aircraft flying along
a straight departure route), whose relevant observers as those labeled R1–R5. Figure A3
depicts the time trace of various key quantities, as recorded for each observer along the
flight evolution, which is broken down in terms of flight segments, either ground-roll
(1–9) or airborne (10–29). These key quantities constitute the main ingredients of the noise
prediction process, namely the baseline noise level perceived by each observer (Figure A3a)
and its further adjustment through the cumulative corrections introduced in Section 2.2
(Figure A3b–g). The final result is provided in Figure A3h, which also quantifies the error
made with the reference solution [62]. This breakdown of the noise prediction process is
summarized hereafter, for illustration and validation purposes.

𝐶 = 𝐶 , + 𝐶 , 𝛼𝐶 , 𝐶 ,
α 𝜌𝐶 = 𝜌𝑆𝐶 = 𝑐𝑜𝑛𝑠𝑡

𝐿 = 𝐶 ∙ 𝑉
𝑊 𝑊 = 𝐿 = 𝐶 ∙ 𝑉𝑉

𝐿 = 𝑊 ∙ 𝑉𝑉
𝑇 = 𝑚 𝑎 + 𝑔 𝐶𝐶 ∙ 𝑉𝑉 + 𝜇 1 − 𝑉𝑉

 
Figure A2. Departure and approach routes for reference cases, with the associated observers.
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• Baseline noise level (cf. Figure A3a): Originated from the NPD database, this quantity
represents the noise that would be perceived by each selected observer if the aircraft
was flying according to a standard scenario (cf. Section 2.2). It was checked that the
associate prediction results agree well with the reference values [62], the maximum
errors being less than 10−5%. Since the JETWDS case corresponds to a non-standard
flight, these baseline noise levels must be refined through successive correction terms
(see below).

• Start-of-roll directivity adjustment (cf. Figure A3b): This correction accounts for the
highly directive pattern of the jet noise at take-off, which impacts more especially
those observers that are located upstream the ground roll segments (cf. Section 2.2).
Logically, the effect is nil for these observers that are located downstream (i.e., R1 and
R5). Here too, the predicted results match well the reference values, with a maximum
error of less than 10−5%.

• Engine installation correction (cf. Figure A3c): This correction accounts for the lateral
directivity patterns induced by the engine installation effects, which depend on the
relative depression angle seen by each observer (cf. Section 2.3.2). Logically, the
effect is nil for those observers that are located right underneath the airborne segment
(e.g., R1). Again, the predicted values compare favorably against their reference
counterparts, with an error of less than 10−9%.

• Finite segment correction (cf. Figure A3d): This correction accounts for both (i) the finite
nature of each concerned flight segment and (ii) its relative position with respect to the
observers. The effect is more important for those observers that are located away from
the flight segment, whose perceived noise is then corrected from the loss incurred
by the respective propagation distance. Here too, the calculation results are in good
agreement with the reference ones, leading to a maximum error of less than 1%.

• Duration correction (cf. Figure A3e): This correction translates the variation in the noise
exposure duration, which logically varies with the fly-over time and, thus, the aircraft
speed. In the present case where the aircraft continuously accelerates (from 0kt at the
start-of-roll point) and eventually exceeds the standard value of 160kt (for which the
correction is nil), this effect decreases monotonically. Here too, the prediction result is
very close to the reference one, with errors in the range of 10−12%–10−2%.

• Acoustic Impedance adjustment (cf. Figure A3f): This correction translates the impact of
atmospheric effects (cf. Section 2.3.4), which are solely driven by the local meteorolog-
ical conditions, thereby affecting all observers equally. Here, no error is recorded.

• Lateral attenuation (cf. Figure A3g): This correction accounts for the lateral attenuation
induced by the ground presence (cf. Section 2.2). Logically, this effect does not impact
those observers that are located right beneath the flightpath (here, R1 and R3 for
airborne segments 10-29). The other observers are impacted differently, depending on
their respective (lateral) distance to the aircraft, as well as on the nature of the flight
segment considered (airborne or ground roll [49], e.g., R2-R4 for segments 9 and 10,
respectively). Again, the predicted values match the reference ones, with maximum
errors of less than 10−1%.

• Single event noise level (cf. Figure A3h): This quantity represents the cumulative noise
level perceived by each observer, once the contributions coming from all segments are
summed up into a single noise event. As can be seen, the prediction is very close to
the reference, with errors in the order of zero (except for the R1 observer, for which an
error of about 0.011% is recorded).
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Figure A3. Breakdown of the noise prediction process, as illustrated for the JETWDS validation case (all in dB). Baseline
noise level (a), start-of-roll directivity adjustment (b), engine installation correction (c), finite segment correction (d), duration
correction (e), acoustic impedance adjustment (f), lateral attenuation (g), single event noise level (h).

Appendix C. Further Illustration of the Noise Impact Dependency towards Real-Life

Operations

This section first focuses on the noise impact incurred by a B777-3ER (resp. an A330-
343) aircraft departing from (resp. approaching) HKIA, thereby mirroring the discussion of
Section 4.2.1. In a second time, the effect of banked turn is assessed on these various flights.

Appendix C.1. Noise Impact Incurred by B777-3ER Aircraft Flying along Two Departure Routes

Regarding the departure scenario, we select two specific B777-3ER flights with very
distinct characteristics, and we assess their respective noise impact on three densely pop-
ulated districts (namely D1, D5, and D7) that they both fly over. Whereas the first flight
(labeled BD4) flies over districts D1 and D7 along a standard route with a high rate of climb
(ROC), the second one (BD5) passes over district D1 at a lower altitude (see Figure A4).

A4). 

 

Figure A4. B777 aircraft departing from HKIA. Flights BD4 and BD5 respective routes (left: ground track, center: flight
profile) and corresponding ground observers (dynamic grid, right).

Figure A5 depicts the SEL contours generated by flights BD4 (left) and BD5 (cen-
ter) along with their difference, which is obtained by subtracting the former from the
latter (right).

49



Aerospace 2021, 8, 264

   

∆

′

∆

Figure A5. B777 aircraft departing from HKIA. Noise impact (SEL) generated by flight BD4 (left) and BD5 (center) over
Hong Kong city, along with difference (∆SEL) between both results (as obtained by subtracting the former from the
latter, right).

Compared to flight BD4 (standard route, higher ROC), flight BD5 (deviated route,
lower ROC) impacts less some of the populated areas, with noise levels that are lower by
around 4 dB in D1 and D5 districts, and by about 7.5 dB in the western part of D7 district.
The opposite trend is observed to occur in the eastern part of D7 district, where flight BD5′s
impact exceeds that of BD4 by up to 13 dB in SEL (see Figure A6).

As was observed in Section 4.2.1 for Airbus-related flights, the lower altitude of a
given flight (here BD5) does not automatically entail a higher noise impact on the ground.
For instance, even though flight BD5 passes over D1 district at a lower altitude than its BD4
counterpart, it results in a smaller noise footprint over this area. Here too, this is likely to
be explained by the difference in the power settings (i.e., engine thrust) characterizing both
aircraft along their respective routes. For instance, Figure A7 compares the time history
of the thrust delivered by the two aircraft, with a focus put on that specific flight phase
where they both pass nearby D1 and D6 districts (highlighted with vertical dash-dotted
lines). At that time, flight BD5 exhibits a propulsive power that is almost one-third of its
BD4 counterpart. This is likely to incur a comparatively much lower noise emission for
BD5 flight, whose lower noise attenuation (short propagation distance) is then favorably
balanced. In addition, here again, the smaller ROC exhibited by flight BD5 is likely to
diminish its noise footprint, compared to its BD4 counterpart whose higher flightpath
angle somehow exacerbates its noise impact (jet noise directivity). All in all, these two
features of flight BD5 (lower power setting, smaller ROC) suffice to offset the detrimental
effect entailed by its lower altitude (reduced noise attenuation), when flying over D1 and
D6 districts.

∆

′

  

∆Figure A6. Difference in SEL (∆SEL) between flights BD4 and BD5 (closer view).
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Figure A7. Power settings (engine thrust) evolution of flights BD4 and BD5.

As for what could be observed with the A330 aircraft (cf. Section 4.2.1), the above
analysis further illustrates how HKIA departure procedures may impact very differently
those highly densely populated areas of Hong Kong.

Appendix C.2. Noise Impact Incurred by A330-343 Aircraft Flying along Two Approach Routes

Mirroring Section 4.2.1, we here compare the noise impact induced by two A330-343
aircraft approaching HKIA, with a special focus on those densely populated areas (namely
D2, D3, and D4) that are located beneath the flight corridors. The two flights are selected
for their rather different flightpaths, so as to highlight how the latter may alter the noise
footprint on the ground. More precisely, the first aircraft (flight AA2) approaches the 25L
runway via a higher altitude route, while the second one (flight AA3) flies towards the
25R runway at a lower altitude. These differences hold to a certain point, after which
both aircraft adopt a similar flightpath, following the Continuous Descent Approach
protocol enforced in Hong Kong. Figure A8 depicts the ground track and flight profile of
both flights.

    

Figure A8. A330 aircraft approaching HKIA. Flights AA2 and AA3 respective routes (left: ground track, center: flight
profile) and corresponding ground observers (dynamic grid, right).

Figure A9 depicts the SEL contours incurred by both flight AA2 (left) and flight AA3
(center), along with their difference (right). The densely populated D3 district which
is sandwiched between 25L and 25R routes sees its northwestern part impacted more
importantly by flight AA3 (with noise levels exceeding AA2 ones by about 10.6 dB, see
Figure A10), while the opposite occurs in the southeastern part (with an excess noise by
flight AA2 of up to 7.8 dB). Given the distribution of residents in the D3 district (whose
central and southern areas are more populated, see Figure 8), flight AA2 (lower altitude)
appears to be less environmentally friendly than its AA3 counterpart (higher altitude). This
observation also holds for the four times denser D2 district, which is flown over directly
by flight AA2 whose noise impact exceeds the AA3 one by about 9.1 dB. Finally, both
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flights impact equally the D4 district, each incurring a noise excess of 1–2 dB underneath
its respective route. To sum up, flight AA2 appears to be less environmentally friendly for
these densely populated districts, thereby revealing that the 25R approach route should be
given priority whenever the conditions permit (operational, meteorological, etc.). Notably,
all these observations are fully consistent with the ones recorded for Boeing aircraft (cf.
Section 4.2.1).

     

∆

∆

Figure A9. A330 aircraft approaching HKIA. Noise impact (SEL) generated by flight AA2 (left) and AA3 (center) over Hong
Kong city, along with difference (∆SEL) between both results (as obtained by subtracting the former from the latter, right).

∆

  

∆Figure A10. Difference in SEL (∆SEL) between flights AA2 and AA3 (closer view).

Appendix C.3. Specific Effect of the Bank Angle on the Various Routes and Aircraft

This section further illustrates the sensitivity of the noise prediction towards the bank
angle (i.e., engines installation) effect, thereby extending the investigation conducted in
Section 4.3.1. Here, we perform the noise prediction for alternatives flights, with the bank
angle being either incorporated or neglected in the SEL evaluation.

Focusing first on departure scenarios, we consider the flights AD1 (cf. Section 4.2.1),
BD4, and BD5 (cf. Appendix C.1) departing from HKIA. Similar to what happened for flight
AD2 (cf. Section 4.3.1), when the aircraft performs a banked turn, most of the observers
located on the same (resp. opposite) side of the turn experience less (resp. more) noise
impacts (see Figure A11). The opposite nevertheless holds for those observers that are
located very close to the ground track. All the previous observations derive logically from
the relative depression angle perceived by each observer (see Section 2.3.2). This being
said, the bank effect on the SEL levels appears to be fairly subtle, with differences of less
than 0.4 dB overall (see Figure A11).
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Figure A11. Various aircraft departing from HKIA. Difference in the noise impact (SEL) generated by flights AD1 (left),
BD4 (center) and BD5 (right), due to the incorporation of bank angle effect.

Focusing then on approach scenarios, we repeat the noise prediction associated with
flights AA3 (cf. Appendix C.2), BA1 and BA2 (cf. Section 4.2.1). Here too, the impact of the
bank angle is rather modest, with no more than 0.5dB differences overall (see Figure A12).
These differences are again positive or negative, depending on how each observer perceives
the relative depression angle.

   

 

 

 

 

 

 

 

Figure A12. Various aircraft approaching HKIA. Difference in the noise impact (SEL) generated by flights AA3 (left), BA1
(center) and BA2 (right), due to the incorporation of bank angle effect.

All the above observations, which are fully consistent with those obtained in Section 4.3.1,
further confirm that the noise impact is not that sensitive to the bank effect of turning
flight segments. Even though of secondary importance, this effect however helps the noise
prediction to better reflect real-life aircraft operations.
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Abstract: ICAO Annex 16 regulations are used to certify the acoustic performance of subsonic

transport aircraft. Each aircraft is classified according to the measured EPNL levels at specific

certification locations along the approach and departure. By simulating this certification process,

it becomes possible to identify all relevant parameters and assess promising measures to reduce

the noise certification levels in compliance with the underlying ICAO regulations, i.e., allowable

operating conditions of the aircraft. Furthermore, simulation is the only way to enable an assessment

of novel technology and non-existing vehicle concepts, which is the main motivation behind the

presented research activities. Consequently, the ICAO Annex 16 regulations are integrated into an

existing noise simulation framework at DLR, and the virtual noise certification of novel aircraft

concepts is realized at the conceptual design phase. The predicted certification levels can be directly

selected as design objectives in order to realize an advantageous ICAO noise category for a new

aircraft design, i.e., simultaneously accounting for the design and the resulting flight performance. A

detailed assessment and identification of operational limits and allowable flight procedures for each

conceptual aircraft design under consideration is enabled. Sensitivity studies can be performed for

the relevant input parameters that influence the predicted noise certification levels. Specific noise

sources with a dominating impact on the certification noise levels can be identified, and promising

additional low-noise measures can be applied within the conceptual design phase. The overall

simulation process is applied to existing vehicles in order to assess the validity of the simulation

resultsfcompared to published data. Thereafter, the process is applied to some DLR low-noise

aircraft concepts to evaluate their noise certification levels. These results can then be compared to

other standard noise metrics that are typically applied in order to describe aircraft noise, e.g., SEL

isocontour areas. It can be demonstrated that certain technologies can significantly reduce the noise

impact along most of an approach or departure flight track but have only a limited influence on the

noise certification levels and vice versa. Finally, an outlook of the ongoing developments is provided,

in order to apply the new simulation process to supersonic aircraft. Newly proposed regulations

for such concepts are implemented into the process in order to evaluate these new regulations and

enable direct comparison with existing regulations.

Keywords: aircraft noise simulation; conceptual aircraft design; noise certification; ICAO Annex 16;

PANAM; RCE

1. Introduction

In order to fully exploit novel technologies and specific measures to minimize aircraft
noise, it is essential to incorporate noise prediction early within the conceptual aircraft
design phase, e.g., see Reference [1]. Only at this early stage is the degree of freedom in
available design and technology choices large enough to really enforce a low-noise aircraft
design. Furthermore, the incorporation of all relevant disciplines within one simulation
process enables all snowball effects that are caused by any modification to the aircraft,
engine, or flight procedure to be accounted for, which affects all other related disciplines.
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For example, any modification to a component design will not only affect a specific noise
source on board but can also determine the flight performance of the final vehicle, e.g., as
demonstrated in Reference [2]. According to the underlying flight performance along the
approach and departure, the operating condition, and hence, the noise generation of each
noise source, is directly and significantly affected. It becomes clear that any modification to
a noise source on-board the aircraft, without consideration of its implications on the flight
performance, will not result in realistic and physics-based results. These strong interde-
pendencies have to be considered for each and every design or technology option under
consideration; hence, a full approach-and-departure flight simulation is a prerequisite to
any meaningful noise assessment of any new design or technology. Depending on the
selected design objectives or noise metrics, the computational demands can be significantly
increased, e.g., high computational costs can be expected if widespread noise contour areas
are evaluated along the entire approach and departure flights for each design or technology
option. The computational costs of such noise simulations for the overall aircraft typically
scales linearly with the number of flight points along a simulated trajectory, multiplied by
the number of observer locations on the ground, e.g., Reference [1]. The evaluation of a
contour area (tens of thousands of grid points) along a realistic flight procedure (hundreds
of flight points) for each and every vehicle option (hundreds of design variants, e.g., param-
eter variation of certain design parameters) will quickly scale up and can only be realized
at an early design phase, when simple and fast simulation methods are still applicable.
In addition to the above-mentioned determination of the noise immission along individual
flights, e.g., assessment on the basis of footprints, the certification levels are of great im-
portance, because the classification into different noise chapters also results in additional
direct operating costs, e.g., through increased noise-related take-off and landing fees at
certain airports, or severe disadvantages related to potential limitations of the number of
flights or operating hours. Therefore, manufacturers as well as airlines are interested in an
early and reliable prediction of such levels.

In addition, ICAO noise certification levels are simulated for a fraction of the compu-
tational costs compared to a full contour area assessment. In this case, only a few observer
locations and shortened segments of the full approach-and-departure flight have to be
simulated and assessed. Consequently, certification noise levels only capture a very limited
and localized situation, and are not representative of the widespread noise exposure along
the entire approach-and-departure flights. However, these certification levels can be used
as initial noise indicators and are particularly suitable for a quick but coarse comparison
of different aircraft designs and technologies due to their standardized form [3]. The use
of simulated certification levels as design objectives in the context of low-noise aircraft
design has been demonstrated by other researchers, e.g., NASA’s N + 1 [4], N + 2 [5], and
N + 3 [6,7] studies.

In general, a simulation of certification levels is essential, since any new vehicle would
be subject to an ICAO noise certification procedure, and hence has to comply with the
underlying regulations and limitations. Although computational demand is significantly
reduced for an assessment of the certification situation, i.e., there are only three specific
ground locations, simple and fast methods at the conceptual design phase still would be
required when evaluating different technologies, aircraft designs, and flight procedures.
According to Annex 16 [3], specific regulations and limitations are defined with respect to
aircraft noise certification. Specific constraints, e.g., ambient weather conditions, and certain
flight conditions are defined and have to be enforced when simulating the flight trajectories.
To enable a feasible and physics-based assessment of the noise certification levels, vehicle
design (source characteristics) and resulting flight performance (operating conditions)
have to be accounted for simultaneously. Thereby, it is necessary to account for source
characteristics and operating conditions along relevant parts of the approach-and-departure
flight procedure, i.e., it can be demonstrated that at least the so-called 10 dB-down time
has to be considered in order to adequately capture the certification levels [8,9].
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Based on existing DLR software tools, and considering the ICAO regulations, a dedi-
cated and fully automated simulation process has been assembled to realize a simulated
noise certification [8,9]. The new and fully automated simulation process predicts certifica-
tion levels within the conceptual aircraft design. The ICAO regulations can be assessed
based on the available data within the simulation process. The underlying process of assess-
ing the certification is complex and consists of (1) a detailed simulation of the flight path
under the given constraints, (2) calculation of the sound emission based on the operating
conditions and configurational parameters prevailing in proximity to the certification mea-
surement points, and (3) the modeling of the sound propagation and ground attenuation
effects. With this new simulation process, noise certification levels can now be predicted
for both existing and novel aircraft concepts. The resulting cumulative noise levels can be
directly processed as an optional design objective within the conceptual aircraft design.
Different sensitivities of flightpath or design parameters on the certification noise can be
investigated simulateously for the first time in one overall simulation process. Predictions
for existing vehicles can be compared to published and available data in order to verify the
simulation results. It should be noted that the presented activities at DLR do not aim to
create a virtual replacement of the actual certification process. The goal of the presented
activities is to provide reliable estimates of certification levels to enable a direct comparison
of different technologies and designs. Furthermore, comparison to other simulation activi-
ties based on certification noise levels is enabled, e.g., research activities at NASA [4–7].
Furthermore, the certification assessment does enable quick comparative studies within the
conceptual aircraft design, where significant variations in aircraft design, engine design,
selected technology modifications, and flight performance are still realizable, and hence
open up a huge solution space.

The prevailing certification regulations, according to the International Civil Aviation
Organization (ICAO), are assessed and summarized in the next section of this article. There-
after, the newly developed simulation process is described in more detail, i.e., Section 2.
A verification of the simulation process and a detailed comparison of simulation results and
official certification data are presented in Sections 2 and 4.1, respectively. The remaining
differences between simulation results and official certification levels can be attributed
to several effects that are discussed in Section 4.2. The novel process is finally applied
to novel aircraft concepts, and the results of this investigation are presented in Section 5.
Furthermore, suggested modifications to the existing regulations in order to enable an
assessment of supersonic transport aircraft are presented in the application section. Finally,
the findings of this study are summarized and discussed in Section 6. A brief outlook on
ongoing and future activities in Section 7 completes this article.

2. ICAO Noise Certification

Noise certification of subsonic jet aircraft is defined by the International Civil Aviation
Organization (ICAO) [10,11]. The ICAO defines different reference procedures and noise
limits for different types of aircraft, i.e., mainly dependent on the aircraft maximum
takeoff weight (MTOW) and the number of engines. In the following sections, the existing
regulations for a subsonic jet aircraft are described. An initial discussion of an FAA
proposal towards regulation of supersonic aircraft is addressed in this article. Certification
regulations use the Effective Perceived Noise Level (EPNL) at three reference measurement
points as a basis. Two of the reference measurement points are evaluated along take-off
and one during landing. Different specific limits for the operation of subsonic aircraft
are defined when assessing the EPNL at these measurement points. These regulations
are finally implemented in the existing simulation process at DLR, e.g., as described in
Reference [2], in order to assess the corresponding certification noise level for existing and
novel aircraft designs within the conceptual design phase. Ultimately, the certification
levels can be selected as design criteria, and hence can be subject to a low-noise optimization
of the vehicle design.
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Figure 1 shows these certification measurement points for departure relative to the
runway, as specified by the ICAO. The flyover reference noise measurement point (K1)
is positioned 6500 m behind the break release point (Point A) on the extended runway
centerline below the departure flight path.
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Figure 1. Take-Off Reference profile of subsonic aircraft for noise certification with flyover (K1) and lateral full-power
reference measurement point (K2) and runway, adjusted from [3].

In addition, there is a lateral full-power reference noise measurement point (K2),
located on a line 450 m, parallel to the runway centerline. The position with the highest
EPNL along this sideline is selected as the lateral full-power reference noise measurement
point. For a valid certification flight, the maximum available thrust must be maintained
until a cutback altitude (Point D), dependent on the number of engines, is reached. For a
twin-engine aircraft, the cutback height is 300 m, for a three-engine 260 m and for a four-
engine 210 m, above ground. This accounts for the excess thrust that an aircraft with fewer
engines has over one with more engines due to the thrust requirements during an engine
failure, i.e., One Engine Inoperative (OEI) case. After reaching the respective cutback
altitude, the aircraft must climb at least with 4%, which corresponds to a climb angle of
approximatly 2.29◦. Since the reduction in the engine thrust is not instantaneous, ICAO
defines a first and a second cutback angle (δ and ε related to point K1) with the points
D and E. Furthermore, the flight must be recorded up to 11 km (Point F) after the break
release point. In addition, there are requirements for the calibrated airspeed at takeoff,
defined relative to the aircraft-specific safe takeoff speed V2. The speed V2 + 10 knots
must be reached as soon as possible after takeoff and the speed V2 + 20 knots must not be
exceeded during the certification flight. Due to the requirement that the thrust setting be
kept constant during calculation of EPNL, the 10 dB-down time must be completed for the
lateral measurement point by the time point D is reached, in case a cutback is performed.
For the flyover measurement point, the 10 dB-down time must be between points E and F
for the same reason.

The noise during approach is evaluated at another measurement point during noise
certification, which is shown in Figure 2, together with the specified approach path. The ap-
proach flightpath must be recorded from point G, which is 7400 m in front of the runway
landing threshold. The projection of this point on the ground is called point P. This ap-
proach reference noise measurement point (K3) is located 2000 m in front of the runway
landing threshold (Point O) in the extended runway centerline. Taking into account the
prescribed glide path of 3◦, the aircraft flies over the measurement point at an altitude of
120 m (Point H), where the aircraft is in a stabilized state and the engine is not idling, as is
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the case in other phases of the approach. It should be noted that an altitude deviation of
20%, i.e., ±24 m, is allowed at Point H. The glide path ends at point I and the touchdown
takes place at point J, about 300 m behind point O.

The EPNL metric is used for noise certification, and its calculation is explained below.
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Figure 2. Reference profile of subsonic aircraft for noise certification with approach reference measurement point and runway.

In addition, a chart illustrating the calculation can be found in the Appendix A
(Figure A1). At the three measurement points, the Sound Pressure Level (SPL) in the one-
third octave band i is measured at intervals of 0.5 s in a microphone height of 1.2 m above
ground for every timestep k. After frequency weighting of the measured SPL using noy
tables into the Perceived Noisiness n(i,k) the individual one-third octave bands are summed
over i and, to weight the highest band, the band SPL is multiplied by 0.85, while the other
bands are multiplied by 0.15. A summation of the one-third octave band spectra gives the
Total Perceived Noisiness N(k), which is then converted into the Perceived Noise Level
PNL(k). In order to take the sensitivity of human hearing for discrete tones into account,
a sound correction C(k) is applied, which adds a sound penalty to the PNL(k) depending on
the relative differences between adjacent Sound Pressure Levels of the individual one-third
octave bands, which leads to the Tone-Corrected Perceived Noise Level PNLT(k). There is
only a penalty when Sound Pressure Level difference between the adjacent bands is above
1.5 dB. Afterwards, the EPNL is calculated by the time integration of all levels of PNLT(k),
which are, at most, 10 dB below the maximum PNLTM. For better comparability, a reference
flight procedure is defined under atmospheric reference conditions. The determined EPNL
is corrected to this reference procedure by applying different correction terms. In these
studies, it is assumed that both the trajectory and atmospheric conditions are simulated to
be identical with the reference conditions and, therefore, no correction to the determined
EPNL is necessary.

3. Simulation Environment

3.1. Aircraft Design

Aircraft and engine design was assessed with TU Braunschweig’s PrADO (Prelimi-
nary Aircraft Design and Optimization) simulation tool [12]. PrADO is an aircraft design
synthesis code comprised of individual software modules, which are each assigned to a cer-
tain task or discipline within the design process of aircraft and engines [12], e.g., dedicated
modules will compute the aircraft mass breakdown based on the selected vehicle layout.
PrADO not only accounts for all the individual disciplines but, most importantly, also
takes the prevailing interaction effects into consideration, i.e., so-called snow-ball effects.
The software modules are executed iteratively until preselected major design parameters
reach convergence, e.g., the changes in aircraft component masses per process iteration
stay below specified residuals.
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After the convergence of all major design parameters, PrADO yields a valid and
physics-based aircraft design that fulfills all the preselected design requirements, i.e., Top
Level Aircraft Requirements. Thereby, the individual software modules can straightfor-
wardly be replaced by other modules of higher fidelity or by external data, e.g., measured
aircraft component weights. The PrADO tool has been upgraded to provide all the required
input data for a subsequent system noise prediction, i.e., including aircraft and engine
design parameters and a PrADO flight track [1]. With PrADO, existing aircraft can be
simulated, as well as novel aircraft concepts. The process can then be applied to a system
noise prediction of arbitrary tube-and-wing aircraft concepts [1].

External input data, such as engine performance maps, geometrical details, or the
flight procedure, can be processed via dedicated interfaces in order to improve prediction
accuracy if required and available [2]. Simulation results from corresponding software
modules within PrADO are then directly replaced by external input data, and the PrADO
modules will not be executed. For the noise assessment carried out within this study,
such high-fidelity external input data for the engine were provided by the DLR Institute
of Propulsion Technology, i.e., the simulation results of their tool GTlab [13]. The flight
trajectory by PrADO was replaced by results from the DLR flight simulation tool Flightpath
for Noise Analysis (FLIPNA), which is fully compatible with ECAC Doc. 29 regulations.
At this point, the aircraft, the engine, and the resulting flight trajectories are completely
described and the overall simulation process can be initiated.

3.2. Flight Simulation

Based on the complete aircraft description from the updated PrADO process, a detailed
assessment of approach and departure procedures is enabled. For the purpose of the
certification assessment, a newly developed flight simulation tool Flightpath for Noise
Analysis (FLIPNA), e.g., Reference [14], replaces the corresponding PrADO simulation
module because it can directly account for the ICAO regulations with respect to the
certification rules. Thereby, FLIPNA directly processes the PrADO aircraft and engine
output in order to simulate physics-based trajectories. The aircraft trajectory is defined
as a series of flight points accounting for varying operational conditions, e.g., variations
in engine operation or the usage of landing gear and a high-lift system. Certain control
parameters for FLIPNA define the final flight trajectory, and can be varied and selected
for optimization, e.g., glide slopes and velocities. At this point, detailed flight trajectories
for arbitrary aircraft design can be generated from PrADO. The resulting description
of the flight path incorporates all information, as required for a noise prediction with
PANAM [14].

3.3. Noise Prediction

The overall aircraft noise can be described as the energetic sum of relevant components,
i.e., so-called noise sources, and the influence of the most important interdependencies.
The software PANAM [1] was developed to realize such a simulation approach, based on
the available input data within the conceptual aircraft design process. PANAM is directly
operated as a simulation module within PrADO, and will enable a system noise prediction
within the design cycle, i.e., modeling the noise emission, transmission, and impact at
arbitrary observer locations [1].

PANAM applies semi-empirical, parametric source models that are developed by DLR
or adapted from models found in the open literature, i.e., airframe models are developed by
DLR [1,15–19], whereas available external engine models have been adapted [20,21]. A list
of the models used is given in Table 1. The application of these models yields a directional
noise emission prediction in one-third octave bands for one operating condition. PANAM
accounts for the individual sources separately. According to the underlying operating
condition, the resulting noise source ranking is predicted, which varies significantly along
an approach and can vary along a departure.
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If required, noise shielding and refraction effects can be simulated with the DLR tool
SHADOW [22]. The predicted noise level differences are then directly processed within
PANAM and applied to the corresponding sources, e.g., to account for noise reflection of a
landing gear mounted under a large wing surface.

Table 1. PANAM system noise assessment: source models selected for this study.

Noise Source/Element Model

airframe noise models (airf)

trailing edge DLR [1,15–19]
leading edge DLR [1,15–17]
main landing gear DLR [1,15–17]
nose landing gear DLR [1,15–17]

engine noise models (eng)

fan broadband & tonal modified Heidmann [20]
jet modified Stone [21]

noise shielding effects (PAA)

- SHADOW [22]

sound propagation effects

- ISO 9613 [23]

ground attenuation effects

- SAE AIR 1751 [24]

Such an emission prediction is then repeated for each individual flight point along
a simulated trajectory, e.g., as provided by FLIPNA. The emitted noise from each flight
point is then further propagated through the atmosphere, accounting for the prevailing
attenuation of the sound, i.e., geometric spreading [25] and atmospheric attenuation [23].
Optionally, ground attenuation effects can be accounted for, to reflect a specific observer
situation, i.e., accounting for ground properties and observer details such as height-above-
ground of the virtual observer. When reproducing simulating certification conditions,
certain options become mandatory, as explained in the next section. The resulting noise
from each flight step, as it is received on the ground, can finally be assembled to yield level
time-histories and other common noise metrics.

The prediction capabilities of PANAM have been demonstrated for existing aircraft
by comparison with experimental data from flyover campaigns, e.g., see Reference [1].
Furthermore, its applicability to novel technology and new aircraft concepts was assessed
through a benchmark test of simulation tools from two other large research entities. The re-
sults of the benchmark test, as published in Reference [26], show a satisfying agreement and
confirm confidence in the PANAM predictions. A direct quantification of the underlying
prediction uncertainties is currently under investigation. An earlier study was published
in 2019, see Reference [27], to identify and assess the various sources of uncertainty that
mpact the overall prediction quality compared to experimental data. Ongoing activities
focus on an automated uncertainty quantification within the conceptual aircraft design,
i.e., applicable to existing and novel aircraft.

3.4. Virtual Noise Certification Simulation Process

It was decided to utilize DLR’s distributed simulation environment, the Remote Com-
ponent Environment (RCE [28]) to realize the virtual noise certification process. The reason
for this was the simple applicability and direct availability of such an RCE process within
the connected researchers. Aircraft designs and technologies from different groups that are
connected to RCE can directly feed and apply the process toward a virtual certification of
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their aircraft concepts. As a mid-term goal, the process is not limited to PrADO designs
but for example is also able to process alternative vehicle concepts from the Center of
Excellence Sustainable and Energy Efficient Aviation (SE2A) by TU Braunschweig. Ultimately,
the new process can be connected to different aircraft design tools to enable certification
noise-related decision making.

The new RCE-based process promises flexibility when updating the simulation with
respect to any adjustment to the somewhat antique ANNEX 16 regulations that might
be introduced to provide a more realistic representation of aircraft noise around airports.
The developed process chain is shown in Figure 3. To investigate the influence of different
parameters (e.g., design or flight path parameters), it is possible to specify a parameter
variation. A manual modification of individual noise sources is also possible, which allows
for an estimatation of the influence of over- and underestimation of individual sources on
the certification level. Additionally the effectiveness of targeted noise reduction measures
on individual noise sources (e.g., the use of acoustic liners) can be investigated. Based on
the definition of the engine and aircraft parameters, the process starts with a calculation
of the flight trajectory using the FLIPNA software, on the basis of the previously selected
settings. PANAM then uses this trajectory, in conjunction with other necessary input data,
and calculates the noise immission at the respective certification measurement point.

Noise assessment workflow

ICAO Annex 16 noise certification simulation

Simulation  

(low to mid fidelity)

Aircraft data

Flight trajectory 

e.g. FLIPNA 2

System noise

e.g. PANAM

Regulations on

trajectory

Regulations on

methodology
Certification levels

Engine design

e.g. GTLAB

Acoustic shielding

e.g. SHADOW / Maekawa

Aircraft design

e.g. PrADO

Figure 3. Schematic of the developed process for automated virtual noise certification.

The process automatically determines which parts of the trajectory are considered in
EPNL calculation, i.e., where the 10 dB-down time starts and ends. This is supplemented
by a consideration of the emission spectrum at the flight position that causes the highest
PNLT (called PNLTM). A comparison of the spectra of the individual sources of emission
and immission allows for a quick assessment of the influence of sound propagation effects,
which have a significant impact on EPNL, e.g., at the flyover measurement point due to the
relatively large distance between the source and observer. Finally, the virtual noise certifica-
tion is performed in accordance with the implemented ICAO specifications (see Section 2).
This status quo of the process chain can be used to automatically calculate the certification
level of arbitrary aircraft within the framework of the preliminary aircraft design.
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4. Verification

The new process was initially applied to two selected aircraft, i.e., a simulation model
of an A319-100 powered by two CFM56-5A5 engines (net thrust per engine at sea level
104 kN) and a B747-400 powered by four CF6-80-C2-B5F engines (net thrust per engine at
sea level 272 kN). An overview of the most important design parameters and the airspeeds
used in the certification calculation are summarized in Table 2. The aircraft masses MTOM
and MLM were adjusted to the values used and provided in the actual noise certification
documents of this aircraft configuration.

Table 2. Data of two investigated aircraft.

Parameter Unit A319-100 B747-400

maximum takeoff mass kg 68,000 396,893
maximum landing mass kg 61,000 285,783
overall length m 33.84 70.60
overall height m 12.14 19.41
engine type - CFM56-5A5 CF6-80-C2-B5F
number of engines - 2 4
static thrust per engine at sea level N 104,043 272,530
bypass ratio - 6 5
span - 33.94 64.40
wing reference area m2 122.6 561.93

vRe f m/s 65.51 68.65
vLanding m/s 70.78 73.93
vFlyover m/s 75.13 to 80.13 87.90 to 92.89
hCutback m 300 210

The simulation of the two aircraft types results in different cutback heights. A cutback
height of 300 m is predicted for the A319-100, and 210 m is predicted for the B747-400.
To allow for the minimization of certification levels at the flyover measurement point,
the lowest allowed cutback height is not used. Instead, the cutback is performed just
before the start of the 10 dB-down time of the flyover measurement point, which leads to
an increase in cutback height. The later reduction in thrust leads to an increase in flight
altitude and, thus, to a reduction in EPNL at the flyover measurement point due to stronger
atmospheric propagation attenuation.

Altitude, thrust and calibrated airspeed profiles over the flightpath used to calculate
certification levels are shown in Figure 4 for both aircraft. The authors highlight that there is
no available information on official noise certification trajectories. Therefore, the trajectories
shown and studied here are the result of an optimization to reduce EPNL at the individual
measurement points, taking the certification regulations into account. As can be seen,
the trajectories of the two aircraft studied differ greatly due to their significant differences
in flight performance.

For both aircraft, the lowest certification level at the flyover measurement point was
observed when the aircraft operated at the lowest allowed climb angle of 2.29◦. There-
fore, the relative engine speed could be reduced to N1 = 73% (A319-100) and N1 = 95%
(B747-400). In this case, the effect of noise reduction on the ground due to a lower engine
thrust outweighs the disadvantage of a reduced distance between source and observer.
A variation of the engine thrust after cutback in the allowed range of the regulations showed
a change in the certification level of 6.8 EPNdB (A319-100) and 4.9 EPNdB (B747-400) be-
tween the highest and lowest value. It is noticeable that the certification level for B747-400
increases abruptly between N1 = 95 and 96%, because this change triggers a significant
increase in buzzsaw noise according to the implemented fan noise model, as the fan tip
Mach number passes 1.
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As previously mentioned, the lateral measurement point with the highest EPNL along
the takeoff is identified and selected. This results in a distance to the break release point of
2700 m for the A319-100 where the aircraft has a flight altitude of 215 m, and for the B747-
400 of 3600 m where the aircraft has a flight altitude of 225 m above ground. The position
of the lateral measurement point is strongly dependent on whether the acceleration process
on the runway is modeled correctly, so that inaccuracies resulting from aircraft preliminary
design can have a large impact. The approach path, not shown here, has a glide path of 3◦

with an airspeed of 70.78 m/s (A319-100) and 73.93 m/s (B747-400). The engine thrust is
constant along the relevant flight segment and amounts to 43.1 kN (A319-100) and 205.3 kN
(B747-400). As specified for certification, the aircraft is simulated at precisely 120 m above
the measurement location.
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Figure 4. Departure Flightpath with lowest EPNL for virtual noise certification with flyover position
and lateral reference meseaurement point.

4.1. Comparison of Predictions and Published Levels

Table 3 summarizes a comparison of the certification levels at the three measurement
points for the two aircraft examined, with levels that are publicly accessible by European
Union Aviation Safety Agency (EASA) , see Reference [29]. In contrast to the results pre-
sented earlier (DLRK, IB), the acoustic lining routines were adapted and the effects are
incorporated into the results. Fan noise contribution was significantly reduced compared
to earlier studies, due to the presence of an acoustic lining. There are discrepancies between
the official certification levels and the results of this study. Deviations of +3.0 EPNdB (A319-
100) and +2.8 EPNdB (B747-400) are observed at the flyover position, where certification
regulations of flight trajectory are the least stringent. For the approach, reduced devia-
tions to published levels are experienced, i.e., +1.8 EPNdB (A319-100) and +0.8 EPNdB
(B747). The differences for the two investigated aircraft, observed at the lateral position,
are −3.2 EPNdB (A319-100) and +0.8 EPNdB (B747-400). At this measurement point, a
significant influence of the actual ground noise attenuation can be expected due to low
elevation angles. This can lead to increasing uncertainties and inaccurate representation

66



Aerospace 2021, 8, 210

of the actual conditions of the real certification. The approach situation, according to
the regulations, is much more regulated, resulting in a significantly smaller variability in
acceptable flight conditions. It can be assumed that the simulated operational input for
the noise prediction agrees more with the actual flight conditions of a real test flight for
the approach situation, as compared to the departure situation. Other research studies
show similar difficulties in predicting measured certification levels in aircraft preliminary
design, e.g., Reference [30]. With the exception of the lateral full-power measurement point
for A319-100, all simulated certification levels were overestimated relative to the official
values. A good agreement is shown for the delta of the individual measurement points
when comparing the two aircrafts. There are only significant deviations for the lateral
measurement point, where the simplified modeling of the ground influence may play a role,
as mentioned previously. In this context, different ground effect models were compared
and it was observed that, according to the prevailing ground model, the levels can differ
significantly from each other. Therefore, the authors would like to emphasize that the mod-
eling of the ground attenuation effects is currently still associated with a large uncertainty
and is part of ongoing research activities. More information on the actual condition, as
experienced during the real certification, is not available but would be required for a fair
comparison.

Table 3. Comparison of simulated and measured certification levels [29].

Observer Point A/C
Simulation EASA

Delta [EPNdB]
EPNL [EPNdB] EPNL [EPNdB]

Flyover A319-100 86.6 83.6 +3.0
Lateral A319-100 90.7 93.9 −3.2
Approach A319-100 96.3 94.5 +1.8

Flyover B747-400 99.4 96.6 +2.8
Lateral B747-400 101.0 100.2 +0.8
Approach B747-400 104.1 103.3 +0.8

4.2. Discussion of Deviations

Simulation of the noise certification process and prediction of certification levels for
existing aircraft is a very challenging task at the conceptual aircraft design phase. The
direct comparison of simulation results to official noise certification data shows deviations
in absolute levels which are also experienced by other researchers [30]. Based on the fidelity
of the applied simulation tools and the lack of validation data for the flight simulation, this
result is not surprising.

The semi-empirical noise source models listed in Table 1 and applied here are inher-
ently associated with modeling uncertainties, e.g., see Reference [27]. Due to their empirical
nature, a satisfying agreement between simulation results can be experienced when com-
paring the results to the measured data of existing aircraft. However, discrepancies are
experienced when assessing certification noise levels. This can partially be attributed to
the EPNL metric, which is especially sensitive to the spectral shape of the received signal.
Obviously, the level of detail associated with the noise source models is not sufficient to
precisely resolve the spectral shape for each noise source simulation under every operating
condition. A much higher level of fidelity would be required for the simulation methods,
which cannot be realized based on the selected models available in the conceptual aircraft
design. The selected noise source models were specifically derived to capture standard
metrics that are integrated over the frequency spectrum based on a third-octave band
resolution. The experienced discrepancies between measured and predicted spectra at
distant ground observers are further intensified due to the underlying and simplified sound
propagation and ground attenuation models, as specified in Table 1. Ground attenuation is
very uncertain, especially due to the microphone height of 1.2 m. A small overestimation
of fan tones (1–2 dB) is possible in preliminary design, but has little to no impact on overall
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levels with conventional metrics such as OASPL; however, such inadequacies may be
exacerbated by a greater weighting of the relevant frequency range of fan tones and tonal
penalty when using metrics such as EPNL.

In addition to the described modeling challenges for EPNL at the conceptual design
phase, the underlying input data introduces additional uncertainties since it originates from
low-fidelity simulation at the conceptual aircraft design phase [27]. Especially, the flight
trajectory as a direct input for the noise prediction is identified as a major source of uncer-
tainty. In particular, the acceleration of the aircraft on the ground and the thrust setting
after cutback, i.e., the actual takeoff trajectory, results in different flight altitudes above the
flyover point. It has been demonstrated in various studies that a much better agreement
between noise simulation and measured levels can be realized if the operating conditions
are provided as an input from the actual flight test. A good agreement between simula-
tion and measurements for metrics other than EPNL is documented for existing aircraft,
e.g., Reference [1], if the noise prediction is fed with Flight Data Recorder (FDR) input.
The importance of reliable input data is furthermore confirmed by a recent comparison of
noise simulation tools between NASA, ONERA, and DLR [26]. It is demonstrated that a
good level of agreement between the different tools can be achieved when the input data
are clearly defined and kept identical or similar for all simulation tools. Not knowing the
actual flight conditions during the certification process, especially for the flyover situation,
does not support the direct comparison of absolute levels from simulation and official data.
However, predicted level differences between various aircraft types show a much better
agreement, supporting a comparative assessment. The reliability of the prediction results
for a comparative assessment is furthermore confirmed by the aforementioned simulation
tool comparison [26].

To further investigate the significant influence of the flight path on the certification
levels, certification levels are predicted based on available flight data for an A319-100
aircraft [31]. The available approach-and-departure flight data from this measurement
campaign at the Baltic Airport near Parchim (Germany) are used to calculate the respective
certification levels. The available measured noise levels for A-weighted SPL were studied
in great detail and show good agreement to the predictions; see Reference [1]. It should be
noted that no EPNL measurements are available from this campaign. Due to the underlying
motivation behind this flight campaign, no departure flight procedure fully complies with
the allowable operating conditions according to the ICAO regulations [3]. The flight altitude
above the approach measurement point is too high for approach paths 10 and 12 in Figure 5.
This has to be kept in mind when comparing these predictions to the published certification
levels. The other approach paths are certification-compliant and show very good agreement
with the measured EASA levels. The minor differences between the procedures are due
to the slightly different thrust settings and flight altitudes. When comparing with the
simulated flight trajectories, it is noticeable that the approach speeds from the FDR data
are lower, which lead to lower certification levels. This may indicate that the accuracy of
the characteristic speeds in the preliminary design is limited. However, this comparison
gives a good indication of the sensitivity of the flight procedures at the certification points,
and also can confirm tendencies and trends. As shown in Figure 5, it can be demonstrated
that all flight procedures result in higher noise levels at flyover measurement points in
comparison with the noise levels published by EASA. Overestimation rates from 0.5 to
3 EPNdB are documented for the flyover situation. Obviously, the differences between
the actual flight tracks of the certification and the simulated flights have a great impact.
An underestimation of from 1.5 to 2.2 EPNdB at the sideline certification points is observed
where the underestimated levels are also experienced when working with the simulated
flight procedures. Comparing level differences between the individual flights confirms the
expected trends and the applicability of simulation results for a comparative assessment,
i.e., see Reference [32].

Another reason for the expected deviations can be identified in the ICAO documenta-
tion. Certain correction factors can be applied by the aircraft manufacturers to each of the
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actual noise levels at a certification point. These corrections are mentioned but not further
disclosed in the ICAO documentation. The actual levels remain confidential and no further
information has to be made available to the public. It is still unclear how these correction
factors influence the final and official certification level. If the predicted levels are somewhat
higher compared to the official levels, this is understood as a confirmation of the presented
simulation results, since it is certain that any additional correction factor applied by an
aircraft manufacturer will not further increase the certification levels. Ongoing research
activities at DLR and its partners aim towards the quantification of simulation uncertainties
for aircraft noise prediction, as applied here, e.g., see Reference [27]. Obviously, this is
understood as an essential prerequisite when assessing differences between simulation
results and available certification noise levels. However, this research is still ongoing and
limited to an uncertainty prediction associated with less complex noise metrics or descrip-
tors, i.e., the maximum A-weighted SPL. The direct application of available uncertainty
quantification methods to a complex, frequency-dependent descriptor, including tonal
corrections such as the EPNL, e.g., as applied by NASA [7], is not recommended at this
moment. Uncertainty quantification associated with complex noise descriptors remains a
challenging task for future research activities outside of the presented work.
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Figure 5. EPNL differences in simulated flight trajectories compared to published certification levels by the EASA.

4.3. Parameter Sensitivity Study: A319-100

In order to investigate the influence of the engine and airframe noise sources on the
certification level, a sensitivity study of the certification level for A319-100 was performed
for each of the three measurement points, starting from the reference case shown above.
For this purpose, the predicted noise levels for engine and airframe components were
artificially increased/reduced in the range from −9 to +9 dB. It was assumed that the level
difference is equally applied over the entire frequency range.

The plots shown in Figure 6 represent the change in certification level relative to the
reference case as a combination of the change in the Sound Pressure Level of the engine
and airframe.
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The blue lines show the change in certification level due to the changes applied to the
engine, and the green lines show the change in certification level due to changes applied to
the airframe contribution, with all other noise sources held constant.
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Figure 6. EPNL: sensitivity with respect to airframe and engine noise contribution for sideline (left), approach (middle)
and flyover (right).

First, it can be shown that the noise sources of the engine dominate the immission at
all three measurement points considered. For conventional tube-and-wing aircraft with
turbofan engines, as considered here, airframe noise contribution is also insignificant at
the approach certification noise measurement point. During its final approach, the flight
segment increased-engine thrust settings are required to compensate the drag of deployed
high-lift elements and landing gear while maintaining a prescribed flight velocity. Conse-
quently, the engine noise clearly and constantly dominates the airframe noise contribution
at the approach measurement point. Engine noise would have to be reduced drastically in
order to see any impact of the airframe noise sources on the approach certification noise
level, e.g., Figure 6. Consequently, for an efficient reduction in certification levels, noise
abatement measures at the engine should be considered first; a quiet airframe would only
after a drastic engine noise reduction. For the B747-400, the results are qualitatively very
similar, but are not shown here for the sake of clarity. However, it is obvious that the
influence of airframe noise on EPNL increases from sideline to flyover and from flyover
to approach. This is due to the respective thrust setting, since this decreases in the afore-
mentioned order. While the airframe has almost no influence on the sideline for all the
considered modifications, there are changes in the certification level for flyover when the
engine noise is significantly reduced. For the approach, this effect is even more pronounced,
and smaller changes are also seen if the engine noise sources remain unchanged.

5. Application

5.1. Novel Aircraft Concepts

The developed process for the simulation of noise certification is used to evaluate
different novel aircraft designs from a previous system noise assessment of a tube-and-
wing aircraft with geared turbofan engines [2]. In this earlier study, the EPNL certification
metric was evaluated on a 30 km × 20 km grid, but did not take ICAO noise certification
regulations (e.g., flight path requirements) into account, which will be done in this study.
The aircraft design denotations were adopted from Reference [2]. The aircraft design
referred to as zero was selected as a reference aircraft for this study. The aircraft was
initally designed in a former DLR project titled “Silent Leading Edge Design” (SLED) (see
References [33,34]) and has a similar design to the A321 family.

As a reference engine, a two-spool unmixed high-bypass-ratio engine was used,
similar to CFM International’s CFM56-5A5 engine with a static thrust of 150 kN at sea
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level. The reference aircraft is compared to three aircrafts with different modifications to
airframe and engine design. The first modification, referred to as neo, is the replacement
of the engine by a modern GTF engine without changing the airframe (see Reference [2]
for further details). The second modification, referred to as neo (af ), includes the GTF
engine in conjunction with a low-noise airframe. In addition, another configuration (fanex)
is compared, which is based on a different base aircraft (V2) (see also Reference [2]) and
uses the GTF engines in addition to low-noise airframe technology. Here, the two engines
are located above the aircraft, at the conjunction of fuselage and wing, in order to shield
the engine noise. The aircraft design descriptions, maximum takeoff mass (MTOM) and
maximum landing mass (MLM), as well as takeoff and landing speeds, are summarized in
Table 4. Further details on the aircraft design studied here can be found in [2].

Table 4. Design aspects of applied aircrafts from previous system noise study [2].

A/C Description
MTOM MLM Takeoff Speed Landing

[t] [t] [m/s] Speed [m/s]

zero
Reference aircraft

83,548 72,082 67.86 63.17
with reference engines

neo
Reference aircraft

80,076 72,868 66.70 63.47
with GTF engines

neo (af )
Reference aircraft with low

80,092 72,881 70.06 66.88noise airframe modifications
and GTF engines

fanex
Variant of V2 (Reference [1])

76,218 70,187 69.35 66.67with airframe adapted
adapted to GTF

For better comparability of the concepts, the flight altitude at which the pilot-initiated
cutback was performed was kept constant at 500 m above ground for all configurations.
When optimizing the flight path to minimize EPNL at the flyover reference measurement
point, the cutback altitude for each configuration was selected so that thrust was reduced
shortly before the start of the 10 dB-downtime (integration time of EPNL). In addition,
for all configurations, the thrust after cutback was selected so that the aircraft would
subsequently continue to fly at a climb rate of 4%.

The noise certification simulation results are shown in Figure 7 for the three configura-
tions neo, neo (af ) and fanex relative to the reference aircraft zero. The corresponding lateral
measurement position is adapted accordingly for each configuration. The distances from
the lateral measurement point (highest EPNL along the takeoff flight path) to the break
release point differ between the four configurations. For zero (2600 m) and neo or neo (af )
(2500 m), there are only minor differences. For fanex, the lateral measurement position is
significantly closer to the break release point (2000 m) as the forward-directed engine noise
is shielded by the fuselage and wings. Reductions in certification levels are observed at
all three measurement points, with neo and neo (af ) showing very similar results. Small
deviations may result from different characteristic airspeeds and slightly different aircraft
masses. It can be demonstrated that the use of a low-noise airframe in the context of noise
certification has only a small advantage. For neo and neo (af ), the 10 dB-downtimes are
similar to those of the reference aircraft. Due to the fan’s tonal contribution, the reference
engine has an additional tonal penalty at the sideline measurement point, which does not
occur with the GTF engine. This leads to a reduction in the PNLTM.

Due to the effective noise shielding, fanex shows significantly lower certification levels
at all three measurement points compared to the zero and the two neo variants. The reduc-
tions differ significantly between the measurement points. The noise shielding has the most
effective impact on the flyover measurement point, where a reduction of −16.2 EPNdB
occurs. At the approach measurement point, there is a reduction of −10.9 EPNdB and at
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the lateral measurement point, there is only a reduction of −4.7 EPNdB. Due to the effective
noise shielding of the forward-directed engine noise for the fanex, the 10 dB-downtime is
significantly reduced, to 9.5 s (−51.6%), compared to the reference aircraft (18.4 s). This is
in conjunction with the slightly reduced PNLTM, by 1.1 dB, to 94.5 dB.

-7.7 -7.3

-10.9

-6.3 -6.6

-16.2

-1.1 -1.3

-4.7

Figure 7. Reduction of certification levels for studied aircraft designs (neo, neo (af ), fanex) relative to reference aircraft zero at
three reference measurement points Approach, Flyover and Sideline.

For the four aircraft, the margins of the cumulative limits of Noise Chapter 4 are
shown in Figure 8. The two neo-variants show similar results, with the a slightly larger
margin for the neo (af ), with 18.2 EPNdB, compared to the neo, with 18.6 EPNdB. There
is only a small margin for zero of 3.7 EPNdB, which means that this aircraft was the only
one to not achieve a Chapter 14 certification, since, for this, the cumulative limit must be
reduced by 7 EPNdB for Chapter 4 to Chapter 14.

3.7

18.2 18.6

34.4

Figure 8. Margin to cumulative Limit of chapter 4 for studied aircraft designs (zero, neo, neo (af ), fanex).

It is demonstrated that noise abatement measures for the individual aircraft have
different effects on the certification levels. Certification represents only one aspect of the
noise assessment of an aircraft during takeoff and landing. The noise-reducing effect of
individual measures on the aircraft geometry and engine is only identified at individual
measurement points, very close to the runway, and is not considered over a large area.
This leads to deviations in the evaluation of individual measures, such as for the low-noise
airframe, which shows no significant effect on the certification level in noise certification,
although a significant advantage can be demonstrated for large-area contours.

5.2. Towards Certification Regulations for Supersonic Transport Aircraft

Recently, noise certification rules for future supersonic aircraft have been presented
by the Federal Aviation Agency (FAA) and the Department of Transportation (DOT) [35]
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as a consequence of recent industry activities, e.g., product announcements of supersonic
business jet developers such as Boom and Aerion. Again, specific limits for the operation
are defined and the EPNL is assessed at the three measurement points. The proposed
regulations solely focus on the take-off situation and can be directly implemented into
the existing simulation framework to enable a virtual certification process, i.e., under the
assumption of constant approach definitions for subsonic and supersonic vehicles. Due to
the high thrust requirements for supersonic cruise flight, these SST vehicles use engines
with a high specific thrust, tailored to cruise conditions. This results in large excess thrust
levels during takeoff, i.e., high jet exit velocities and jet noise generation, as demonstrated
by various researchers, e.g., References [36,37]. As a consequence, it can be expected that
the direct application of current regulations for subsonic aircraft to supersonic vehicles
would result in significantly increased take-off noise levels compared to subsonic transport
vehicles, particularly at the lateral measurement point. Therefore, new take-off regulations
for supersonic aircraft were proposed by the FAA in order to specifically enable further
reductions in take-off thrust settings in proximity to the measurement points and allow
for different flight velocities according to the specific SST aerodynamics, e.g., as discussed
in Reference [36]. The overall goal of the modifications is to achieve noise certification
levels for supersonic aircraft that remain below the published noise limits, applicable
to subsonic aircraft of a certain noise category. The discussed rule change regarding
take-off, and its influence on certification flight altitude, total thrust and airspeed, are
depicted in Figure 9. At the top of this figure, the altitude profiles are shown, commparing
subsonic and supersonic aircraft. The first proposed modification focuses on the take-off
speed regulations, which are defined relative to the aircraft-specific safe takeoff speed V2.
The default speed range is removed, and only the default maximum airspeed of 250 kts
is maintained for the SST, to enable a high-speed climb, which can be associated with
reduced ground noise impact along the take-off trajectory. According to Reference [36],
the higher airspeed reduces the required engine thrust, so that, for the flyover measurement
point, the lower thrust should lead to a reduced certification level. This is achieved by a
delayed rotation takeoff, i.e., longer acceleration segment on the ground, which can also be
seen in the calibrated airspeed profile at the bottom of the figure (from Point A to Point
F’). This should enable higher lift-to-drag ratios, and thus optimize flight performance.
Furthermore, an additional thrust reduction of up to 10% before the typical pilot-initiated
cutback is being considered, which is not allowed for subsonic aircraft. This modified
procedure is called Programmed Lapse Rate (PLR), and was developed in the 1990s [38,39]
and applied to SST aircraft by NASA [36,40]. This thrust reduction takes place after the
obstacle height is reached, and can be seen in the thrust profile in the middle of the figure,
between Point C and D’.

No modifications to the subsonic regulations have been proposed with respect to the
approach situation to date. However, it can be expected that novel SST vehicles do not have
distinct slow flight characteristics, and any installation of a classical high-lift system on-
board slim SST wings will be challenging. High-approach velocities can directly translate
to increased aerodynamic and fan noise contribution. It is expected that approach noise
could become a big challenge for SST vehicles. Only advanced flight procedures, enabled
by relaxed regulations and additional low-noise technologies for major noise sources, can
relax the noise issue associated with the landing and take-off operation of these vehicles.

The initial implementation of the proposed regulation modifications is intended as a
starting point for the evaluation and estimation of certification levels for the new generation
of supersonic business jets, which are currently under development. The proposed rule
changes, as briefly mentioned here, will then be compared to the current regulations.
The impact of these measures on the SST certification levels can then be investigated
and discussed. This update will ultimately contribute to the studies that have already
been conducted on this research area, to support decision-making in the context of SST
certification legislation.
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Figure 9. Take-Off reference flight path profile of subsonic and supersonic aircraft for noise certification (top). Changes of
thrust (middle) and calibrated airspeed (bottom) profiles for discussed new supersonic noise certification regulations due
to high-speed climbout and Programmed Lapse Rate.

6. Discussion and Conclusions

This article describes the initial work toward a virtual noise certification process
within conceptual aircraft design. An overview of the regulations of ICAO is provided,
and a corresponding simulation process is established. It is demonstrated that all the
required input information can be made available at the preliminary design phase in order
to estimate certification levels and assess the influencing variables. The application of this
process to existing aircraft and a comparison of the predicted and published certification
noise levels shows discrepancies. A detailed investigation of the influence of all underlying
simulation steps is performed and results are presented, including aircraft and engine
design, simulation of the flight tracks, and the overall noise prediction methodology. It
can be demonstrated that the complexity of the EPNL metric provides difficulties at the
conceptual aircraft design phase, and may play a role in the differences. At this phase, only
simplified definitions of the actual aircraft design and simplified and semi-empirical noise
source models are available. The applied noise source models were specifically developed
to enable a comparative assessment of different technologies and aircraft, instead of the
prediction of precise absolute levels in complex metrics such as the EPNL. Based on the
identified challenges of simulating the certification situation and the prevailing discrepan-
cies with official data, it is recommended that the process only be applied for comparative
assessment. The process will predict the noise level differences for technologies under
investigation, i.e., aircraft and flight procedure. The impact of novel technologies on the
certification levels can be predicted and used to support the decision-making process.

Available simple propagation models furthermore contribute that prediction results
are not adequate for a detailed assessment of the spectral information as received on the
ground. Comparing prediction results to experimental data (measurements) using different
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and less complex metrics, e.g., A-weighted SPL or SEL, can result in significantly smaller
discrepancies, as demonstrated in previous studies, e.g., References [1,41].

However, a direct comparison of prediction results from different simulation tools
confirms the reliability of the underlying simulation methods, even for EPNL predictions.
Running such different simulation tools based on similar input data results in good agree-
ment between the simulation results [26]. This is a strong indication that much of the
experienced discrepancies in the published certification levels is caused by the actual input
data, particularly the underlying simulated flight.

In conclusion, at present, it is recommended to only apply the new simulation process
to evaluate level differences, instead of absolute levels. Too many uncertainties prevail
when comparing the predicted absolute levels with the available certification data, as also
experienced by other researchers, e.g., Reference [30]. Due to the lack of information on the
precise certification process, i.e., actual flight procedures and availability of all additional
corrections to the final results, it is difficult to assess the absolute levels at the certification
locations and directly compare these with the available certification data. The process
application is, therefore, limited to a comparative assessment of different technologies
or aircraft concepts, which was the main goal of these activities. The investigation of
different low-noise technologies (e.g., low-noise airframes) reveals that a comprehensive
assessment should not only be based on the certification level and metric EPNL at the three
representive reference noise measurement points alone. Instead, the assessment should be
a holistic evaluation consisting of a large-scale assessment of contours in the vicinity of the
airport and multiple noise metrics, e.g., SEL and certification levels, in order to adequately
assess the noise issue associated with novel vehicles in conceptual aircraft design.

7. Outlook

A revisiting and improvement of the available input data situation and the simulation
capabilities is planned in the near future. A better validation of the simulations would
result from a comparison with the experimental trajectory data of a valid official noise
certification. Typically, the available data from flyover noise measurement campaigns
are very limited. Only a few aircraft have been subject to such a detailed and costly
assessment, e.g., as described in Reference [17]. In general, the focus of such campaigns
does not lie in certification assessment; the goal is to capture the widespread effects
of a novel technology on-board the aircraft and/or the effects of novel flight procedures,
e.g., Reference [41]. Therefore, the underlying flight procedures usually do not comply with
the certification regulations, and, accordingly noise is not measured, i.e., the certification
points are not captured or the defined 1.2 m microphones are not used. Other campaigns
capture the defined locations and use the required microphones but do not consider the
regulations with respect to the flight procedures, since the research is focused on other
aspects, e.g., Reference [31]. In conclusion, such data are most valuable for scientific
studies but are not available at present. The assumptions and simplifications regarding
the presented simulation of a certification flight can only be verified by a comparison with
actual flight data, recorded during a real certification procedure. At this point, it is not
possible to fully validate the most important input for the certification simulation, i.e., the
actual flight track, which explains the prevailing operating conditions.

The insufficient input data situation can be justified by the assumption of increasing
simulation uncertainties. Ongoing research activities toward uncertainty quantification in
the context of aircraft noise simulation, e.g., Reference [27], will focus on the certification
situation. At the same time, the simulation uncertainties might be reduced by the integra-
tion of high-fidelity simulation results into the overall process. Although such high-fidelity
methods are typically not available for such an assessment, due to their inherent simulation
costs, a mixed-fidelity or multi-fidelty approach and the combination of results is most
promising. High-fidelity tools could be applied to confirm the results of the simplified
tools, or provide these tools with more reliable input data, and hence improve the overall
quality of results.
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Abbreviations

The following abbreviations are used in this manuscript:

C sound correction, penalty
CAS calibrated airspeed
EPNL Effective Perceived Noise level
FDR Flight Data Recorder
FLIPNA Flightpath for Noise Analysis
ICAO International Civil Aviation Organization
MLM Maximum landing mass
MTOM Maximum takeoff mass
n Perceived Noisiness as a function of time and frequency
N Total Perceived Noisiness as a function of time
PANAM Parametric Aircraft Noise Analysis Module, DLR software
PNL Perceived Noise Level as a function of time
PNLT Tone Corrected Perceived Noise Level as a function of time
PNLTM maximum of Tone Corrected Perceived Noise Level
PrADO Preliminary Aircraft Design and Optimization Program
SAE Society of Automotive Engineers
SPL Sound Pressure Level as a function of time
SST Supersonic Transport
Variables:

A break release point
B begin transition arch
B’ begin transition arch (SST regulations)
C end transition arch
C’ end transition arch (SST regulations)
D begin of pilot-iniated cutback
D’ begin of pilot-iniated cutback (SST regulations)
E end of pilot-iniated cutback
F end of reference profile
G start of data record for certification
H flightposition over approach measurement point
I end of glide path
J landing point
K1 flyover reference noise measurement point
K2 lateral full-power reference noise measurement point
K3 approach reference noise measurement point
M projection from F to ground
O runway threshold
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P projection from G to ground
γ climb angle
δ first cutback angle
δ’ modified first cutback angle (SST regulations)
ε second cutback angle
ε’ modified second cutback angle (SST regulations)
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Abstract: The paper deals with a community-oriented approach to the multiobjective optimisation

of sustainable takeoff and landing procedures of commercial aircraft. The objective functions to be

minimised are defined as the measure of area surrounding the airport where the Sound Exposure

Level (SEL) is higher than 60 dBA, and the amount of fuel burned during the procedure. The first merit

factor is a measure of the number of citizens affected by a potentially harmful noise level, whereas

the second is proportional to the chemical emissions. The novelty of the present approach is the use

of a criterion based on sound quality for the selection of the optimal procedure from the Pareto front

set. The spectrum of the noise produced by each non-dominated solution is compared to a reference

spectrum, the target sound. This is synthesised to meet the acceptance requirements that emerged

by a campaign of psychometric tests. The rationale underlying the research is tightly linked to the

expected transformation of civil aviation, with the advent of new air transport solutions in urban

and suburban environments. The breakthrough nature of the emerging scenarios requires a drastic

renewal of the approaches used in the management of operations, and the present work represents a

contribution to this evolution. The optimisation is attained adopting a global, deterministic method,

and numerical results are obtained for single- and twin-aisle aircraft.

Keywords: multiobjective optimisation; community noise; air quality; sound quality; noise abatement

procedures; spectral matching

1. Introduction

The evolution of the air transportation system is nowadays experiencing a turning point
that will lead to the advent of a completely new scenario in the next decade. Electrification
of propulsion, Urban Air Mobility (UAM), suburban air shuttles, and alternative fuels are
some of the factors that are inducing a change of paradigm for civil aviation. The effect on
society of these ground-breaking solutions is amplified by the enduring expansion of urban
areas around airports and the constant increase in air traffic in terms of daily movements
and passengers (for additional information and details see Knobloch et al. [1]). In such a
rapidly evolving context, sustainability can be guaranteed only introducing new approaches
to the management of the air transportation system, capable of satisfying market requests
and, at the same time, preserving the health and the quality of life of citizens. The European
community has sponsored several research projects over the last twenty years to develop
disruptive technologies and operational procedures to lower the impact on the community of
the chemical and acoustic emissions related to civil aviation.

A standard trajectory optimisation is aimed at calculating the best flight path through
the minimisation (or maximisation) of a performance index that can deal with noise re-
duction (in a specific point or in a certain area), fuel consumption or the total cost [2].
The growth of computational resources, together with the development of sophisticated
multiobjective optimisation algorithms have made it possible to deal with the design of
the trajectories as a vector minimisation problem (a valuable review of Multi-Objective
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Trajectory Optimisation techniques for transport aircraft flight operations can be fund
in Gardi et al. [3]), so that multiple environmental factors can be minimised at the same
time [4]. When the main focus is on noise reduction, the resulting flight path can be named
a noise abatement procedure (NAP). NAPs can involve, in order to avoid overflight of pop-
ulated areas, preferential routings [5] to cope with the well-being of populations living near
airports. The NAP design for airport noise mitigation is usually carried out by airlines [6]
under the guidance of the International Civil Aviation Organization (ICAO) and regulatory
entities such as the Federal Aviation Administration (FAA). Notwithstanding, over the
past decades, universities and research centres have also been involved in the design of
environmentally friendly airport procedures: indeed, this activity provides the possibility
of developing sophisticated flight simulation tools involving flight dynamics and control,
multilevel computational aeroacoustics techniques together with numerical optimisation
strategies [7–11]. To date, one of the most challenging research topics related to the design
of low environmental impact trajectories is the adaptation of the NAP design techniques
to the new aircraft concepts, such as the Blended Wing Body (BWB) configuration: for
such disruptive layouts the designer cannot rely on past experience; thus, a viable strategy
appears to be metamodelling the BWB shielding effect [12,13], with the aim of exploiting the
existing well-assessed noise estimation tools for the prediction of future airport scenarios.

The work presented in this paper is different from traditional trajectory optimisations,
and it can be considered as an evolution of the approach first introduced during the SEFA
projects (Sound Engineering For Aircraft, FP6, 2004–2007 [14–16]) to assess the perceptive
qualities of the noise produced by a civil aircraft, and subsequently evolved to an airport
scenario (i.e., a prescribed sequence of takeoff and landing procedures) during COSMA
(community noise solutions to minimise aircraft noise annoyance, FP7, 2009–2012 [17,18]).
Here, the sound quality assessment is applied in the multiobjective context adopted in the
ANIMA project (Aviation Noise Impact Management through Novel Approaches, H2020,
2017–2021, [1,19]) as a criterion to select the least annoying procedure from the Pareto set
of a two-objective optimisation. The objective functions used are indirect measures of the
number of citizens affected by a potentially harmful noise level, and of the amount of
greenhouse gases injected in the atmosphere.

Specifically, this work aims at exploring multiple noise descriptors for the design of
low-noise flight paths. Indeed, the purpose of the analysis presented here is to simultane-
ously minimise both the chemical and the acoustic emissions: the case studies concern the
takeoff and the approach procedures of single- and twin-aisle aircraft, representative of
aeroplane classes used for most of the international commercial routes. Since the Multi
Objective Optimisation (MOP) solution is composed of a set of non-dominated points,
the sound quality assessment is applied to select the optimal trajectories. The aircraft
operations have been optimised within the in-house Multidisciplinary Conceptual Robust
Design Optimisation (MCRDO) framework FRIDA (Framework for Innovative Design in
Aeronautics [12,15,16,18,20–22]). The two objectives to be minimised are the Sound Expo-
sure Level (SEL) 60 dBA contour area and the amount of fuel burnt during the entire airport
operation. The decision making criterion makes use of a third objective function, built
based on the sound-quality assessment: the latter is formalised as the Lp norm in the vector
space defined by the difference between the noise produced by the aircraft and a weakly
annoying target sound (the interested reader can find useful information on the target
sound definition in [18]). It is worth highlighting that Lp norms of different orders can be
used to build objectives that focus on local and distributed differences: this behaviour has
been investigated concerning benchmark problems [16], and it can be demonstrated that it
can be exploited when the effect of tonal components is explicitly available. The constrained
optimisation problem is solved within FRIDA by using the Deterministic Particle Swarm
Optimisation (DPSO) method, a gradient-free global technique introduced by Kennedy and
Russel [23], in its original deterministic implementation [24,25]. All the numerical results
are presented in terms of approximated Pareto frontiers for takeoff and landing conditions
for both the single- and twin-aisle aircraft.
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The paper is organised as follows. Section 2 provides details on the optimisation
problem setup, including the definition of the two objectives functions. The main character-
istics of both the single- and twin-aisle aircraft are reported in Section 3. In Section 4, the
optimisation results are presented, and the criteria for the sound-quality-based decision
making are reported in Section 5 with the final designer choices. Finally, Section 6 presents
some concluding remarks.

2. Optimisation Problem Setup

A Generic Constrained Multiobjective Optimisation Problem (MOP) is formalised as

min/max[Jk(x)], k = 1, . . . , K and x ∈ D
with bounds xL

n ≤ xn ≤ xU
n , n = 1, . . . , N

subject to gi(x) ≤ 0, i = 1, . . . , I

and hj(x) = 0, j = 1, . . . , J

(1)

where Jk(x) is the k-th objective function (with x ∈ D being the vector containing the
N design variables), and gi(x) and hj(x) are the inequality constraints and the equality
constraints, respectively. The solution of the above problem consists of the set of non-
dominated solutions that forms the Pareto frontier.

In the present multiobjective approach, the two merit functions are related to acoustic
and chemical emissions. The acoustic descriptor used here is the Sound Exposure Level
(SEL) which represents the most suitable strategy for comparing airport procedures of
different durations. Here, the objective function to be minimised is chosen to be a measure of
the number of citizens affected by a noise level above a certain threshold. More specifically,
J1(x) is chosen as the area bounded by the SEL 60 dBA contour, formalised as

J1(x) =
∫∫

A60

dA {A60 : ∀(ξ, η) ∈ A60 ⇒ SEL(x, ξ, η) ≥ 60 dBA} (2)

where A60 is the area surrounding the airport where SEL is greater or equal to 60 dBA, with
ξ and η being the reference spatial coordinates of the noise map. The objective function
related to the chemical emission is simply the amount of fuel burnt during the manoeuvre,

J2(x) =
∫ t10k

0
cTdt (3)

where t10k is the time that the aircraft takes to reach an altitude of 10,000 ft, T is the required
thrust and c is the specific fuel consumption, here modelled as a function of the true
air speed (TAS).

With the aim of ensuring the simulation of a realistic operation, suitable constraints
were imposed. First of all, the high-lift devices deployment combined with the angle of
attack must ensure a vertical equilibrium, preventing the stall at the p-th trajectory sample.
Thus, the following constraint is imposed

g1(x) =
P

∑
p=1

max
(

0,
αp

α
ST

− 1
)

(4)

where αST is the stall angle. Furthermore, since N1 (the rotational velocity of the low-
pressure spool) must not exceed the overspeed in takeoff and must not fall below the idle
setting in the approach (T and A indicate the takeoff and the approach procedures), the
following constraints are also used
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g2(x)|T =
P

∑
p=1

max
(

0,
N1p

N1
OS

− 1
)

g2(x)|A
=

P

∑
p=1

max
(

0, 1 − N1p

N1
ID

)

(5)

where the subscripts OS and ID stand for overspeed and idle, respectively. To avoid struc-
tural failures, the following constraints, which account for the normal load factor n variation,
are imposed

g3(x) =
P

∑
p=1

max
(

0,
np

n+
L

− 1
)

(6)

g4(x) =
P

∑
p=1

max
(

0, 1 − np

n−
L

)

(7)

where n+
L

and n−
L

are the positive and negative limit normal load factor. Equations (4)–(7) are
calculated at each p-th sample of the trajectory. In addition, considering the q-th trajectory
segment the following constraint was introduced

g5(x) =
Q

∑
q=1

max
(

0,
|γq|

γ
MAX

− 1
)

(8)

to account for the maximum absolute value of the ramp angle over the Q trajectory seg-
ments. Finally, the maximum change in slope ∆γ

MAX
between two consecutive trajectory

segments was imposed as

g6(x) =
Q

∑
q=1

max
(

0,
|γq − γn−1|

∆γ
MAX

− 1
)

(9)

where 2 < q < Q, to ensure passenger comfort.
It is important to underline that the correct estimation of J1(x) requires the use of suitable

aeroacoustic models: indeed, the prediction of the noise at a prescribed location requires
both the modelling of the relevant physical phenomena involved in the sound generation
and propagation mechanisms. Within the optimisation context, the identification of a proper
trade-off between accuracy and computational cost is a crucial aspect: thus, well-assessed
semi-empirical models were used here, capable of predicting the aircraft noise spectra at
specified location (for useful details, see Appendix A). In addition, it is worth noting that the
deep interplay between aeroacoustics and flight mechanics makes a correct description of the
aircraft dynamics and its operating conditions mandatory. Specifically:

• The airframe noise during the airport operations is also linked to the deployment of
the high lift devices;

• Due to the strong directivity of some acoustic sources, the attitude of the aircraft
influences the spectrum that reaches a listener;

• The noise emitted by the main sources related to the propulsion system (fan, compres-
sor, turbine, buzz-saw and jet) depends on the engine’s settings in terms of N1 and
N2, which depends on the required thrust;

• The relative speed and the distance between the aircraft and the listener influence the
spectrum of the received signal through the Doppler effect and the atmospheric absorption.

Therefore, a detailed description of the aircraft flight mechanics makes it possible to
provide an adequate estimate of the noise emissions. Interestingly, since J2(x) also depends
on the required thrust, the two objective functions are intrinsically connected.
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3. Case Studies

The case studies involve both a single- and a twin-aisle aircraft, representative of
aeroplane classes used for most of the international commercial routes: the first one for
short- and medium-haul flights, and the second for medium- to long-haul ones. The aircraft
characteristics are reported in Table 1.

Table 1. Main characteristics of the single- and twin-aisle aircraft.

A/C Charachteristics Single-Aisle Twin-Aisle

Number of seats 164 406
Cruise Mach number 0.78 0.82
Cruise altitude (ft) 42,000 42,000
Range (nmi) 3250 5500
MTOW (ton) 78 230
OEW (ton) 43 122
Number of engines 2 2
Maximum thrust per engine (kN) 111.2 316.4
Bypass ratio 6.5 9.6
Engine placement under the wing under the wing

The framework FRIDA builds the aircraft geometrical model, performing a complete
analysis for the estimate of aerodynamic and the structural properties. In Figure 1 are
presented the pictorial representations of the models built within FRIDA related to the
single- and the twin-aisle aircraft.

Figure 1. Side view of the geometrical models generated by FRIDA for the single- (top) and the
twin-aisle (bottom) aircraft.

All the data coming from the analysis modules are collected and passed to the FRIDA
flight simulation environment. With the aim of reducing the computational effort, suitable
corrections are applied to the aerodynamic and inertial data to account for the specific flight
conditions: by doing this, the airport manoeuvres can be calculated with the expense of a
single aircraft analysis, maintaining an accuracy more than acceptable.

In this work, both takeoff and landing procedures are optimised. Specifically, the
reference takeoff manoeuvres are modelled starting from the ICAO procedures for aircraft
compatible with the test cases analysed. The trajectories consist of five segments (six input
nodes), starting from the brake release up to a distance related to an altitude equal to
10.000 ft (about 35 km from the runway for both the aircraft). The trajectory description is
built starting from nodal variables (geometric and kinematic), reported in Table 2.
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Table 2. Reference takeoff manoeuvre for the single- and twin-aisle aircraft: geometric and
kinematic variables.

Single-Aisle Twin-Aisle
Op. # x (m) z (m) v (m/s) x (m) z (m) v (m/s)

1 0.0 0.0 0.0 0.0 0.0 0.0
2 1698.6 0.0 83.7 1908.1 0.0 87.9
3 4500.4 457.2 85.6 4772.2 457.2 89.9
4 8648.7 914.4 87.5 9571.5 914.4 91.9
5 15,852.8 1179.4 136.2 16,285.3 1132.4 135.9
6 35,441.3 3048.0 149.7 35,833.9 3048.0 149.7

The initial aircraft masses for the takeoff phase were set approximately equal to 77 tons
for the single-aisle aircraft and 217 tons for the twin-aisle, corresponding to 98% and 95%
of the MTOW, respectively. In Figure 2 are depicted the reference takeoff trajectories for the
single- and the twin-aisle aircraft with the 60 dBA isolevel.

(a) (b)

Figure 2. Flight path and 60 dBA isolevel for the reference takeoff manoeuvre. (a) single–aisle aircraft
and (b) twin–aisle aircraft.

The reference approach phases are modelled based on the standard ICAO procedures
for two aircrafts compatible with the test cases chosen. The trajectory consists of six
segments (seven input nodes), starting at about 40 km from the airport and ending at the
touchdown point on the runway. The geometric and the kinematic variables of the nodes
are reported in Table 3.

Table 3. Reference approach manoeuvre for the single- and twin-aisle aircraft: geometric and
kinematic variables.

Single-Aisle Twin-Aisle
Op. # x (m) z (m) v (m/s) x (m) z (m) v (m/s)

1 −39,213.1 1828.8 140.6 −43,346.7 1828.8 140.6
2 −24,262.8 914.4 134.4 −26,462.8 914.4 134.4
3 −17,447.8 914.4 98.0 −17,447.8 914.4 89.3
4 −15,202.8 796.7 92.9 −14,813.2 776.3 82.3
5 −10,297.6 539.7 70.0 −12,164.6 637.5 69.4
6 0.0 0.0 68.2 0.0 0.0 68.4
7 925.1 0.0 15.4 641.4 0.0 15.4

The initial masses for the approach phase for the single- and twin-aisle aircraft are
about 58 tons and 157 tons, respectively, corresponding to 135% of the OEW for the single-
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aisle aircraft and 129% of the OEW for the twin-aisle. The reference approach trajectories
for the single- and the twin-aisle aircraft with the 60 dBA isolevel are depicted in Figure 3.

(a) (b)

Figure 3. Flight path and 60 dBA isolevel for the reference approach manoeuvre. (a) single–aisle
aircraft and (b) twin–aisle aircraft.

4. Optimisation Results and Discussion

The optimisations were carried out within FRIDA, using the Deterministic Particle
Swarm Optimisation (DPSO) algorithm, an original implementation of the Particle Swarm
Optimisation (PSO) method, making use of 10nDV particles (with nDV being the number of
design variables) and 250 PSO iterations. Instead of solving an unconstrained minimisation
problem, pseudo-objective functions are used to account for the constraints described by
Equations (4)–(9): the pseudo-objective Ĵk is defined using the external quadratic penalty
function as follows

Ĵk(x) = Jk(x) +
1
ε ∑

i

max[0, gi(x)]
2 (10)

where ε is the penalty coefficient. The optimisation process for the takeoff is aimed at
finding the optimal path in terms of spatial and kinematic variables of the third, the fourth
and the fifth trajectory nodes, whereas the landing optimisation involves the second, the
third and the fourth trajectory nodes (see Tables 2 and 3). The results are reported below in
terms of DPSO solutions with the approximated Pareto frontiers: for both the single- and
the twin-aisle aircraft under consideration, the optimal solutions related to the minimum
noise and the minimum fuel are presented and discussed.

4.1. Single-Aisle Aircraft

4.1.1. Takeoff

The optimisation process for the takeoff is aimed at finding the optimal path in terms
of spatial and kinematic variables of three nodes (the third, the fourth and the fifth trajectory
node). The design variables with the upper and lower bounds are reported in Table 4.

Figure 4 shows the optimisation results for the single-aisle aircraft takeoff operation
in terms of DPSO solutions (normalised with respect to the reference solution) and the
approximated Pareto front.
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Table 4. Takeoff manoeuvre optimisation variables for the single-aisle aircraft: reference values with
upper and lower bounds.

Variable Lower Bound Reference Upper Bound

x3 (m) 4000.0 4500.4 5000.0
z3 (m) 400.0 457.2 500.0
v3 (m/s) 85.0 85.6 86.0

x4 (m) 7000.0 8648.7 10,000.0
z4 (m) 800.0 914.4 1000.0
v4 (m/s) 87.5 87.5 110.0

x5 (m) 13,000.0 15,852.8 17,000.0
z5 (m) 1000.0 1179.4 1300.0
v5 (m/s) 110.0 136.2 140.0

Figure 4. Takeoff manoeuvre for the single-aisle aircraft: normalised DPSO solutions with reference
trajectory and approximated Pareto front.

The analysis of the non-dominated solutions in Figure 4 highlights that there is the
possibility of decreasing the 60 dBA area by about 9% starting from the minimum fuel
solution moving along the Pareto front. In addition, it is worth noting that the entire
approximated Pareto frontier is composed of solutions that improve both the acoustical and
chemical emissions with respect to the reference takeoff trajectory. The optimal solutions
related to the minimum noise and the minimum fuel consumption are presented in Figure 5
with 60 dBA contours.

It is easy to note that, as shown in Figure 5a, the flight paths related to the minimum
noise are remarkably different with respect to the minimum fuel solution. Such solutions
are also distant from each other in the objectives space: this is highlighted in Figure 5b,
which shows substantial differences between the 60 dBA areas. The minimum noise
solution consists of an initial steep climb with a maximum ramp angle compatible with the
engine overspeed: the steep climb is followed by a low-ramp path. this is reflected in the
60 dBA area enlargement downstream from the runway (at x = 10 km), compensated by its
shortening at x = 34 km. It is interesting to note that the minimum fuel solution 60 dBA
contour is similar to that related to the reference takeoff (see Figure 5b), which could prove
that the reference flight path is designed to reduce chemical emissions.

To better understand the reasons that lead to the modification of the 60 dBA contour
shape, let us observe the procedural variables related to the takeoff optimal solutions,
reported in Figure 6.
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(a)

(b)

Figure 5. Takeoff manoeuvre for the single-aisle aircraft: flight paths and 60 dBA contours for the reference
trajectory and the optimal solutions related to the minimum noise and the minimum fuel consumption:
(a) flight path, (b) 60 dBA contours.

(a)

(b)

Figure 6. Takeoff manoeuvre for the single-aisle aircraft. Procedural variables. (a) flap deflection,
(b) N1.

Figure 6a shows the time history of the flap deflection: for both optimal solutions, the
flap retraction is anticipated, producing less noise with respect to the reference manoeuvre.
It is worth noting that, as shown in Figure 6b, the rotational speed N1 for the low-noise
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optimal solution exceeds 100%, reaching the overspeed in just under 10 min: this generates
more propulsive noise, but the steep climb, as mentioned above, shortens the 60 dBA
contour from x = 37 km to x = 34 km at y = 0 km.

4.1.2. Approach

The second, the third and the fourth trajectory nodes are optimised for the problem
related to the approach trajectory: the optimisation variables are reported in Table 5 with
the upper and lower bounds.

Table 5. Approach manoeuvre optimisation variables for the single-aisle aircraft: reference values
with upper and lower bounds.

Variable Lower Bound Reference Upper Bound

x2 (m) −27,500.0 −24,262.8 −22,500.0
z2 (m) 914.4 914.4 1100.0
v2 (m/s) 115.0 134.4 140.6

x3 (m) −19,000.0 −17,447.8 −16,500.0
z3 (m) 850.0 914.4 914.4
v3 (m/s) 95.0 98.0 115.0

x4 (m) −15,500.0 −15,202.8 −13,000.0
z4 (m) 600.0 796.7 850.0
v4 (m/s) 75.0 539.7 95.0

The DPSO solutions (normalised with respect to the reference solution) for the ap-
proach operation related to the single-aisle aircraft are presented in Figure 7 with the
approximated Pareto front.

Figure 7. Approach manoeuvre for the single-aisle aircraft: normalised DPSO solutions with reference
trajectory and approximated Pareto front.

Figure 7 shows that, also for the approach operation case, as already highlighted for
takeoff, the non-dominated solutions are better than the reference solution in terms of both
the objective functions. Notwithstanding, in this case the variation of the 60 dBA area is
just above 2 km2 comparing the minimum fuel and the minimum noise optima (which
correspond to a relative variation of about 1.5%). In Figure 8, the reference trajectory and
the optimal solutions related to the minimum noise and the minimum fuel consumption
are presented.

The analysis of Figure 8b shows that the contours of the 60 dBA areas almost overlap,
but both are different from the 60 dBA area contour of the reference approach flight path.
Indeed, as can be seen in Figure 8a, the minimum noise and the minimum fuel trajectories
are almost identical, both tending to the continuous descent approach (CDA) with a
−3◦ slope.
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The analysis of the procedural variables related to the approach optimal solutions,
reported in Figure 9, also shows that the optimal operations are very similar.

(a)

(b)

Figure 8. Approach manoeuvre for the single-aisle aircraft: flight paths and 60 dBA contours for the reference
trajectory and the optimal solutions related to the minimum noise and the minimum fuel consumption:
(a) flight path, (b) 60 dBA contours.

(a)

(b)

Figure 9. Approach manoeuvre for the single-aisle aircraft. Procedural variables. (a) flap deflection,
(b) N1.
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The flap deployment of both the optimal operations, reported in Figure 9a, is delayed
if compared to the reference manoeuvre, whereas N1, shown in Figure 9b, tends to the
idle condition in the flight path segment from x = −25 km to x = −10 km. The different
engine operating point, combined with a greater altitude, implies a reduction in the 60 dBA
contour at x = −20 km related to the optimal solution with respect to the reference one, as
depicted in Figure 8b.

4.2. Twin-Aisle Aircraft

4.2.1. Takeoff

The takeoff optimisation, as for the single-aisle aircraft, aims at finding the optimal
flight path in terms of three nodal variables (the third, the fourth and the fifth trajectory
nodes). The design variables with the upper and lower bounds are reported in Table 6 with
the upper and lower bounds.

Table 6. Takeoff manoeuvre optimisation variables for the twin-aisle aircraft: reference values with
upper and lower bounds.

Variable Lower Bound Reference Upper Bound

x3 (m) 4000.0 4772.2 5500.0
z3 (m) 350.0 457.2 700.0
v3 (m/s) 87.9 85.6 90.0

x4 (m) 7000.0 9571.5 11,000.0
z4 (m) 700.0 914.4 1100.0
v4 (m/s) 90.0 87.5 115.0

x5 (m) 13,500.0 16,285.3 20,000.0
z5 (m) 1100.0 1179.4 2000.0
v5 (m/s) 115.0 136.2 149.7

The DPSO solutions (normalised with respect to the reference solution) and the ap-
proximated Pareto front are depicted in Figure 10 for the takeoff optimisation related to the
twin-aisle aircraft.

The non-dominated solutions of Figure 10 show that it is possible to decrease the
60 dBA area by about 10% starting from the minimum fuel solution moving along the Pareto
front (as already discussed for the single-aisle takeoff optimisation shown in Figure 4).
Once again, the approximated Pareto frontier is composed of solutions that improve both
objectives if compared with the reference takeoff flight path. Figure 5 depicts the the
optimal solutions related to the minimum noise and the minimum fuel consumption with
the 60 dBA contours.

Figure 10. Takeoff manoeuvre for the twin-aisle aircraft: normalised DPSO solutions with reference
trajectory and approximated Pareto front.
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Figure 11a shows that, as already noted in Figure 5a for the single-aisle aircraft,
the minimum fuel solution and the minimum noise one are remarkably different. The
behaviour highlighted above for the minimum noise optimal solution is here confirmed:
the twin-aisle minimum noise takeoff also corresponds to an initial steep climb followed
by a low-ramp flight path. The 60 dBA contour distortion with respect to the reference
trajectory is similar to the previous case, but is less evident because the aircraft is larger
and the engines need to provide more thrust, causing a more intense propulsive noise. The
minimum fuel solution flight path is quite different from the reference trajectory, but their
60 dBA contours (in Figure 5b) manifest many similarities.

(a) Flight paths

(b) 60 dBA contours

Figure 11. Takeoff manoeuvre for the twin-aisle aircraft: flight paths and 60 dBA contours for the
reference trajectory and the optimal solutions related to the minimum noise and the minimum fuel
consumption: (a) flight path, (b) 60 dBA contours.

As already carried out for the single-aisle aircraft, let us analyse the procedural vari-
ables (in terms of flap and N1 time history) related to the takeoff optimal solutions, reported
in Figure 12.

Again this time, the flap deployment anticipates both the solutions, as can be observed
in Figure 6b, as a result of higher aircraft acceleration. However, as regards N1, only the
solution related to the minimum noise is characterised by the engine overspeed in the first
phase of the climb, as shown in Figure 6b: instead, the engine operating points related to
the minimum fuel solution are comparable to those of the reference solution, as well as the
flight path, resulting in a similar 60 dBA contour (see Figure 11b).
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(a) Flap deflection

(b) N1

Figure 12. Takeoff manoeuvre for the twin-aisle aircraft. Procedural variables. (a) flap deflection,
(b) N1.

4.2.2. Approach

The optimisation process for the landing is aimed at finding the optimal path in
terms of spatial and kinematic variables of three nodes (the second, the third and the
fourth trajectory nodes): the optimisation variables, with the upper and lower bounds, are
reported in Table 7.

Table 7. Approach manoeuvre optimisation variables for the twin-aisle aircraft: reference values with
upper and lower bounds.

Variable Lower Bound Reference Upper Bound

x2 (m) −30,000.0 −24,262.8 −22,500.0
z2 (m) 914.4 914.4 1200.0
v2 (m/s) 115.0 134.4 140.6

x3 (m) −20,000.0 −17,447.8 −16,500.0
z3 (m) 845.0 914.4 914.4
v3 (m/s) 85.0 89.3 115.0

x4 (m) −15,500.0 −14,813.2 −13,500.0
z4 (m) 637.5 796.7 845.0
v4 (m/s) 69.4 82.3 85.0

Figure 13 presents the DPSO solutions (normalised with respect to the reference
solution) with the reference trajectory and the approximated Pareto front related to the
approach operation optimisation for the twin-aisle aircraft.
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Figure 13. Approach manoeuvre for the twin-aisle aircraft: normalised DPSO solutions with reference
trajectory and approximated Pareto front.

All the non-dominated solutions of Figure 13 improve the reference solution in terms
of both the noise emission and the fuel consumption (as already noted for the cases of
Figures 4, 7 and 10). The 60 dBA area relative variation of the minimum noise solution
with respect to the minimum fuel one is 2%, corresponding to about 7 km2. In Figure 14
are depicted the optimal solutions related to the minimum noise and the minimum fuel
consumption with the reference trajectory.

(a)

(b)

Figure 14. Approach manoeuvre for the twin-aisle aircraft: flight paths and 60 dBA contours for the
reference trajectory and the optimal solutions related to the minimum noise and the minimum fuel
consumption: (a) flight path, (b) 60 dBA contours.

Despite the similar 60 dBA areas, Figure 14b shows that the contours related to the
minimum noise and the minimum fuel solutions do not overlap with that related to the
reference trajectory, especially at x = −45 km and x = −20 km. In fact, the two analysed
optimal solutions correspond to two rather different paths: the minimum noise trajectory
tends to the CDA (as for the single-aisle case of Figure 8a), whereas the minimum fuel path
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shows two different slope angles up to x = −18 km and preserves a zero-slope path for
18 < x < −15 km.

Figure 15 shows the procedural variables related to the approach’s optimal solutions
for the approach’s optimal operations.

(a)

(b)

Figure 15. Approach manoeuvre for the twin-aisle aircraft. Procedural variables. (a) flap deflection,
(b) N1.

The same considerations made for the single-aisle aircraft are valid in this case. A
flap deployment delay can be observed (see Figure 15b) in both the minimum noise and
the minimum fuel solution with respect to the reference one. The engine operating points
from x = −25 km to x = −10 km are lower than the reference procedure, as depicted in
Figure 15b, and this behaviour justifies the reduction of the 60 dBA contour (see Figure 14b)
together with the greater aircraft altitude.

5. Sound-Quality-Based Decision Making

It is known that the single-objective optimisation problem leads to the identification of
a unique design space point corresponding to the minimum of the objective function, which
can be considered by the designer as the optimal solution. In contrast, the multiobjective
problem solution consists of a set of non-dominated optimal solutions that constitute the
Pareto frontier; therefore, from the designer’s point of view the choice of the optimum
among the Pareto front plays a key role. It is worth noting that the Pareto front could
be a mathematically consistent but technically irrelevant entity, and this occur when the
non-dominated solutions are close to each other both in the domain and in the codomain: in
this case, the designer can consider the whole set of optimal solutions as a unique optimum.
On the other hand, when the solutions are far both in the domain and in the codomain (or
even close in the domain and far away in the codomain), the need to establish a criterion
for decision making has a paramount relevance.

In the view of sustainable airport scenarios, a viable strategy is including the quality
of the noise within the decision making process: this can be done by comparing the noise
produced by the aircraft and a weakly annoying target sound. Such an approach is based
on the measure of the matching of the noise emitted by the operation under analysis with a
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previously defined weakly annoying sound. The noise reaching the virtual microphone
during a flight operation is characterised by a specific spectrogram, which provides the
amplitude of the noise event in the time-frequency domain. Thus, let us consider the vector
space defined by the difference between the spectrogram Sc related to the current flight
path and the spectrogram St related to the target sound

∆ = Sc( f , t)− St( f , t) (11)

The norm of ∆ in the Lp space can be used as a metric to quantify the similarity of the actual
spectrogram with respect to the target one. Accordingly, the sound-matching index ISM

can be formalised as follows

I p
SM = ||∆||p =

[

1
T

1
F

∫ t2

t1

∫ fmax

fmin

|Sc( f , t)− St( f , t)|pd f dt

]

1
p

(12)

where T = t2 − t1 and F = fmax − fmin. The target sounds used in this work were
synthesised on the basis of psychometric test campaigns performed within the projects
SEFA and COSMA [14,17]. It is worth noting that the choice of p can be exploited by
the designer to focus the metric on tonal broadband or tonal component dissimilarities
(low and high values of p, respectively); indeed, low values of p enhance the contribution
of distributed differences and high values of p emphasise the local ones. Optimisation
problems involving ISM have been successfully used in both the aircraft conceptual design
and single-point low-noise flight path optimisation [16,22].

Figure 16 shows a pictorial representation of the sound-matching concept, and depicts
the spectral comparison of two signals (solution A and B) with respect to a target spectrum
for a certain time instant.

(a) (b)

Figure 16. Example of spectral matching. (a) solution A: poor matching. (b) solution B: good
matching.

The spectral properties related to solution A of Figure 16a are quite different with
respect to the target spectrum: in this case, Equation (12) (in this example with p = 2) returns
a high value of ISM. In contrast, solution B (see Figure 16b) turns out to have frequency
characteristics similar to the target spectrum; therefore, the ISM value is low. In the case of
an entire manoeuvre simulation, the ISM value is simply a cumulative value over all the
analysed time instants.
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Pareto Solution Analysis and Designer’s Choice

Let us consider the optimisation results reported in Section 4. Figures 5a and 11a
(single- and twin-aisle takeoff operations) show the solutions related to the different mini-
mum noise and minimum fuel produce trajectories in terms of geometric, kinematic and pro-
cedural variables; even in the codomain, the two solutions turn out to be distant from each
other as the contours of the 60 dBA areas have different shapes (see Figures 5b and 11b).
The minimum noise and the minimum fuel approach operations of the twin-aisle aircraft
depicted in Figure 14a are quite different paths, but Figure 14b shows that there are no
relevant discrepancies between the 60 dBA contours (both different form the reference
flight path). As said, this also applies to the 60 dBA contours related to the single-aisle
aircraft solutions (in Figure 8b); in this case, the similarity between the noise footprints is
justified by two practically identical trajectories, depicted in Figure 8a.

It must be noted that the behaviour of the solutions for the approach manoeuvres
(in Figures 8 and 14) is not surprising since the entire last part of the flight path is con-
strained by strict regulations that impose a −3◦ ramp angle. For the sound quality assess-
ment, let us consider a virtual microphone placed under the flight path at x = −7.5 km
(see Figures 8 and 14) that represents an urbanised location close to the airport boundary; it
should be expected that there are no large variations in the time-frequency contributions of
noise in landing operations, and this is confirmed by Figure 17, which depicts the mapped
approximated Pareto optimal solutions with the sound-matching index ISM as a parameter
for the approach operations.

(a) (b)

Figure 17. Solutions of the multiobjective problems for the approach operations: mapped approx-
imated Pareto optimal solutions with the sound-matching index ISM as parameter. The solutions
with the minimum ISM cannot be found. (a) single–aisle, (b) twin–aisle.

The designer should therefore choose the trajectory related to the lowest fuel consump-
tion, as each Pareto solution, despite being better than the reference one, is very similar to
the others in terms of noise footprint and spectral components

Regarding the takeoff operations, the choice of the optimal solution among the
Pareto front is addressed by means of the sound-matching index ISM using p = 2 (see
Equation (12)). Let us consider a virtual microphone close to the airport boundary
x = 4.5 km; Figure 18 shows the mapped approximated Pareto optimal solutions with
the sound-matching index ISM as parameter related to the takeoff operation for both the
single- and the twin-aisle aircraft.
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(a) (b)

Figure 18. Solutions of the multiobjective problems for the takeoff operations: mapped approximated
Pareto optimal solutions with the sound-matching index ISM as parameter. The marked solutions
are the ones with the minimum ISM. (a) single–aisle, (b) twin–aisle.

The analysis of Figure 18 highlights that there is not a specific functional dependency
between the 60 dBA contour, the fuel consumption and the spectral content of the noise:
indeed, the distribution of ISM turns out to be in apparently random locations along the
Pareto front. It is worth noting that the great variability of the ISM demonstrates how this
approach guarantees the designer an additional degree of freedom in the takeoff optimisation;
this could be explained by considering the great sensitivity of the noise tonal components
with respect to the variations in the engine operating point during the takeoff operations.

6. Conclusions

Nowadays, the introduction of alternative paradigms in the management of airport
noise is becoming an imperative need. This work presents a multiobjective optimisation of
takeoff and approach concerning low-noise procedures of single- and twin-aisle commercial
aircraft with special attention paid to the sound-quality assessment of the MOP solutions. To
simultaneously mitigate both the acoustic and chemical emissions, two merit functions are
minimised through a multiobjective and multidisciplinary optimisation problem. The first
objective function is the SEL 60 dBA contour area, and the amount of fuel burn is used as the
second objective. The optimisation problems are carried out within the in-house MCRDO
framework FRIDA. The results related to the approach operations show that, due to the
strict regulations that impose a −3◦ ramp angle during the last phase of the manoeuvre,
the 60 dBA contour can only be minimally decreased; thus, the designer’s choice can fall
on the solution related to minimum fuel consumption. The takeoff problems show a large
margin of choice among the Pareto solutions, which is why an additional objective function
to select the final configuration must be introduced. The latter is defined as the norm of the
difference between the noise produced by the configuration under analysis and a weakly
annoying target sound, and the designer is free to choose the solution corresponding to
the best sound quality. The results demonstrate that the sound-quality assessment can
successfully help the designer to select the optimal flight path by providing an additional
degree of freedom within the optimisation loop.
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Abbreviations

The following abbreviations are used in this manuscript:

ANIMA Aviation Noise Impact Management through Novel Approaches
BWB Blended Wing Body
CDA Continuous Descent Approach
COSMA Community Noise Solutions to Minimise aircraft noise Annoyance
DPSO Deterministic PSO
FAA Federal Aviation Administration
FRIDA Framework for Innovative Design in Aeronautics
ICAO International Civil Aviation Organization
MOP Multiobjective Optimisation Problem
MCRDO Multidisciplinary Conceptual Robust Design Optimisation
MTOW Maximum Takeoff Weight
NAP Noise Abatement Procedure
OEW Operating Empty Weight
PSO Particle Swarm Optimisation
SEFA Sound EngineeringFor Aircraft
SEL Sound Exposure Level
TAS True Air Speed
UAM Urban Air Mobility

Appendix A. FRIDA

The tool FRIDA (Framework for Innovative Design in Aeronautics) is the Multidisci-
plinary Conceptual Robust Design Optimisation (MCRDO) framework developed by the
Aerospace Structures and Design group of the Roma Tre University. The framework is
characterised by a collection of simulation modules and a library of optimisation methods
that can be called in the appropriate sequence to execute direct simulations, optimisa-
tion, quantification of uncertainties, design-space exploration, surrogate modelling or any
combination these fundamental tasks (see Figure A1 and Knobloch et al. [1] for details).

Figure A1. Conceptual layout of the FRIDA tool.

The specific workflow needed to attain a particular objective can be easily built taking
advantage of the structure of the tool. Figure A2 depicts the block diagram of the workflow
adopted for the optimisation of procedures presented in this work. It is worth noting how
the constraints due to regulation (highlighted in yellow in Figure A2) strongly influence
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the variance of the non-dominated set. Indeed, the limitations imposed for the approach
procedures restrict the maximum variation of the Pareto solutions to less than 10 kg of fuel
and 10 km2 of |A60|.

The estimate of the engine noise sources and the fuel consumption requires the knowl-
edge of the engine operating points at each trajectory sample. With this aim, a semi-
empirical turbofan model was implemented. For a prescribed flight condition, the model
provides the percentage of throttle, t%, as a function of the flight mechanics variable X f m

(altitude, drag force, actual aircraft weight, acceleration of the aircraft, etc.) and the engine
characteristics Xeng (engine pitch, bypass ratio, maximum thrust at sea level, etc.).

Figure A2. FRIDA workflow for the procedure optimisation.

Starting from the throttle percentage, the rotational speeds N1 and N2 of low-pressure
and high-pressure spools, respectively, are evaluated. The jet velocities are then calculated
through the momentum equation and their temperatures are estimated with the energy
balance. The airframe and the engine noise are estimated within the aeroacoustics module.
The noise of lifting surfaces, tail, high-lift devices and landing gears is based on semi-
empirical functions according to Fink’s model [26,27]. The engine noise estimate is based
on the Morfey and Fisher model [28,29] for the buzz-saw noise and Heidmann’s model [30]
for the fan and the compressor noise. The jet noise is calculated by means of an interpolating
metamodel built from available data. The calculation of the one-third octave band Sound
Pressure Level (SPL) takes into account the Doppler effect, the atmospheric absorption [31]
and the ground reflection. The Sound Exposure Level (SEL) and the Effective Perceived
Noise Level (EPNL) are also estimated by means of a suitable postprocessing. More recently,
surrogate models of the engine noise shielding effects for unconventional configurations
(like, e.g., the Blended Wing Body) have been implemented. A financial module, which
allows the estimation of financial implications from an airline company perspective [20],
is also included in FRIDA. The positive cash flows (related to revenues) and the negative
ones (fuel and maintenance costs, and social costs related to noise pollution) are calculated
and actualised to evaluate the airliner net present value.
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Abstract: Promising low-noise aircraft architectures have been identified over the last few years at

DLR. A set of DLR aircraft concepts was selected for further assessment in the context of sustainable

and energy-efficient aviation and was established at the TU Braunschweig in 2019, the Cluster of

Excellence for Sustainable and Energy-Efficient Aviation (SE2A). Specific Top-Level aircraft requirements

were defined by the cluster and the selected DLR aircraft designs were improved with focus on

aircraft noise, emissions, and contrail generation. The presented paper specifically addresses the

reduction of aviation noise with focus on noise shielding and modifications to the flight performance.

This article presents the state of the art of the simulation process at DLR and demonstrates that the

novel aircraft concepts can reduce the noise impact by up to 50% in terms of sound exposure level

isocontour area while reducing the fuel burn by 6%, respective to a conventional aircraft for the

same mission. The study shows that a tube-wing architecture with a top-mounted, forward-swept

wing and low fan pressure ratio propulsors installed above the fuselage at the wing junction can

yield significant noise shielding at improved low-speed performance and reduce critical fuel burn

and emissions.

Keywords: low-noise aircraft design; center of excellence; Sustainable and Energy-Efficient Aviation

(SE2A); forward swept wing; PANAM; PrADO; RCE

1. Introduction

In order to fulfill the goals of the Flight Path 2050 initiative by the European Union, it
is necessary to reduce both the emissions and noise of future aircraft [1]. In this context, the
Cluster of Excellence for Sustainable and Energy-Efficient Aviation (SE2A) was established
at the TU Braunschweig in 2019. The overall goals of the SE2A focus on “the challenge
to the structure of modern society, as transportation consumes high amounts of energy,
produces high amounts of pollutants and noise, and thereby threatens our resource base,
environment, and climate” [2]. To address these challenges, different aircraft architectures
and technologies are under consideration with the intention of meeting the requirements
for short, mid, and long-range applications. New technologies will be developed with a
focus on electrification or alternative fuel concepts to assess their overall impact on the
sustainability and energy efficiency of the entire air transport system.

Any new technology as introduced into the market will be assessed for its impact on
overall aircraft noise. Currently, only the impact on noise certification levels according
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to ICAO’s Annex 16 [3] is evaluated. In the near future, the reduction of community
noise will remain a key issue. At this point, DLR Göttingen is contributing to SE2A by
tackling the noise challenge based on its long-time expertise and available simulation
capabilities [4]. Especially since the growth of air transport, noise reduction technologies
and their environmental impact are of great importance. Various authors have already
shown that worldwide air traffic plays an important role in environmental pollution [5–7].
The aviation sector’s CO2 contribution is estimated at 2.5% of the anthropogenic CO2
emission worldwide [8]. Furthermore, the contributions of nitrogen oxide (NOx) emissions
and contrails to global warming have become the focus of investigations in recent years.
The climate impact of contrails could exceed the impact of CO2 by a factor of three or more
in terms of radiative forcing (RF) [9].

As part of the activities in the cluster, this study scrutinizes the impact of low atmo-
spheric emission technologies on the noise impact on the ground of mid-range aircraft.
As low emission technologies, a geared turbofan (GTF) with an ultra-high bypass ratio
(BPR = 12) in combination with a forward-swept wing (FSW) were chosen. For this study,
carbon dioxide, nitrogen oxide, and nvPM (non-volatile Particulate Matter) emissions are
evaluated along with the sound exposure level (SEL) noise contours and 1000 m sideline
levels. Additional low noise technologies such as landing gear fairings are not assessed in
this study.

It can be demonstrated that the FSW in combination with a GTF and an over the wing
shielding architecture reduces the fuel burn of a tube-wing mid-range aircraft by 6% while
also reducing the noise impact in terms of SEL area by up to 50%.

2. Environmental Considerations

2.1. Aircraft Noise

During departure, when engines operate near or at maximum thrust, engine noise
dominates. For aircraft with turbofan engines, one can further divide the engine noise
sources into dominating contributors, i.e., tonal and broadband fan noise and broadband
jet noise. The noise contribution of other engine components, e.g., the combustion noise
contribution, can be neglected within this study since their contribution to the standard
noise descriptors is not significant for the conventional turbofan engines under considera-
tion [10]. The tonal fan noise depends on the actual blade loading, the rotational speed, and
the geometry of the rotor (including stator design). At takeoff, the fan tip can be exposed
to supersonic velocities, resulting in significant additional noise, i.e., a shock system at
the fan blade tips can yield so-called buzz-saw noise or multiple pure tone noise (MPT).
Broadband contribution is mainly dependent on the specific fan blade geometry. Jet noise
is caused by the mixing of the two exhaust streams (core and bypass) with one another and
the free stream. In these mixing regions, the temperature and velocity gradients are large
and strong shear layers develop with strong turbulent fluctuations. Broadband jet noise is
emitted and depends mainly on the jet velocities but also on the mixing characteristics of
the different flow regimes [11]. The relevance of fan and jet noise can vary along the flight
path with segments dominated by fan or jet noise, respectively.

During approach, the most significant noise contribution can be attributed to the
airframe, because the engines operate at reduced thrust settings or in high idle [12]. In
particular, the high lift devices and the landing gear are the major noise contributors. With
retracted landing gear and high lift devices, the wing and tailplane trailing edge noise
dominates the aircraft noise. Deploying the landing gear causes a strong turbulent wake
system, impinging on deployed high-lift elements downstream of the gear. In certain flight
conditions, this can cause significant additional noise that is referred to as installation
noise [13]. In general, installation noise describes source mechanisms caused by the effect
of other aircraft parts upstream of the flow, altering the flow condition at the noise source.
Moreover, the overall aircraft noise can be significantly increased if so-called parasitic noise
sources are present. For example, wing fuel overpressure vents can act as cavities and emit
tone noise [14].
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2.2. Atmospheric Emissions

The aircraft’s environmental impact strongly depends on its emissions. During the
combustion process in jet engines, those emissions are generated and emitted into the
atmosphere as exhaust gas. They can either be the natural outcome of the combustion
process (CO2, H2O) or the result of an incomplete combustion process (CO, UHC, SOx,
NOx, nvPM). CO2 and H2O are well known as greenhouse gases (GHG). They influence
the natural heat exchange of the earth by preventing low-frequency infrared radiation,
emitted by the earth’s surface, from escaping the atmosphere while letting higher frequent
solar radiation from the sun passing. Thus, the equilibrium temperature of the atmosphere
is pushed to higher temperatures, proportional to the amount of GHG in the atmosphere.

NOx obtains its global warming potential from its effect on the ozone cycle. The
emission in the lower atmosphere leads to an increased formation of ozone, where it affects
the air quality due to its highly oxidizing nature and therefore the hazardous effect on
the human body. When emitting ozone into the upper atmosphere, an opposing effect
takes place. Because of the additional presence of high-energy radiation ozone is split
irreversibly into oxygen. This leads to a depletion of the ozone layer, which protects the
earth against high energetic radiation [15].

2.3. Contrails

Contrails can contribute similarly to global warming as GHG. They block long-wave
radiation from the earth’s surface from being emitted back to space and trapping it into
the atmosphere while being relatively transparent for short-wave solar radiation coming
from the sun [9]. The formation takes place within the exhaust plume of the engine. Small
particles act as condensation nuclei forcing the water vapor emitted by the engine to
condensate. Therefore the amount of emitted nvPM and H2O is an important indicator for
the tendency to form contrails [16].

3. SE2A Mid-Range Aircraft Applications

Future long-range aircraft might use the Blended Wing Body (BWB) architecture,
leaving the tube and wing architecture of special interest for the short- and mid-range
designs. Furthermore, market forecasts for the upcoming decades foresee a significant
increase in demand for short- and mid-range aircraft [17–19]. Therefore, this work will
focus on the mid-range aircraft with a conventional tube and wing architecture. The
TLAR’s are based on the performance characteristics of an Airbus A320 aircraft, as one of
two market leading options in this segment.

In addition to the mission requirements provided in Table 1, various technologies
are proposed for mid-range vehicles, i.e., hybrid-electric propulsion (HEP) and boundary
layer ingestion (BLI) concepts. Electric propulsion is among the considered technologies
because of the latest improvements in battery technology. They enable the application of
electric drives at some point to at least partially replace conventional gas turbine engines
in flight operation. The significant increase in design space for such aircraft can also
reduce local emissions. The fact that energy storage, generation, and propulsion units
can be spatially separated opens up an extensive solution space for novel ideas. The
separation and distribution of subsystems allow for a tailored arrangement of propulsion
units maximizing aerodynamic performance. Furthermore, propulsors could be installed
in a way that potential noise shielding effects can be exploited. The weight of electric
motors scales differently than conventional gas turbines. One way to exploit this is to use
multiple small propulsors operating at high rotational speeds instead of having a few large
engines that operate at low rotational speeds [20]. A potential weight reduction with HEP
can have beneficial effects on both cruise performance and noise generation throughout
departure and landing. The boundary layer ingestion promises a significant reduction in
overall aircraft drag and hence can yield significant fuel savings [21]. As recent publications
showed, however, a mid-range application of battery-based technologies in near future is
unlikely [22,23].
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Table 1. Top-Level Aircraft Requirements (TLAR) for SE2A mid-range aircraft.

Parameter Requirement

No. of PAX 150
Range 4500 km

Cruise Mach 0.78
Initial cruise alt. 11,000 m

Simulation capabilities to assess the noise reductions with these technologies are
far from mature and need more fundamental research. For example, BLI might lead to
significant excess noise that would counteract any other noise reduction measure and
increase ground noise levels [24]. The noise generation mechanics for these technologies
are still not well understood and addressed through efforts led by SE2A.

Additional concepts and ideas toward mitigation of the emissions and the contrail gen-
eration are addressed in the following section. These mitigation strategies are not applied
within this study but could be considered for future research activities to ultimately address
all three SE2A challenges. Some proposed measures will have advantageous effects on all
three challenges, i.e., simultaneously reducing noise, emissions, and contrail generation.

3.1. Noise and Emission Mitigation Strategies

To reduce environmental pollutants, the overall fuel consumption must be decreased.
A reduction in fuel burn can be achieved either by reducing the thrust needed, which
is equivalent to reducing the overall drag, and/or by improving the efficiency of the
propulsion system. Furthermore, advanced thermodynamic engine cycle choices can also
reduce emissions. Promising technologies are the lean premixed pre-vaporized (LPP)
combustor, the staged combustor, and the rich burn quick lean (RQL) combustor which
could play a role in future concepts [25]. Furthermore, previous DLR studies pointed
out further reductions in the environmental impact of emissions from changes in aircraft
operations [25]. In particular, the effects of ozone (O3) and water vapor of contrails on
the RF are sensitive to flight operation, i.e., region and altitude of the actual flight path.
Avoiding certain flight altitudes and regions is estimated to reduce the climate impact by
30–60% while resulting in about 8–30% increased direct operating costs [26–28]. In this
context, Koch et al. [25] and Grewe et al. [29] proposed a set of design rules. In order to
avoid excessive pollution in higher altitudes, it is necessary to design the aircraft for a
cruise flight at lower altitudes. This also leads to a lower optimal cruise Mach number due
to the higher air density, which possibly results in a reduced wing sweep, a higher aspect
ratio, and an increased wing thickness [25]. According to [9] sustainable aviation fuels
(SAF) can yield short-term mitigation of CO2 and contain smaller amounts of sulfur and
aromatic species, which can reduce ice and nvPM formation. However, the use of SAF is
currently constrained by safety regulations which will not allow the usage of SAF blends
larger than 50% [30].

More design rules and mitigation concepts are described by Farokhi [15], who pro-
poses to focus on aerodynamic efficiency, the reduction of fuel consumption, and the
reduction of harmful emissions. To improve the aerodynamic efficiency, several technolo-
gies including laminar flow control, exploitation of lifting surfaces (lifting fuselage), high
aspect ratio wings (folding wings), tailless configurations, application of boundary layer
ingestion, and sophisticated propulsion system integration are proposed. To reduce the
fuel burn, suggested technologies include ultra-high bypass ratio engines, hybrid-electric
propulsion, extensive use of lightweight materials, and fully electric operation at the gate
and during taxi. With respect to harmful emissions, alternative biofuels with lower life-
cycle emissions, staged combustion designs, and (fully) electric propulsion concepts are
proposed. These mitigation strategies support the goals of the SE2A efforts and should be
introduced as early as within the conceptual design of new SE2A vehicles.
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4. DLR Simulation Process

More than a decade ago, DLR and TU Braunschweig launched a joint research ef-
fort to reduce exterior aircraft noise by assessing promising reduction measures [4]. An
automated simulation process for the conceptual design of such low-noise aircraft was
established, i.e., see Ref. [31], and is ready to be used by SE2A. The latest version of the
simulation process, as described in Ref. [32], is comprised of the aircraft design synthesis
tool PrADO [33,34] (TU Braunschweig), the noise shielding simulation tool SHADOW [35]
(DLR), the flight simulation tool FLIPNA [11], and the aircraft system noise prediction
tool PANAM [31,32]. Dedicated interfaces allow direct processing of external data from
measurements or high-fidelity simulation. For example, measured weights, aerodynamic
information, and delta noise levels of novel high-lift concepts can be processed and influ-
ence the final results [32].

Certain early design choices within the conceptual design phase can have an extensive
impact on the acoustic performance of the vehicle. These are depicted in Figure 1. The
most relevant effects must be captured adequately by any reliable simulation process. As
shown in Figure 1, the sound intensity Ix from most of the source mechanisms scale with
the local flow velocity vx, i.e., airframe noise scales approximately with the power of six
with the flow velocity. The only exception, in this case is, the effect of altitude, which
scales by distance squared. At the subsequent design stages, these parameter choices
are fixed and cannot be modified without major implications that require a revisit to the
conceptual design stage. Based on findings from previous studies, simple guidelines for
low-noise aircraft design can be deduced and are summarized in Refs. [4,32]. According
to these rules, interaction noise sources should be avoided, e.g., jet-flap interaction noise
can be avoided by selecting an over-wing engine position. Gear wake impingement on the
extracted flaps is avoided by fuselage-mounted landing gears. Noise shielding shall be
exploited, e.g., over-the-wing engine positioning can result in advantageous noise shielding
of the forward fan noise emission. If available, low-noise technology shall be applied to
selected components, e.g., the application of acoustic lining to the engine inlet and exhaust
ducts [36]. The overall aircraft design shall be adapted as early as within the conceptual
phase. Only then can advantageous propulsion integration concepts or low-noise flight
performance be achieved, e.g., the latter can be influenced by modifications to the wing
planform and thereby reduction in the minimum approach speed of the aircraft. Finally,
the approach and departure trajectories should be adapted and tailored to the individual
aircraft design under consideration [11].

Top Level Aircraft Requirements
(weights, wing design, propulsion concept)

vehicle architecture
(acoustic installation & interaction effects)

aerodynamic performance
(flow velocities & high-lift concept /usage)𝐼𝑎𝑖𝑟𝑓𝑟𝑎𝑚𝑒 ~ 𝑣𝑙𝑜𝑐𝑎𝑙5

engine operation (here: turbofan)
(rotational speed, jet exhaust speed)𝐼𝑗𝑒𝑡 ~ 𝑣𝑗𝑒𝑡7−8𝐼𝑓𝑎𝑛 ~ 𝑣𝑓𝑎𝑛5−6

take-off/landing performance
(glide slope/ground distance ∆ℎ, velocities, 

high-lift device usage, exposure times)𝐼𝑡𝑜𝑡𝑎𝑙 ~ ∆ℎ²

landing gear concept
(installation location, size)𝐼𝑔𝑒𝑎𝑟 ~ 𝑣𝑙𝑜𝑐𝑎𝑙6

acoustic performance of 

final vehicle

Figure 1. Influence of design options on acoustic performance of resulting vehicle (changed, originally
from Ref. [4]).
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4.1. Aircraft and Engine Design Tools

The initial workflow of the SE2A noise assessment simulation process is depicted in
Figure 2. The toolchain is integrated into DLR’s RCE [37] framework to make these tools
available in a more convenient way with the ability of distributed simulation.

Figure 2. RCE toolchain.

All vehicles in this study were designed with TU Braunschweig‘s PrADO [33] tool.
PrADO is comprised of individual modules each dedicated to individual tasks in the
conceptual design process of an aircraft; additional information about PrADO funcionality
can also be found in Ref. [34]. For example, specific modules evaluate the weights of the
fuselage, wing, and propulsion system. These weights are then subsequently processed
by another module to determine the flight performance of the aircraft. Hereby, modules
of different fidelity are available for certain tasks, i.e., ranging from fully empirical to
analytical models. Furthermore, dedicated interfaces allow processing external data from
experiments or numerical investigations by replacing the corresponding simulation module
with external data [32].

PrADO is run iteratively until certain predefined parameters converge. Each design
modification or alternative engine option impacts the components and thus the overall
system yielding snow-ball effects. The result of the overall PrADO simulation process is
a physics-based aircraft design [33]. The final vehicle resulting from the PrADO design
process is then simulated along departure and approach trajectories to provide all required
input data for the subsequent simulation of the ground noise impact. PrADO has the
option to run internal flight simulation modules [31] or as selected within this study to
process external data, e.g., from DLR’s FLIPNA tool [11].

4.2. Engine Model

For this study, the PrADO internal engine modules are replaced by external high-
fidelity simulation results of the DLR Institute of Propulsion Technology’s GTlab tool [38].
It is a component-based engine design platform, which allows the virtual design and
optimization of aircraft engines and stationary gas turbines. The performance calculations
include the thermodynamic cycle design and off design simulations, both for ate and
transient conditions.

The emission indices for CO2 and H2O were calculated under the assumption of complete
combustion of the jet fuel, due to the high burn-out rates of modern aircraft engine combustors.
For an average Kerosene sum formula of C12H23, this gives EI CO2 = 3157.3 g/kg and
EI H2O = 1237.2 g/kg for all operating conditions [39].

Emissions of NOx and Particulates are more dependent on the engine operating con-
dition. Sea level static (SLS) emission indices for all commercial engines currently in ser-
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vice with a rated thrust greater than 26.7 kN are provided in the ICAO Engine Exhaust
Emissions Databank [40]. To calculate altitude emissions based on these data, the Boeing
Fuel Flow Method 2 [41] was recommended by ICAO. A similar fuel flow correlation method
for NOx emissions has also been published by DLR [42]. For calculating cruise nvPM emission
indices, DLR has developed the so-called DLR Soot Correlation [43] which was applied here.
For the advanced engine model, no emissions data were available in the ICAO Databank.
Therefore, SLS emission indices of a similar, modern engine (the PW1100G) were used as
the basis for the emissions model. These data have been corrected for the different ther-
modynamic engine conditions of the advanced engine, compared to a generic model of the
PW1100G model. This correction was performed with the P3T3 method for NOx [41,44] and
the DLR Soot Correlation (s.o., [43]) for nvPM. The P3T3 method usually assumes a fuel air
ratio (FAR) exponent of 0, because in a rich–quench–lean (RQL) combustor, which is currently
the most frequent combustion technology in aircraft engines, there is always a region with
stoichiometric conditions which dominates the NOx production. However, in this case the
combustor overall design FAR was different for the reference and the advanced engine model.
Therefore, an FAR exponent of 0.55 was used to account for this difference (taken from an
earlier investigation in [45]). The DLR soot correlation already includes an FAR correction
term. Both the standard NOx and nvPM correlation methods have then been applied with
these corrected SLS reference emission indices.

4.3. Noise Shielding

Depending on engine airframe integration, acoustic interaction or installation effects
can influence the resulting ground noise impact of the aircraft [31]. A dedicated DLR tool
to assess these acoustic interaction effects can directly be applied to the PrADO aircraft
model. The ray-tracing tool SHADOW [35] provides level differences that can directly be
processed when the overall ground noise impact is assessed. In Figure 3, a representation
of the data provided by SHADOW is shown. The tool delivers delta levels (AttnM-dB)
on a sphere around the aircraft for the third octave bands. The effect of noise shielding
clearly becomes visible below the aircraft in the green–blue area of the sphere. The pink
dot represents the source position, in this case the position of the right engine, which is
modeled as a monopol.

Figure 3. Representation of the delta levels (Attn–dB) provided by SHADOW, on sphere with a
radius of 50 m for a frequency of 1000 Hz. The pink dot represents the simulated source position.
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4.4. Flight Simulation

FLIPNA [11] is applied to simulate the individual flight tracks of each design variant.
PrADO’s internal simulation modules for flight simulation are bypassed and the data from
FLIPNA is processed. Essential for any meaningful flight simulation is a detailed definition
of the high-lift system and the corresponding aerodynamic performance. Throughout an
approach trajectory, the overall ground noise impact is directly dependent on the configu-
ration setting, i.e., the deployment of the high-lift system and the landing gear. During the
departure trajectory, the flight performance and thus the noise impact can be influenced by
the high-lift system. PrADO provides these data for the simulation with FLIPNA, which
implements the ECAC.CEAC DOC 29 Volume 2, App. B regulations, but uses the engine
and flight performance data provided by PrADO instead of performance coefficients. It
allows the calculation of NADP-1/2 departure trajectories and LDLP/CDA approach
trajectories. The mission analysis is carried out by PrADO internal flight simulation.

4.5. Overall Aircraft Noise Simulation

The overall aircraft noise is assessed with DLR’s tool PANAM [31]. A brief description
of PANAM can also be found in Ref. [46]. The final aircraft and engine design and
performance parameters (including acoustic installation effects from SHADOW) are used as
inputs. Specific noise source models from DLR and open literature are applied to simulated
individual noise sources of the vehicle [31], references to the specific models are listed in
Table 2.

Table 2. Applied simulation methods for noise assessment.

Source/Mechanism References

trailing edge noise DLR model [31,47–51]
leading edge noise DLR model [31,47,48,51]
landing gear noise DLR model [31,47,48,51]

fan noise modified Heidmann model [52]
jet noise modified Stone model [53]

noise shielding DLR tool SHADOW [35,54]
atmospheric propagation SAE standard 886A [55]

ground attenuation SAE standard AIR1751 [56]

The noise sources can vary during the flight path (including acoustic installation
effects) and are accounted for and summed up to yield the overall aircraft noise emission.
The emission from each aircraft position is then propagated through the atmosphere to
finally yield the ground noise impact. Standard noise metrics, e.g., SEL, LA,max, and
effective perceived noise level (EPNL), are evaluated and different observer locations are
considered. Other metrics to assess sound quality are part of ongoing research activities
within SE2A and can be applied via an external tool by TU Braunschweig [57], which
is based on psychoacoustic metrics (loudness, sharpness and tonality) and delivers a
combined metric PAmod,5%, based on the work of More [58].

4.6. Verification of Simulated Noise Levels

Feasibility and validity of the simulated noise levels are confirmed by previous and on-
going investigations not in the scope of the presented SE2A activities. Predicted noise levels
are compared to measured noise levels for certain existing aircraft in dedicated flyover cam-
paigns orchestrated by DLR, e.g., B737-700 [59] or A319 [31]. The flight campaign with the
A319 was comprised of multiple approach and departure flights. Thereby, the aircraft was
flown and later simulated under various typical operating conditions along both approach
and departure flights. Comparison of simulation and measurement shows good agreement
for all considered operating conditions and observer locations [31]. A study with a VFW614
aircraft confirmed PANAM’s simulation capabilities even along unconventional and novel
approach trajectories [60]. More recently, the implemented noise models and the overall

110



Aerospace 2022, 9, 3

simulation process are carefully assessed for inherent simulation uncertainties, i.e., input,
modeling, and propagation uncertainty [61]. The level of uncertainty that can be associated
with the simulated noise levels are suitable for the comparative assessment presented in
this work [61]. Last but not least, the noise simulation tool PANAM has been validated
against simulation tools from ONERA and NASA [46]. The comparison is based on almost
identical input data in order to clearly work out the differences due to the inherent models.
This comparison indicates that the PANAM simulation results for tube-and-wing aircraft
with turbofan engines are plausible and feasible if compared to other simulation tools [46].
In conclusion, previous and ongoing investigations are understood as a confirmation of the
overall simulation result, i.e., the outcome of aircraft and engine design, flight simulation,
and noise prediction.

4.7. Advanced Aircraft Concepts

Based on a previous DLR report [62] and dedicated low-noise design studies by
DLR [4,31], a promising aircraft architecture with an alternative engine option is selected for
the mid-range vehicle concepts. A tube-and-wing architecture with the engines mounted
above the fuselage–wing junction is most promising for shielding engine noise. This
configuration yields approx. 11 dB lower max. A-weighted sound pressure level (LA,max)
during approach and, about 3 dB lower LA,max during departure [31,32]. Two variants of
this architecture are selected for further assessment, i.e., one concept with backward-swept
wings (concept V-2 adapted from Ref. [31]) and one vehicle with forward-swept wings
adapted [62]. A previous study demonstrated significant advantages for a new engine
option, i.e., a geared turbofan engine with a bypass ratio of 12, even for aircraft with
shielded fan noise [32]. Furthermore, a significant reduction in fuel burn was demonstrated
for this engine [32].

The investigated concept vehicles are derived from available PrADO aircraft de-
signs [31,32] and are modified to meet the requirements for a mid-range mission, in terms
of number of passengers, fuselage length, design range cruise altitude, and Mach number.
The evolution of the design concept is shown in Figure 4. It started with a simple engine
replacement as a first modification for reduced noise. Next, more advanced design changes
such as a high-mounted, forward-swept wing, based on [62], were incorporated. To further
improve system performance, additional technologies will be included.

Origin

A320 Family
V-R

V-2

V-3 V-3+ V-3++

Engine

High Wing

Configuration

FSW BLI

Electrification

Figure 4. Evolution of low noise aircraft design at DLR.

As a reference vehicle, a standard configuration based on the Airbus A319 was chosen,
representing the current state of the art. The low noise configuration V-2 has a shoulder-
mounted wing to avoid possible installation effects of the gear and the high-lift system. In
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addition, the aspect ratio of the wing was reduced to increase the shielding area in front
of the engine by increasing the chord length at the wing root [31]. The FSW wing design
concept, V-3, adopts the shoulder-mounted wing concept as well as the shoulder-mounted
engines but uses a forward-swept high aspect ratio wing design to increase aerodynamic
efficiency and to reduce emissions [62].

As Redeker et al. [63] have shown, a laminar wing is a promising solution to reduce
the airfoil drag in the transonic regime by delaying the laminar–turbulent transition of the
boundary layer flow. While for lower Mach numbers laminar wings are already common,
e.g., sailplanes, the boundary layer becomes increasingly unstable for higher Mach numbers.
This is particularly true for swept wings which suffer from attachment–line transition (ALT)
and cross-flow instability (CFI) besides the Tollmien–Schlichting instabilities (TSI). These
also occur on a non swept wing [64]. In contrast to a backward swept wing, where the
leading edge sweep angle increases compared to the effective sweep angle, the opposite
applies to forward-swept wings. Thus, ALT and CFI, which both are sensitive to the
leading edge sweep angle [63], are suppressed. Effective measures to delay transition are
also explained in an earlier work by Seitz et al. [65]. The specific design of the forward-
swept wing is directly derived from previous results obtained in dedicated DLR studies,
i.e., projects LamAiR [66] and TuLam [67]. Seitz et al. [66,67] demonstrated promising
benefits in terms of fuel-saving but at the cost of additional weight and adding complexity
in the structural design of the wing and the design of the high lift devices. A lower fuel
consumption also means lower emissions but might come at the cost of higher aircraft
weight and reduced takeoff and landing performance increasing noise.

For a fair comparison, all aircraft have a conventional aluminum fuselage, a carbon
fiber composite wing, and empennage. The wing-span is limited by size to a maximum
width of 36 m, meeting the ICAO Aerodrome Reference Code element 2 ’C’ or ADG Group
III requirements. Considering the available two engine options, a total of six PrADO aircraft
were selected for this study, see Table 3. The aircraft equipped with the conventional BPR-6
turbofan are referenced as ceo (current engine option), whereas the aircraft equipped with
the BPR 12 GTF are referenced as neo (new engine option). The design details are provided
in Table 4. All six vehicles were simulated throughout the design mission considered
in SE2A.

Table 3. Aircraft designs considered in study.

a/c Design Architecture Engine Option BPR

V-R reference ceo 6
V-R-g reference neo 12

V-2 noise-shielding ceo 6
V-2-g noise-shielding neo 12
V-3 noise-shielding, foward-swept wing ceo 6

V-3-g noise-shielding, foward-swept wing neo 12

The emissions from these flights can be summed up and are used for an initial en-
vironmental assessment. Furthermore, individual flight trajectories for approach and
departure are computed for each vehicle so that a full noise assessment can be conducted.
The aircraft noise impacts along the entirety of the approach and departure flights are
then predicted and compared. The reference vehicle is referred to as V-R (Figure 5a), the
modified low-noise design from [31,32] as V-2 (Figure 5b), and the new PrADO design of
a forward-swept vehicle as V-3 (Figure 5c); the vehicles with the new engine option are
labeled with the addition ’-g’.

It is important to note that no additional low-noise technologies were applied to the
vehicles at this point. Only the effect of noise shielding and the flight performance on the
aircraft noise are assessed in detail here.
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Table 4. Aircraft design and performance parameters.

Parameter V-R V-R-g V-2 V-2-g V-3 V-3-g

Propulsion
Engine BPR 6 12 6 12 6 12

Static thrust in kN 116.56 121.39 116.56 121.39 116.56 121.39
TET in K 1803.66 1883.14 1803.66 1883.140 1803.66 1883.14

OPR 29.0 34.6 29.0 34.6 29.0 34.6
FPR 1.80 1.51 1.80 1.51 1.80 1.51

TSFC in g/kN/s 11.51 7.68 11.51 7.68 11.51 7.68
Fan diameter in m 1.37 1.65 1.37 1.65 1.37 1.65

Rel. pos. X in % 28.75 28.75 47.26 47.26 51.75 51.75
Rel. pos. Y in % 33.88 33.88 7.39 7.39 7.74 7.74

Total weights
OEW in kg 38,721 39,907 38,317 39,494 41,256 42,512

Max. takeoff in kg 68,341 66,416 67,782 65,627 68,901 67,140
Max. landing in kg 63,779 63,192 62,820 62,098 57,512 58,143

Component weights
Fuselage in kg 9221 9214 10,218 10,228 9426 9425

Wing in kg 7231 7301 5689 5744 8863 8968
HTP in kg 504 504 576 576 691 691
VTP in kg 420 420 396 396 378 378

Propulsion sys. in kg 6873 8053 6873 8053 6985 8165
Landing gear in kg 2183 2167 1937 1912 2008 2022

Fuselage
Length in m 37.70 37.70 39.90 39.90 40.25 40.25

Wing
Span width in m 33.96 33.96 31.64 31.64 35.86 35.86

Reference area in m2 122.60 122.60 125.00 125.00 126.00 126.00
Aspect ratio 9.40 9.40 8.00 8.00 10.20 10.20

c/4 sweep angle in deg 23.98 23.98 23.29 23.29 −19.32 −19.32
l. e. sweep in deg 27.48 27.48 26.91 26.91 −16.47 −16.47

Horizontal tailplane
Span width in m 11.83 11.83 12.25 12.25 13.23 13.23

Reference area in m2 28.00 28.00 30.00 30.00 35.00 35.00
Vertical tailplane

Span width in m 5.87 5.87 4.42 4.42 4.33 4.33
Reference area in m2 21.50 21.50 13.00 13.00 12.50 12.50

Landing gear length
Front gear in m 2.27 2.27 1.34 1.34 1.90 1.90
Main gear in m 2.75 2.75 1.78 1.78 2.09 2.09

Performance along design mission
Max. CL (land.) 3.09 3.08 3.24 3.26 3.26 3.28

Cruise L/D 17.61 17.48 16.62 16.55 19.13 19.04
Cruise CL 0.55 0.54 0.53 0.52 0.54 0.53

Cruise Mach 0.78 0.78 0.78 0.78 0.78 0.78
Block time in h 5.68 5.69 5.64 5.65 5.68 5.68

Fuel in kg/100 km/seat 1.80 1.43 1.91 1.52 1.69 1.33
Max. field length in m 1932 1917 1545 1449 1456 1399

DOCs in Ct/SKM 2.69 2.60 2.71 2.59 2.73 2.62
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(a) V-R (b) V-2

(c) V-3
Figure 5. Aircraft designs from PrADO.

114



Aerospace 2022, 9, 3

5. Results

In Section 5.2 the fuel consumption and emission of CO2, H2O, NOx, and nvPM
(Tables 5 and 6) emitted over the design mission are presented, both separately for de-
parture, cruise, and approach. The mission profile is depicted in Figure 6, including
a departure, cruise and approach phase. Additional diversion and loiter time are also
considered, as required by FAA regulations.

Table 5. Fuel consumption and emissions along the design mission (ceo). Advantageous change:
green, disadvantageous change: red.

Vehicle Component Departure Cruise Approach Total %

V-R Fuel in kg 1450 10,096 490 12,036 (–)
CO2 in kg 4577 31,876 1549 38,001 (–)
H2O in kg 1793.5 12,490.5 606.8 14,890.9 (–)
NOx in kg 35.1 109.6 3.2 147.9 (–)
nvPM in g 67.3 61.0 0.5 128.8 (–)

V-2 Fuel in kg 1468 10861 527 12,855 +6.8
CO2 in kg 4634.2 34,290.1 1662.8 40,587.0 +6.8
H2O in kg 1815.9 13,436.7 651.6 15,904.2 +6.8
NOx in kg 34.6 121.5 3.9 160.1 +8.2
nvPM in g 65.5 73.8 0.5 139.8 +8.5

V-3 Fuel in kg 1423 9386 468 11,277 −6.3
CO2 in kg 4492.9 29,634.1 1477.6 35,605.0 −6.3
H2O in kg 1760.6 11,612.2 579.0 13,951.8 −6.3
NOx in kg 34.9 97.6 3.0 135.6 −8.3
nvPM in g 67.2 42.3 0.5 110.0 −14.6

Table 6. Fuel consumption and emissions along the design mission (neo) and difference to the
reference. Advantageous change: green, disadvantageous change: red.

Vehicle Component Departure Cruise Approach Total % % V-R

V-R-g Fuel in kg 1282 7997 373 9652 (−) −11.6
CO2 in kg 4046.2 25,249.3 1178.3 30,474.0 (−) −11.6
H2O in kg 1585.5 9894.0 461.7 11,941.3 (−) −11.6
NOx in kg 28.5 100.5 3.2 132.2 (−) −18.8
nvPM in g 99.7 146.1 3.4 249.2 (−) 48.1

V-2-g Fuel in kg 1363 8482 410 10255 6.3 −7.2
CO2 in kg 4304.3 26,778.7 1295.9 32,379.0 6.3 −7.2
H2O in kg 1686.7 10,493.3 507.8 12,687.8 6.3 −7.2
NOx in kg 29.3 109.4 3.7 142.4 7.7 −15.3
nvPM in g 99.7 166.6 3.6 269.9 8.3 52.2

V-3-g Fuel in kg 1219 7450 357 9027 −6.5 −14.3
CO2 in kg 3849.7 23,521.2 1128.5 28,499.0 −6.5 −14.3
H2O in kg 1508.5 9216.9 442.2 11,167.6 −6.5 −14.3
NOx in kg 27.6 87.2 3.0 117.9 −10.8 −20.9
nvPM in g 98.2 82.0 3.3 183.5 −26.4 46.1
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Figure 6. Mission profile for the design mission, including: departure (1), cruise (2), approach (3),
diversion (4), loiter (5).

Then the aircraft noise is assessed by evaluating the contour areas of predefined
SEL levels (Tables 7 and 8), which was chosen because of its easy translation into LA,eq

levels, which are the foundation of noise prediction zones in Germany. For a more detailed
evaluation, the contour plots (Figures A1 and A2) are also presented together with the
corresponding flight trajectories (Figures 7–10) and the A-weighted sound pressure level
of a sideline observer track, 1000 m lateral to the groundtrack (Figures 11–14). The lateral
displacement of 1000 m was chosen because the advanced shielding of the V-2 and V-3
designs is most effective directly beneath the flight path but loses its efficiency quickly in
the lateral direction. Typically, air traffic routing is adapted to an airport’s surroundings to
avoid direct flyover events of highly populated areas. So, the selected observer locations are
more representative compared to observers aligned directly under the flight path. Moreover,
the unshielded levels are plotted for departure, where engine noise dominates, in order to
give a better noise understanding of the effectiveness of the shielding architecture.
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Figure 7. Approach trajectories: current engine option (BPR = 6).
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Figure 8. Departure trajectories: current engine option (BPR = 6).
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Figure 9. Approach trajectories: new engine option (BPR = 12).
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Figure 10. Departure trajectories: new engine option (BPR = 12).
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Figure 11. LA,max level 1000 m sideline during approach (ceo).
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Figure 12. LA,max level 1000 m sideline during departure (ceo) with and without applied shielding.

Table 7. Sizes of iso-contour areas in km2, ceo.

SEL Level in dB V-R V-2 V-3

approach
75 12.18 10.97 7.45
80 4.57 3.75 2.57
85 1.87 1.17 1.00
90 0.18 0.11 0.12

departure
75 – – 113.52
80 66.60 53.15 51.17
85 28.67 22.90 21.93
90 11.34 8.32 8.27
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Figure 13. LA,max level 1000 m sideline during approach (neo).
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Figure 14. LA,max level 1000 m sideline during departure (neo) with and without applied shielding.

Table 8. Sizes of isocontour areas in km2, neo. Relative difference to ceo counterparts in brackets
(advantageous change: green, disadvantageous change: red).

SEL Level in dB V-R-g V-2-g V-3-g

approach

75 10.21 (−16.2) 8.57 (−21.9) 6.81 (−8.6)
80 3.26 (−28.7) 2.38 (−36.5) 2.14 (−16.7)
85 1.57 (−16.0) 0.84 (−28.2) 0.72 (−28.0)
90 0.27 (50.0) 0.14 (27.3) 0.19 (58.3)

departure
75 30.34 (–) 21.43 (–) 21.88 (−80.7)
80 11.76 (−82.3) 7.01 (−86.8) 6.69 (−86.9)
85 4.76 (−83.4) 3.18 (−86.1) 3.02 (−86.2)
90 2.11 (−81.4) 1.46 (−82.5) 1.33 (−83.9)
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5.1. Aircraft Design

The most important parameters of the six aircraft designs are listed in Table 3. The
geared turbofan was designed with a slightly higher static thrust at sea level (121 vs.
117 kN) to avoid implications caused by the higher thrust lapse of the GTF. Because of the
higher bypass ratio, these engines are more sensitive to the decreasing air density with
increasing altitude, resulting in a higher thrust loss. The modern GTF design can sustain
higher temperatures at turbine entry (TET) and achieves a higher overall pressure ratio
(OPR), leading to a higher efficiency, e.g., less thrust specific fuel consumption (TSFC). It
also has a larger fan diameter and therefore a smaller fan pressure ratio (FPR).

The integration of the GTF also results in an overall heavier aircraft, caused by the
heavier propulsion system. It is noticeable that the V-2 design has a lighter wing than the
V-R and V-3, which is the result of the smaller wing span. The heavier wing of the V-3
is the result of the forward sweep and larger wing span, requiring the wing to sustain
higher bending moments [66]. The fuselage of the V-2 and V-3 are longer than the V-R’s
(39.90 m/40.25 m vs. 37.70 m) in order to reduce the empennage size and reduce trim drag,
again leading to a heavier fuselage compared to the V-R. Due to the slightly different engine
position, the vertical tail size of V-3 is smaller and lighter than the V-2’s tail. The V-3 also
uses a different engine pylon, resulting in a slightly heavier weight of the propulsion system
for the V-3 than for the V-2. Although the GTF designs are heavier than their counterparts,
their landing gear weight is lower. This is caused by less necessary landing weight. Because
the GTF burns less fuel, the required reserve fuel is lower, which outweighs the increase
in OEW.

In terms of aircraft performance, the V-3 design shows the advantage of the FSW.
While cruises CL are on a comparable level, the L/D of the V-3 is higher compared to
those of V-R and V-2, which is the result of the lower drag of the extended laminar flow.
The maximum CL in landing configuration shows opposing trends for the high and low
engine position. Because the shown value is calculated in the trimmed condition, the
overall weight and center of gravity position influences the maximum lift due to different
deflection angles of the elevator. In the case of the top mounted engine, the neo designs
require a higher deflection angle compared to their ceo counterparts. For the low mounted
engines of the V-R, the effect is the opposite and therefore also the influences the maximum
lift coefficient.

5.2. Emissions and Fuel Burn Along Design Mission

Each vehicle was simulated with the defined design mission. Emission indices were
multiplied by the actual fuel consumption for each flight segment and integrated along the
entire trajectory in order to yield the overall emission. For the six vehicles, the estimated
fuel consumption and emission values are listed in Tables 5 and 6. Additionally, the
difference to the reference design V-R is also shown in Table 6.

The fuel consumption shows significant advantages of the FSW design over the
conventional wing designs, for both the current engine option and the new engine option,
as a result of the lower cruise L/D. The fuel consumption of the V-2(-g) configuration
increases compared to the V-R(-g) by 6.8% for the current engine option and 6.2% for the
new engine option. It decreases by 6.3% and 6.5%, respectively, for the V-3(-g) compared to
the V-R(-g). This trend is mostly due to the change in cruise L/D, which increases by 5.6%
(ceo) and 5.3% (neo) for the V-2 and decreases for the V-3 by 8.6% and 8.9%, respectively.
Using the BPR 12 GTF engine reduces fuel consumption by approximately 20% for all
designs, compared to their ceo counterparts.

The improved fuel consumption directly translates to a lower CO2 and H2O emissions,
which are calculated for stoichiometric combustion [39]. The emissions of NOx and nvPM
are calculated from the engine map based on thrust, airspeed, and altitude based on the
trajectory of the design mission. The total NOx and nvPM emissions for the conventional
wing design V-2 exceed those of the reference design (V-R) by 8.2% (NOx) and by 8.5%
(nvPM). For the new engine option V-2-g the emissions in comparison to the reference
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V-R-g decrease as well by 8.3% and 14.6%, respectively. The FSW design(V-3) with the
current engine option V-3 achieves savings of 8.3% in terms of NOx emissions and 14.6%
in terms of nvPM emissions. The new engine option achieves even greater savings in
comparison to the reference V-R-g, 10.8% and 26.4%, respectively. When comparing the
nvPM emissions of the ceo and neo designs, it is noticeable that all neo designs have a
significantly higher nvPM emission. This is a result of the combustor design choice used
for this version of the GTF engine, which is not optimized for low nvPM emissions. In
future revisions of the engine design, the combustor design will be updated and nvPM
emissions are expected to decrease below ceo levels.

5.3. Aircraft Noise Assessment along Approach and Departure

The noise assessment methods used for this study are listed in Table 2. Each vehicle is
simulated for its individual approach and departure trajectory, i.e., the resulting operating
conditions along the simulated flight are defined by the individual flight performance
of each aircraft. At this point, no modification or low-noise optimization to the flight
procedures is investigated. The vehicles are simulated according to fixed procedure defini-
tions, i.e., a low-drag–low-power approach and a standardized NADP-1 departure. Noise
footprints or isocontour areas are evaluated and compared for the different vehicles under
consideration along their individual flight trajectories. The flight trajectories show visible
differences mainly in velocity and thrust profile due to changes in flight performance
of each individual aircraft. The resulting approach and departure trajectory of the three
vehicles with the current engine option are depicted in Figures 7 and 8, respectively. Results
for the new engine option are depicted in Figures 9 and 10. Depicted are the three most
relevant parameters for the noise contribution on ground, altitude, thrust, and true air
speed (TAS).

5.3.1. Current Engine Option (BPR = 6)

Approach: The approach trajectories are depicted in Figure 7. The V-3 vehicle is
specifically designed for reduced flight velocities along with the final approach segments.
As a consequence, a longer distance is required for decelerating the aircraft to its final
approach speed. The reduced flight velocity is clearly visible in the velocity profiles for the
V-3 aircraft compared to the other two vehicles.

These effects have direct implications on the predicted noise contours shown in
Figure A1. Noise contours are shown for the final segment of the approach procedure.
For x = 25 km all aircraft are already in the horizontal flight segment but prior to high-lift
deployment. The corresponding changes in noise contour areas are shown in Table 7.
Significantly reduced areas are predicted for the V-2 and V-3 vehicle compared to the other
vehicles due to the noise shielding (V-2 and V-3) and reduced flight velocity along the
trajectory (V-3).

Data are extracted from the noise contour plots to evaluate the effects in more detail.
Noise levels along the 1000 m sideline are depicted in Figure 11 and highlight the influence
of the flight speed, comparing V-2 and V-3.

The effects of the initial high-lift deployment at around 20 km prior to the runway
threshold are clearly visible and lead to an increase of up to 10 dB along the sideline,
depending on the design. It is also visible that the V-2 designs allow a comparably late
high-lift deployment, resulting in a local difference of up to 9 dB. At approximately 9.5 km
before touchdown, a double peak of 2–3 dB in the sideline levels is visible, caused by the
final high-lift and landing gear deployment. Finally at around 6–7 km before touchdown
the increase in thrust to maintain the approach velocity results in the third rise in sideline
levels of 2–3 dB, depending on the design.

In conclusion, the noise shielding architecture of the V-2 and V-3 show the strongest
effect whenever the engine noise is dominant, i.e., visible in the 80 dB and 85 dB contours
along the very final flight segment of the approach. This was also expected because at
this point in the approach the engine operates at the highest thrust setting in the final
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approach segment—even if still significantly lower than during takeoff. This is also the
reason why shielding is not very effective here. The V-2 vehicle profits the most from its
reduced landing gear noise, which becomes noticeable from 10 km before touchdown, but
is mostly overshadowed by the increased engine noise because of the higher thrust setting.
Significantly more advantageous is the effect of the lower approach speed of the V-3 vehicle.
Noise levels are reduced throughout the entire approach trajectory, compared to the V-R
and the V-2 vehicles, resulting in a reduction in the SEL isocontour areas of up to 46% for
V-3. In comparison, the V-2 vehicle only achieves a reduction of up to 39%. In particular,
the areas further away from the airport benefit more. This confirms the hypothesis that
modifications of the flight performance can enable quieter flight operation.

Departure: The departure trajectories of the ceo designs are shown in Figure 8. The
NADP-1 procedure provides a thrust cutback at 1500 ft altitude (approx. 2.5 km after
take-off), which was chosen to be 6% below takeoff thrust. At 3000 ft the aircraft enters
an acceleration profile, where the climb rate is reduced and the available thrust is mostly
converted into speed. After reaching 250 kts (129 m/s) indicated airspeed (IAS)–TAS, as
depicted in Figure 8 is higher—the aircraft continues the climb with constant N1 as steep
as possible. Significant noise reduction for the low-noise vehicles is achieved along the
entire observer sideline, as depicted in Figure 12. Comparing Figure 12a,b, the influence
of the shielding architecture becomes obvious. During departure, both low-noise designs
reach reductions of 2–3 dB of the sideline levels, which would not be possible without
the dedicated shielding design of the vehicles. The differences along the sideline between
the V-2 and V-3 can mostly be attributed to the different points in time, where the flaps
are retracted, and to the 3.5 m/s lower flight speed of the V-3 design, compared to the
V-2. The 3 dB drop of the sideline levels 2 km after takeoff, observable for all designs, is
caused by the thrust cutback which is defined in the NADP-1 departure procedure, while
the steep rise before is the result of the diminishing influence of the ground effect due to
the increasing altitude.

The SEL isocontour area in Figure A1 shows the differences for the three vehicles for
their individual flights. Compared to the V-R, both low-noise vehicles show significantly
lower noise levels, i.e., especially close to the flight ground track, due to maximum fan
noise shielding into this area because of the fuselage–wing engine installation. This engine
arrangement results in excessive noise shielding toward observers directly below the
aircraft, where a reduction of 10–12 dB in the LA,max can be achieved. This effect becomes
especially noticeable from the dovetail shape in the contour area directly under the flight
path (y = 0 km), as seen in Figure A1b,c. This is mainly due to extensive directivity
characteristics of the noise emission because of shielding. This advantage is reduced
with increasing distance to the flight ground track which is clearly visible in the lobe-
shaped contours.

In conclusion, the effect of the selected noise shielding architecture results in signifi-
cant noise reduction during departure. The SEL isocontour areas can be reduced by around
20–25% for the V-2 and around 23–25% for the V-3. Both vehicles, i.e., V-2 and V-3, show
excessive reduction close to the flight ground track. The advantage is diminished with in-
creasing distance to the flight ground track. After all, the advantageous flight performance
of the V-3, i.e, the higher L/D and higher CL,max, does not result in significant advantages
in terms of noise emission because of its higher takeoff mass.

5.3.2. New Engine Option (BPR = 12 GTF)

Approach: During approach, the new engine option is not expected to make a relevant
difference. The engine operates at low power settings and the dominant noise source is the
airframe, most sensitive to approach speed.

Comparing the flight trajectories of the designs with BPR 12 GTF engines (Figure 9)
and the trajectories of the BPR 6 designs (Figure 7), the BPR 12 designs can achieve a
roughly 5 m/s lower approach velocity than their BPR 6 counterparts at the same distance
to the runway (compared 19 km before touchdown, after the first flaps are set). This is an
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effect of the higher minimum thrust setting of the neo engines, which leads to a longer and
therefore earlier deceleration segment (not visible in the depicted altitude profile).

The lower approach speed results in lower airframe noise levels. The SEL contour
areas can be reduced by about 30–50% each (see Tables 7 and 8). Evaluating the levels
of the sideline observers support these findings, the new engine option results in an
approximately 2 dB lower LA,max level during most of the approach phase.

Comparing the BPR 12 designs among themselves in terms of contour size yields
results similar to those of the BPR 6 designs. The reference design leads to the largest
contour areas, while the V-2-g design as well as the V-3-g design are able to reduce the
contour areas significantly by 20–40% compared to the reference V-R-g. Compared to their
lower bypass ratio counterparts, which reduce the contribution of the engine to the overall
noise impact on the ground, the difference is smaller and can even lead to larger contour
areas for SEL levels above 90 dB (Tables 7 and 8).

Departure: During departure, the geared turbofan engines with ultra-high bypass
ratios operate at high thrust and the airspeed is lower than during approach, hence the
engine is the most dominant noise source.

In comparison to the ceo variants, the evaluation of the sideline observers demonstrates
a strong reduction in noise levels of more than 10 dB at peak levels for the reference design
as well as the low noise variants. Both of the low noise designs V-2-g and V-3-g yield
significantly reduced contour sizes compared to the reference V-R-g. The heavier FSW
design leads to slightly larger 75 dB SEL contours than the V-2-g design due to its earlier
acceleration segment. The contour also shows the influence of the engine noise shielding
close to the flight ground track, which is still relevant even for the quieter neo design. In
Figure A2c a ‘hole’ with reduced noise levels is visible in the SEL 75 contour just before the
flaps are retracted 4–9 km after takeoff. In contrast to the V-2-g the 75 dB contour of the
V-3-g closes again at around 10 km after takeoff. The effect occurs directly below the flight
path due to the extensive shielding of the engine noise and the broader directivity pattern
of the V-2 design compared to the V-3.

While the neo designs yield overall reduced engine noise, the shielding effectiveness
starts to decrease, noticeably at the end of the acceleration segment. On the one hand, as
depicted in Figure 14, the shielded LA,max levels experienced by the sideline observers
(Figure 14a) exceed the reference aircraft for the V-3. Due to the comparable late flap
retraction, airframe noise becomes partially relevant in this area. On the other hand, the
difference to the unshielded values (Figure 14b) during the acceleration segment is within
2 dB of the ceo levels.

6. Discussion

For an initial assessment of the designs, certain parameters were chosen and evaluated,
describing aircraft performance, noise impact, and atmospheric emissions. In Figure 15
those parameters are shown for the ceo engine and in Figure 16 for the neo designs, each
compared to the reference design V-R or V-R-g, respectively. Evidently, the fuel consump-
tion of the V-2 designs increases compared with the respective reference designs, which is
consistent with the findings in [31,32] and the overall fuel-savings for the new engine option
of 20 % does as well. Nevertheless, an 6.8 % increase in fuel burn for the V-2 (Figure 15)
appears comparatively high but can be attributed to the lower installed engine thrust
and the higher cruise speed of the current designs. This also applies for the cruise L/D,
which decreases for both, the V-2 and V-2-g, by 5–6%. Ultimately the reason for this is the
increased design Mach number, compared to the original design [31]. Since the foremost
purpose of this design was a significant system noise reduction, this shortcoming was
accepted. The maximum CL in landing configuration increases along with the drag, mainly
because of the reduced wing sweep. The operating empty weight remains almost the same
for the V-2 but slightly decreases for the neo design, resulting from the lower wing weight
due to design and lower fuel weight and therefore lower structural load.
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For the V-3 and V-3-g, the fuel consumption was reduced significantly by the higher
cruise lift-to-drag ratio [66,67], which in turn is mostly the result of significantly reduced
drag. For the V-2 designs, the maximum CL also increases due to the reduced wing sweep.
In this case, the increase in the total drag is avoided by the extended laminar flow over the
wing. The operating empty weight of both FSW designs increases due to additional wing
weight. However, the results of Seitz et al. [67] indicate that even a reduction in the OEW
could be achieved in further design optimization loops that have not been in the scope of
this study.

Both novel designs reduce the noise impact significantly during approach and de-
parture compared to the reference, e.g., as demonstrated for the 80 dB SEL contour area.
Looking at all contour areas, it is noticeable that the 80 dB SEL area is particularly sen-
sitive to noise shielding. This area has been specifically selected as a design objective
because it is the largest closed contour area available for a comparison between ceo and
neo designs. Evaluating the effect of the shielding architecture, the findings correspond
well with the results in [12,31], where a reduction of up to 11 dB for departure and up
to 3 dB for approach were found, similar to the results of the present study. The 80 dB
SEL isocontour area shows, accordingly, significant reductions, compared to the respective
reference aircraft. They show a reduction of 26 % for the V-2 and 49 % for the V-3 design
during the approach. For departure, the area was reduced by 25 % and 28 %, respectively.
The neo designs, equipped with GTF, achieve even greater reductions of 26 % (V-2-g) and
26 % (V-3-g) for approach, where especially the V-2(-g) design profits from the reduced
engine noise. In case of the V-3(-g) design the engine noise contribution is already on such a
low level, that further reductions in the source emissions are not noticeable. For departure
both, designs benefit the most from the reduced source emissions of the GTF, hence the
isocontour areas can be more than halved by 52 % (V-2-g) and 54 % (V-3-g).

Figures 15 and 16 only show CO2, H2O, and NOx emissions. Since CO2 and H2O are
calculated for a stoichiometric combustion, both directly scale with fuel consumption. The
NOx and nvPM emissions also change proportional with fuel consumption, except for the
V-3-g design, which achieves lower NOx and nvPM emissions, compared to the V-R-g and
V-2-g, because of the different operating condition of the engines.
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Figure 15. Difference of V-2 and V-3 to the reference design V-R (ceo).
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Figure 16. Difference of V-2-g and V-3-g to the reference design V-R-g (neo).

7. Summary

The overall goal behind the presented activities is a novel low-noise aircraft-design
with reduced environmental impact. The idea behind the V-3 concept, i.e., a tube-and-wing
design with a high-mounted FSW and above the wing-mounted engines, is to tailor the
overall flight performance to improve its resulting low-noise characteristics. It is designed
for a low approach speed and achieves a significant reduction in fuel consumption for im-
proved sustainability and energy efficiency. Furthermore, two different engine options (ceo
and neo), of which neo is a geared turbofan with BPR of 12, were investigated. To evaluate
the impact of these technologies, the V-3(-g) design is compared to a conventional reference
aircraft design V-R(-g) and a dedicated low-noise design V-2(-g), i.e., both equipped with
the same engine.

The evaluation shows significant improvements due to shielding, provided by V-2(-g)
and V-3(-g) designs, yielding a reduction in the SEL isocontour area of 25–50% relative
to the reference aircraft. While the V-2(-g) designs can achieve this only at some cost in
terms of their environmental impact, the results of this study show that a FSW design can
yield similar or better noise reduction while simultaneously reducing the environmental
impact of the aircraft by 5–25%. Furthermore, this study highlights the importance of
engine technology on both noise and environmental impact.

In conclusion, this work supports the hypothesis that a low-noise architecture can be
combined with fuel-saving technologies for a mid-range tube and wing aircraft, without
compromising the direct impact of the selected technologies. An assessment of the general
applicability to short and long-range designs is yet to be conducted. It was also found that
a truly multidisciplinary and holistic approach is required using methodologies and design
systems which simultaneously addresses all of the meanings and modeling requirements
in order to achieve a step change in noise and environmental impact.

Future research activities will focus on the modeling and assessment of additional
technologies to improve the environmental performance, as described in Section 3.1. Fur-
thermore, the application of novel technologies to reduce airframe noise sources will be
investigated in more detail. At the same time, novel SE2A technologies and aircraft con-
cepts will be developed. Consequently, the presented DLR simulation framework will
be upgraded with new models and interfaces to process external data and high-fidelity
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simulation data as they become available within the SE2A. Ultimately, the DLR simu-
lation framework will support a decision-making process within the SE2A in order to
identify the most promising technologies and aircraft concepts toward a sustainable and
energy-efficient aviation.
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Abbreviations

The following abbreviations are used in this manuscript:

ALT Attachment-line transition
BLI Boundary layer ingestion
CFI Cross-flow instability
CO Carbon monoxide
CO2 Carbon dioxide
FAR Fuel to air ratio
FLIPNA Flight simulation code, DLR
FPR Fan pressure ratio
FSW Forward swept wing
GHG Green house gases
GTF Geared turbofan engine
H2O Water
HEP Hybrid electric propulsion
IAS Indicated air speed
ICAO International Civil Aviation Organization
LPP Lean premixed pre-vaporized
MPT Multiple pure tone noise
NOx Nitrogen oxides
nvPM non-volatile Particulate Matter
O3 Ozone
OPR Overall pressure ratio
PANAM Overall aircraft noise prediction code, DLR
PrADO Aircraft design synthesis code, TU BS
RF Radiative forcing
RQL Rich quench lean
SAF Sustainable aviation fuel
SE2A Sustainable and energy-efficient aviation
SHADOW Noise shielding prediction code, DLR
SLS Sea level static
SOx Sulfur oxides
TAS True air speed
TET Turbine entry temperature
TLAR Top-Level Aircraft Requirements
TSI Tollmien–Schlichting instability
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UHC Unburned hydrocarbons
SKM Seat kilometer
Noise metrics

EPNL Effective perceived noise level, [EPNdB]
I Sound intensity, [W/m2]
LA A-weighted sound pressure level, [dB]
LA,eq equivalent continuous sound pressure level, [dB]
SEL Sound exposure level, [dB]
Nomenclature

L/D Lift to drag ratio
CL Lift coefficient

Appendix A. Contour Plots
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Figure A1. SEL contour of the ceo designs.

127



Aerospace 2022, 9, 3

0 5 10 15

x in km

−5.0

−2.5

0.0

2.5

5.0

y
in

k
m

Departure

−25 −20 −15 −10 −5 0

x in km

y
in

k
m

Approach

65

70

75

80

85

90

S
E
L

in
d
B

(a) V-R-g

0 5 10 15

x in km

−5.0

−2.5

0.0

2.5

5.0

y
in

k
m

Departure

−25 −20 −15 −10 −5 0

x in km

y
in

k
m

Approach

65

70

75

80

85

90

S
E
L

in
d
B

(b) V-2-g

0 5 10 15

x in km

−5.0

−2.5

0.0

2.5

5.0

y
in

k
m

Departure

−25 −20 −15 −10 −5 0

x in km

y
in

k
m

Approach

65

70

75

80

85

90

S
E
L

in
d
B

(c) V-3-g
Figure A2. SEL contour of the neo designs.
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Abstract: The German Aerospace Center has launched an internal project to assess the noise impact

associated with supersonic transport aircraft during approach and departure. A dedicated simula-

tion process is established to cover all relevant disciplines, i.e., aircraft and engine design, engine

installation effects, flight simulation, and system noise prediction. The core of the simulation process

is comprised of methods at the complexity and fidelity level of conceptual aircraft design, i.e., typical

overall aircraft design methods and a semi-empirical approach for the noise modeling. Dedicated

interfaces allow to process data from high fidelity simulation that will support or even replace initial

low fidelity results in the long run. All of the results shown and discussed in this study are limited to

the fidelity level of conceptual design. The application of the simulation process to the NASA 55t

Supersonic Technology Concept Aeroplane, i.e., based on non-proprietary data for this vehicle, yields

similar noise level predictions when compared to the published NASA results. This is used as an

initial feasibility check of the new process and confirms the underlying methods and models. Such an

initial verification of the process is understood as an essential step due to the lack of available noise

data for supersonic transport aircraft in general. The advantageous effect of engine noise shielding on

the resulting system noise is demonstrated based on predicted level time histories and certification

noise levels. After this initial verification, the process is applied to evaluate a conceptual supersonic

transport design based on a PhD thesis with two engines mounted under the wing, which is referred

to as aircraft TWO. Full access to this vehicle’s design and performance data allows to investigate the

influence of flight procedures on the resulting noise impact along approach and departure. These

noise results are then assembled according to proposed Federal Aviation Agency regulations in their

Notice of Proposed Rulemaking, e.g., speed limitations, for Supersonic transport noise certification

and the regulations from Noise Chapters of the Annex 16 from the International Civil Aviation

Organization in order to evaluate the resulting levels as a function of the flight procedure.

Keywords: aircraft noise prediction; conceptual aircraft design; noise certification; supersonic trans-

port aircraft; NASA STCA; ICAO Annex 16; PANAM; FAA NPRM

1. Resurrection of Civil Supersonic Air Transport

There have been two commercial supersonic aircraft in operation the past century.
The Tupolev TU-144 in the Soviet Union and Aérospatiale/BAC Concorde in the western
world. For the certification of these supersonic vehicles, the noise certification regulations
mainly addressed en route sonic boom noise. Part 36 [1] of the Federal Aviation Agency’s
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(FAA) rules as well as ICAO Annex 16 Vol. 1 does not provide special standards for landing
and take-off (LTO) noise limits for supersonic aircraft. Additionally, most countries ban
supersonic flight over land for commercial aviation or at least do not accept a perceptible
sonic boom on the ground. Consequently, the sonic boom will remain a major challenge,
but LTO noise has to be addressed as well. Up to this day no officially approved noise
certification standard for the future generation of supersonic business jets has been defined,
i.e., sonic boom and LTO noise. Amid ongoing discussions with respect to novel regulations,
several commercial projects aim at bringing supersonic transport aircraft back into service
within the next decade, e.g., Boom Technology. Obviously, a major goal of all novel
concepts is to tackle the LTO and sonic boom noise challenge. Boom Technology, Inc.,
known as Boom Supersonic, aims at bringing a commercial airliner into service called
“Overture”. It is designed to transport up to 88 passengers over a range of 4250 nautical
miles (transatlantic capability) and offers the possibility to operate at Mach 1.7 powered by
three engines. The aircraft is to be operated with 100% sustainable aviation fuel. No final
specifications will be presented here since they are subject to change during the evolution of
the final design. Yet, Boom aims at full compliance with strict noise regulations of Chapter
14 of the ICAO Annex 16 by advanced engine technology, high performance aerodynamics,
and application of variable noise reduction systems (VNRS). Japan Airlines entered into
a still active strategic partnership with Boom Technology Inc. The company put down a
deposit for 20 aircraft [2]. Furthermore, United Airlines signed an order for 15 Overture
aircraft and 35 options [3]. The companies looking to build supersonic transport aircraft are
putting pressure on regulators as their designs advance and they are pushing towards an
entry into service. Consequently, the International Civil Aviation Organization (ICAO) has
committed itself to a new international standard for noise certification of supersonic aircraft,
including flight over land and LTO noise. FAA has proposed a first set of regulations,
i.e., Notice of Proposed Rulemaking (NPRM), for the noise certification of next generation
supersonic aircraft.

Scope of This Article

The focus of this study lies on the LTO noise and the issue of sonic boom during
cruise is not addressed here. Since all supersonic transport (SST) aircraft have to operate at
typical airports, understanding and assessing noise generation and ground impact during
subsonic flight phases is of utmost importance. Furthermore, other important aspects
such as economical implications and climate effects are not in the scope of this study. Two
specific SST aircraft concepts are under investigation, i.e., aircraft and engine design, flight
performance and operation, and noise prediction. Both concepts are assessed under the
proposed NPRM by FAA, which are described below and the Noise Chapters of ICAO
Annex 16. The findings of this assessment support rule makers and SST designers in the
context of minimum LTO noise for aircraft certification.

2. LTO Noise Challenge

When it comes to LTO noise of supersonic aircraft, some general difficulties and
challenges are inherent to SST aircraft design. When compared to conventional aircraft,
supersonic aircraft are subject to increased drag, including wave drag, due to their high
flight velocities. Therefore, the thrust requirement is derived from cruise flight rather than
take-off conditions, resulting in higher specific thrust compared to conventional aircraft.
Consequently, due to higher specific thrust and poor propulsive efficiency, supersonic
aircraft consume more fuel than conventional aircraft and are more expensive to operate.
Significant fuel requirements of such vehicles can furthermore result in increasing vehicle
weight. Furthermore, the high specific thrust leads to a high jet velocity and thus high jet
noise. Due to the supersonic cruise flight, wing area and airfoil shapes are significantly
different compared to subsonic designs. One common solution is the delta wing shape.
It will deteriorate the aircraft’s capabilities for slow speed approaches. This problem is
furthermore intensified by slim supersonic airfoils that complicate any installation of a
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high-lift system and limit available options. All these aspects result in adverse effects on the
LTO noise. The required high specific thrust directly contributes to excessive engine noise
during take-off under existing certification regulations, i.e., specified full engine thrust
setting along take-off. The increased aircraft weight will negatively influence the flight
performance of the vehicle especially during take-off due to reduced climb-out capabilities.

2.1. Towards Novel Certification Regulations

The FAA NPRM on Noise Certification of Supersonic Airplanes proposes to add
an appendix C to Part 36 of the noise certification requirements of the United States
Code of Federal Regulations (CFR) Title 14 [4] by applying existing NASA ideas [5] to
these new SST vehicles. The NPRM contains a detailed description of proposed noise
limits for the three individual noise reference measurement points. Limits are defined
depending on number of engines and maximum take-off mass of the supersonic aircraft
to be certified. Figure 1 summarizes the limits for the individual reference measurement
points as proposed in §C36.5(a), C36.5(b) and C36.5(c) of the NPRM, which is identical
to the values from Chapter 3 of ICAO Annex 16 Vol. 1. Modifications to Chapter 3 are
prescribed in §C36.5(d), i.e., no airplane may exceed the noise limits defined in §C36.5(a–
c) at any measurement point. Furthermore, the cumulative margin with respect to the
cumulative Chapter 3 level must be at least 13.5 EPNdB. The proposed regulation changes
by FAA need to be carefully assessed for such SST vehicles. Certain existing regulations
for subsonic aircraft pose significant challenges and leave unsolvable hurdles for any new
SST concept, e.g., the requirement of maximum thrust setting during departure prior to the
pilot-initiated cutback could result in excessive SST noise at the lateral point. Furthermore,
the before mentioned differences in flight performance of SST could require different
speed limitations during certification in order to meet any reasonable noise limit. As a
consequence, FAA’s proposed modifications to existing regulations for subsonic aircraft
seem necessary and are under consideration by many research groups with the main focus
on departure procedures. Several operational rule changes are under discussion within
ICAO, so that SST vehicles stand a chance in any noise certification process. Potential
modifications are mainly assessed by NASA for their impact based on existing noise
regulations for subsonic aircraft. These NPRM definitions are applied within the presented
study to evaluate the calculated levels. In addition, levels are compared to rules of the ICAO
Noise Chapters, which are the current standard for noise certification of subsonic aircraft.

Lateral full-power noise level (EPNdB)

All aeroplanes

M = Maximum take-off 

mass in 1000 kg 28.6150

94 EPNdB 96.5 EPNdB

100.2 EPNdB

94.0 EPNdB

91.0 EPNdB

80.87 + 8.51 log(M)

86.03 + 7.75 log(M)

69.65 + 13.29 log(M)

66.65 

+ 13.29 log(M)

98 EPNdB

89 EPNdB

89 EPNdB

35.0 48.125 68.039

Approach noise level (EPNdB)

All aeroplanes

Flyover noise level (EPNdB)

2 engines 

Flyover noise level (EPNdB)

3 engines 

Figure 1. Noise limits on individual reference noise measurement points as proposed by FAA as
a function of number of engines and maximum take-off mass (M). Table from the descriptions in
Ref. [4].

2.2. Activities in the Research Community

In the past, the sonic boom has been identified as the major bottleneck for any potential
SST product, hence any low-boom technologies would improve the business case. Ever
since, the sonic boom reduction is a major topic and challenge. NASA carries out its
Low-Boom Flight Demonstration program and tasked Lockheed Martin to build the X-59
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experimental plane which is called Quiet SuperSonic Technology (QueSST). The aircraft
shall be delivered by 2023 and the produced data will be made available to regulators.
The Carpet Determination In Entirety Measurements flight series, or CarpetDIEM [6], is
paving the way for the acoustics measurements of the X-59 [7]. In recent years, it became
most obvious, that not only the sonic boom but also the noise generated during landing
and take-off could possibly be a potential show-stopper for the introduction of novel
SST concepts.

Consequently, NASA has launched dedicated research activities with the focus on
LTO noise based on a novel SST aircraft concept, i.e., NASA 55t Supersonic Technology
Concept Aeroplanes (STCA), as early as in 2017 [8–10].

In Europe, the large H2020 project SENECA has been recently initiated and is funded
by the European Union. The focus lies on simulation of SST LTO noise including assessment
of gaseous emissions in the vicinity of airports and the impact of supersonic travel on the
global climate.

Similar research activities have been launched recently at major research establish-
ments around the world, e.g., Japan Aerospace Exploration Agency (JAXA) [11] and the
Central Aerohydrodynamic Institute of Russia (TsAGI) [12,13].

2.3. DLR Research Activities

To specifically address the issue of LTO noise for SST vehicles and to understand
proposed modifications to the regulations, DLR has initiated an internal research project.
The project Estimation of Landing and Take-off Noise for Supersonic Transport Aircraft
(ELTON_SST) joins different DLR institutes and brings together experts from different
fields in order to capture all relevant aspects and interdependencies. The work presented
in this article is part of the ELTON_SST project.

In ELTON_SST a dedicated simulation process has been established that is described
in the next section. In a first step, the core simulation process comprises simulation tools
at a low to mid fidelity level but interfaces for the integration of high fidelity simulation
results are under development. The core process will be applied to a concept of NASA for
verification of the methods, i.e., the STCA [9]. Furthermore, the process is applied to a SST
design as described in Ref. [14] for a more detailed assessment. The findings from these
initial applications shall provide insights and contribute toward novel regulations for SST
noise certification.

3. Simulation Process

An existing process for automated simulation of noise certification of subsonic aircraft
described in Reference [15] has been extended to assess future civil supersonic aircraft.
Dedicated interfaces to external simulation tools are implemented into the existing process
to enable future research activities based on higher fidelity simulation results. Furthermore,
the existing process is upgraded to calculate SST certification levels at the three reference
points according to the suggested rule changes by FAA [4].

A schematic illustration of the novel process is depicted in Figure 2. The simulation
core is already described in detail in Reference [15]. Dashed lines indicate the interfaces to
external high fidelity simulation tools. Design aspects as well as operational conditions that
have to be provided to these external tools as inputs are generated within the simulation
core. Based on this input from the low to mid fidelity tools, complementary simulation on
a higher fidelity level can then be initiated to confirm earlier assumptions and results. For
example, integration of aerodynamic data from CFD simulations with the DLR TAU code
supports results from flight simulation at lower fidelity levels. Ultimately, CFD calculations
can provide aerodynamic maps in the form of look-up tables for a more physics-based
flight simulation of approach and departure.

The process in its current status enables an automated calculation of certification
levels at the level of conceptual design. The results shown and discussed in this study
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are generated by using the simulation core with additional input from complementary
simulation results as described in the following section.

Noise assessment workflow
Aerodynamics

Acoustics

ICAO Annex 16 noise certification simulation

Simulation core 

(Low to mid fidelity)

Complementary simulation

 (High fidelity)

Aircraft data

Aerodynamics

Design aspects

Flight trajectory 

e.g. FLIPNA 2

System noise

e.g. PANAM
Operation condition

e.g at PNLTM

Regulations on

trajectory

Regulations on

test setup
Certification levels

Engine design

e.g. GTLAB

Acoustic shielding

e.g. SHADOW / Maekawa

Aircraft design

e.g. PrADO

CFD

e.g. DLR TAU Code

CAA e.g. PIANO / 

First principle 

e.g. PropNoise

Figure 2. Process chain with simulation core for assessment of noise certification of supersonic
aircraft (low to mid fidelity) and interfaces to complementary simulations (high fidelity). Extension
of the illustration from Ref. [15].

3.1. Aircraft and Engine Design

All the required aircraft data, e.g., geometries, weights, and engine specifics, are
available as direct input or based on engineering judgement for the NASA 55t STCA. For
the aircraft TWO, the aircraft design is elaborated by the tool PrADO [16], a development of
the Technical University of Braunschweig. PrADO consists of individual modules, each of
which represents one discipline of the overall design process (e.g., aerodynamics). Through
an iterative process, the interactions between different disciplines are calculated, taking
into account positive and negative effects of design aspects on other sub-disciplines, i.e.,
considering so called snowball effects. Modules with different fidelity levels are available,
but the individual module can also be replaced by external results of higher fidelity
simulations. For example, the presented application example incorporates high-lift and
cruise aerodynamics from the DLR CFD code TAU [17]. Furthermore, the PrADO engine
design module is replaced by external engine data for this SST study. DLR experts have
delivered performance and geometrical data for the SST engines under consideration for
direct implementation into the process. The DLR tool GTlab (Gas Turbine Laboratory) was
applied to design the SST engine model and to calculate required data [18]. The tool is an
interactive, cross-platform simulation and preliminary design environment for aero engines
and gas turbines. The object-oriented software concept in C++ and the use of standardized
libraries and procedures ensure a high degree of usability, extensibility and flexibility.
The GTlab Software Suite consists of the three main modules Performance, Sketchpad
and Designer, which are adapted to the application spectrum of Engine Performance and
Preliminary Design as needed.

3.2. Flightpath Simulation

For the detailed simulation of approach and departure flight paths a dedicated tool
has been developed, i.e., FLIPNA [19]. FLIPNA can directly operate based on detailed
engine maps and aerodynamics provided by PrADO and/or GTlab. The underlying flight
performance calculation is based on the method described in ECAC Doc. 29. Procedural
profile steps for approach and departure can be generated. The resulting trajectory sim-
ulated by FLIPNA consists of a series of flight points with parameters describing engine
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and aircraft operation conditions, e.g., setting of the engine thrust and the high-lift system.
The resulting trajectory is physics-based and yields all the required input parameters for a
subsequent system noise prediction.

3.3. Noise Shielding

Different software tools are available at DLR to compute the effect of noise shielding
from the airframe. Different fidelity levels can be assessed but within this study for
a quick estimate on potential noise shielding effects a simple method is applied. The
method of Maekawa [20] is applied here with some additional modifications as described
in Ref. [21] to reproduce the published NASA results [9,10]. Available and more advanced
noise shielding simulation tools could be applied in the future, if access is granted to
3D-geometry data of the NASA 55t STCA. On the other hand, Maekawa can directly be
applied to the available and very simplified description of the aircraft. Based on wing
planform and engine locations, the Maekawa method can predicts noise shielding effects
for all vehicles within this study.

3.4. Aircraft System Noise Prediction

At this point, all the required input data is available to initiate a system noise predic-
tion, i.e., aircraft and engine parameters, prevailing operating conditions (flight trajecto-
ries), and potential noise shielding factors. For the system noise prediction the DLR code
Parametric Aircraft Noise Analysis Module (PANAM) has been selected. PANAM is a
componential and parametrical simulation tool and has been validated against measure-
ments, e.g., Reference [22], and other simulation tools like ANOPP2 (NASA) or CARMEN
(ONERA), e.g., Reference [23]. PANAM has been upgraded with additional noise source
models in order to better capture the selected SST engines, in particular a modified jet [24]
and a combustion noise model [25]. Both were verified against experiment in the original
literature. The adjustment of the noise source models promise a more accurate represen-
tation of the low bypass engines of the supersonic aircraft during landing and take-off.
Overall, appropriate simulation methods are selected and incorporated into the process,
i.e., noise source modelling, noise shielding, and propagation attenuation. The applied
methods are summarized in Table 1. All required input data for a system noise simula-
tion are automatically generated and provided to PANAM within the process as depicted
in Figure 2. PANAM outputs standard single event noise metrics, e.g., EPNL, SEL, and
LAMAX, at arbitrary observer locations along approach and departure.

Table 1. PANAM system noise assessment: source models selected for this study.

Noise Source/Element Model

airframe noise models (airf)

trailing edge DLR [22,26–30]
leading edge DLR [22,26–28]
main landing gear DLR [22,26–28]
nose landing gear DLR [22,26–28]

engine noise models (eng)

fan broadband & tonal modified Heidmann [31]
jet Stone 2 [24]
combustion Emmerling [25]

noise shielding effects (PAA)

- SHADOW [32]

sound propagation effects

- ISO 9613 [33]
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Table 1. Cont.

Noise Source/Element Model

ground attenuation effects

- SAE AIR 1751 [34]

3.5. Interfaces to Complementary Simulation

The low to mid fidelity simulation core is supplemented by interfaces to high fidelity
tools of DLR, which are indicated by dashed lines in Figure 2. As described before,
aerodynamic and engine performance data is directly processed and incorporated into the
overall simulation process.

The high fidelity tools are also used to validate the results of the simulation core. This is
part of ongoing research activities and not within the scope of the presented study. Mainly,
simulated aerodynamic data from low to mid fidelity will be subject to a high fidelity
verification for selected operating conditions. Based on initial results from the simulation
core, input parameters describing a selected operating condition can directly be processed
by the complementary simulation tools. For example, a CFD RANS analysis of the flight
conditions attributed with the PNLTM (maximum PNLT along 10-dB downtime) can be
initiated. The operating conditions at this point are used as an input and resulting high
fidelity predictions can be used for validation purposes. Furthermore, fan noise predictions
will be compared to results from the DLR tool PropNoise [35] at characteristic operating
points. Furthermore, simplified shielding assessment can be compared to corresponding
simulation results from available high fidelity tools.

4. Verification

Due to the lack of available and non-proprietary data for SST vehicle, i.e., including
noise data, the available NASA 55t STCA data from Refs. [9,10] was selected for an initial
verification benchmark. This activity is understood as a feasibility assessment of the
simulation process in its status quo. A more detailed comparison was not in the scope
of the presented study but is scheduled for the near future. More work is required to
assimilate the simulation methods and input parameters at DLR in order to match the
NASA simulations and enable a real benchmark test, e.g., as described in Reference [23] for
subsonic transport aircraft.

4.1. Aircraft Design and Noise Shielding Effects

The aircraft geometry is adapted from the published NASA geometries. Rough
estimates of wing shape, high-lift concept, landing gear and engine installation have been
derived from available information as provided in the available NASA publications [9,10].
The Maekawa noise shielding method [20] was implemented in the DLR simulation process.
Based on the rough geometry estimates, a simplified representation of the vehicle can be
derived as input for Maekawa, as depicted in Figure 3.

The gray colored area indicates the 55t STCA geometry based on available NASA pub-
lications and the colored lines show the selected representation of the 55t STCA geometry
within this study. The colored symbols indicate the selected locations of inlet fan noise
source and rear engine sources. The sound transmission is predicted for the center engine
as well as for the two over-wing mounted engines. Fan noise contribution emitted from the
inlet is shielded by the wing. Furthermore, the fuselage is approximated and considered as
an additional shielding surface. All areas considered for their potential shielding effect are
shown in Figure 3. Note: As the planform of the shielding surface has to be trapezoid for
the Maekawa method, small deviations between the NASA 55t STCA representation and
the modeled shielding planform are present but have no relevant influence on the predicted
shielding. Based on the Maekawa tool, shielding factors are predicted for all emission
angles and for the relevant frequency bands. These factors are then directly accounted for
in the subsequent system noise prediction and applied to the predicted fan noise emission.
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Figure 3. Representation of NASA 55t STCA as input for the noise shielding prediction.

4.2. Engine Redesign

The engine model used in this study was redesigned with GTlab to match publicly
available data of the 55t STCA engine design [9]. Similar to the NASA engine model, the
high pressure system (high pressure compressor, combustor and high pressure turbine)
was based on a pre-existing, generic model of the CFM56-7B engine. The fan and the
low-pressure turbine were newly designed as fast rotating components. Due to the lower
overall pressure ratio, compared to the underlying CFM 56 engine, no booster is required
on the low pressure spool. For the divergent part of the nozzle a variable geometry concept
was used to allow for adjusting the engine configuration to different operating conditions.

The DLR engine model is designed to match the thrust of the NASA 55t STCA engines
at the three published design points, e.g., cruise design point, end of field, and static
take-off. Table 2 shows a comparison of engine performance parameters for the three
design points between the NASA 55t STCA engine and the DLR redesign. The data for
the cruise design point show very good agreement, with slightly higher values for the
pressure ratio of compressor and nozzle and a slightly lower value of the extraction ratio.
Some deviations are found for the two sea level operating conditions. These deviations can
probably be attributed to the use of generic component maps with presumably different
efficiency characteristics, causing deviations in the engine component off-design behavior.

4.3. Flight Procedures

Flight trajectories with all required operational parameters as required for a noise
simulation are provided by NASA through one of the authors of this paper. They are
used as direct input (see Ref. [10], Figure 3). No dedicated flight simulation with DLR
tool FLIPNA is performed at this point due to the lack in aerodynamic data to model
the flight operation of the aircraft. Only the provided fixed flight procedures can be
processed and alternative flight tracks can not be assessed at this point. From NASA, one
conventional approach track and two departure tracks are provided for an assessment
and initial comparison. For noise certification a straight flight path is prescribed for both
landing and take-off procedures.
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Table 2. Engine performance summary compared to data published by NASA [9].

Parameter Unit
Cruise Design Point End of Field Static Take-Off
NASA DLR NASA DLR NASA DLR

Altitude m 15,240 15,240 0.0 0.0 0.0 0.0
Mach - 1.4 1.4 0.25 0.25 0.0 0.0
∆TISA K 0 0 15 15 15 15
Net thrust N 14,812.6 14,812.6 62,897.9 62,897.9 73,929.4 73,929.4
SFC g/kN/s 26.71 26.74 16.66 17.42 13.57 14.37
BPR - 2.90 2.90 2.90 2.98 3.00 2.96
T4 K 1833.3 1833.3 1750.0 1789.7 1738.9 1781.0
TET K 1766.7 1766.7 1688.9 1728.2 1677.8 1719.8
T3 K 805.6 805.5 800.0 813.0 794.4 807.4
Overall Pressure Ratio - 22.00 22.00 21.00 22.20 21.00 22.50
Fan Pressure Ratio - 2.00 2.00 1.90 1.97 1.90 1.99
Compressor Pressure Ratio - 11.20 11.36 11.10 11.38 11.20 11.44
Extraction Ratio - 1.10 0.94 1.10 0.94 1.10 0.94
Nozzle Pressure Ratio - 5.90 6.09 1.90 2.01 1.80 1.94

4.3.1. Departure Procedures

The selected departure tracks to investigate the noise certification comprise a standard
and an advanced flight procedure. The advanced departure procedure features a VNRS
concept as described in Reference [9]. The VNRS concept under consideration is the so
called Programmed Lapse Rate (PLR) [36] during take-off. The PLR refers to an additional
thrust reduction before reaching the cutback altitude and in addition to the typical pilot-
initiated cutback. The main reason for the application of the PLR is to achieve some
additional level reduction at the lateral measurement point which is exposed to increasing
noise from SST vehicles according to initial noise predictions by NASA [9]. The PLR is
automatically initiated after the initial maximum thrust setting during the acceleration
phase on the runway and until reaching the obstacle height. An Automatic Take-off Thrust
Control System (ATTCS) would be used to initiate the PLR’s proposed 10% thrust reduction
so that the pilot’s workload is not affected and to ensure that the PLR is always flown
and certification levels are thus complied with. So the PLR could lead to an additional
responsibility of the ATTCS. Another change to the standard flight procedure is a proposed
increase in flight speed during take-off in combination with a delayed rotation take-off,
which is referred to as high speed climb-out. This modification of flying fast at low altitudes
aims to avoid flying in the region of reversed command or in the so-called “back part of
the power curve” as already explained in Reference [9]. This consequently reduces thrust
requirement, which is associated with a decrease in engine noise.

4.3.2. Approach Procedure

The proposed certification rules for the approach of supersonic aircraft do not differ
from the regulations for subsonic aircraft, i.e., the approach will be flown with the typical
3 degree glide path and a selected speed of Vref + 10 kn or ≈84.9 m/s (165 kt) with
the maximum landing weight. The selected approach speed depends on the flapped
aerodynamics and stall speed, among others. As prescribed, the aircraft is above the
approach measurement point at an altitude of 120 m. A flap deflection study was performed
by NASA to maximize the approach speed and thus minimize engine thrust. In the relevant
approach segment, the aircraft is in stabilized flight condition with landing gear extended
and a constant total thrust of 71.1 kN.
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4.4. Noise Assessment

Based on the simplified aircraft design, the detailed engine redesign, the Maekawa
shielding approximation, and the flight trajectories, the DLR system noise prediction
is initiated.

Figure 4 shows PNLT over time for DLR simulations calculated with PANAM as well
as NASA data (red) extracted from Reference [10] (Figures 4–7).

Shielding Shielding

(a)

(c) (d)

(b)

Shielding Shielding

Figure 4. PNLT time history: NASA 55t STCA. Flyover measurement point for standard (a), advanced
procedure (b) and lateral measurement point for standard (c) and advanced procedures (d). PANAM
simulation results with engine noise shielding by using Maekawa (dotted black line), and by assuming
no engine noise shielding (solid black line) as well as NASA data (solid red line) are shown.

The flyover and the lateral measurement points are assessed for two different de-
parture procedures. For the lateral assessment, the distances of measurement point to
Brake-Release (3756 m for standard procedure and 4130 m for advanced procedure) are
fixed and adopted from the NASA study. This location was chosen because at this point the
aircraft has climbed to about 1000 ft, where the effects of lateral attenuation have abated,
but before the airplane climbs higher and recedes from observers on the ground.

In addition to the level time histories, the certification levels (EPNL) are listed in
Table 3 together with limits of noise certification for the NASA 55t STCA study. A reduction
in certification levels by applying the advanced procedure for both the flyover and lateral
point can be confirmed. It can be seen that the benefits for the lateral point are larger with
reductions around 3.3 EPNdB than for the flyover point with around 1.5 EPNdB which are
both similar to the reductions in the NASA investigations (see Ref. [9]: 2.0 EPNdB for lateral
point and −1.6 EPNdB for flyover). For the approach, where no procedure adjustment
is sought, there is a deviation of 2.4 EPNdB from the NASA comparison data. Thereby,
the jet noise is no longer the dominant sound source, so that the differences is due to the
dominant fan noise. While in the NASA studies a margin on Chapter 4 of 1.6 EPNdB was
observed by applying the advanced procedure, here the cumulative result is an exceedance
of the required limit by 2.6 EPNdB. Consequently, noise certification to FAA NPRM or even
Chapter 14 requires further level reduction through noise mitigation measures.

In order to investigate the shielding effect of the engines, a comparative calculation
was also performed without taking noise shielding effects into consideration. An effective
reduction in the certification level for the NASA 55t STCA due to over-the-wing engine
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integration is evident when the certification levels of the two setups are compared. This
is particularly visible for the forward fan noise, where a system noise reduction of more
than 8.5 dB can be identified under certain operating conditions. An under-the-wing
configuration would result in higher levels under the same operating conditions.

Table 3. Simulated certification levels at individual measurement points (flyover, lateral and ap-
proach) and cumulative level for NASA 55t STCA. Limits of individual measurement points and
cumulative from ICAO Annex 16 and FAA NPRM for Noise Certification of Supersonic Airplanes.

Procedure Facility Shielding Flyover Lateral Approach Cumulative

Standard DLR Maekawa 89.4 95.4 98.8 285.5
Advanced DLR Maekawa 87.8 92.1 98.8 280.6

Standard DLR no Shielding 90.5 97.1 102.4 290.0
Advanced DLR no Shielding 90.0 93.7 102.4 286.1

Standard NASA Maekawa 88.6 95.0 96.4 280.0
Advanced NASA Maekawa 87.0 93.0 96.4 276.4

Noise regulations * Flyover Lateral Approach Cumulative

Limit (Chapter 3) 92.8 95.7 99.5 288.0
Limit (Chapter 4) 92.8 95.7 99.5 278.0
Limit (Chapter 14) 91.8 94.7 98.5 271.0
Limit (FAA NPRM) 92.8 95.7 99.5 274.5

* Caution: additional rules are applicable according to the ICAO Noise Chapters/NPRM, e.g., no trading
Refs. [1,37].

In addition, it is shown that without engine noise shielding, there is even an increase
in PNLT of 2.5 dB in the maximum of forward directed fan noise (e.g., see Figure 4, flyover
advanced at t = 73 s) when the advanced procedure is applied and the engine is operated
at lower thrust setting. This is attributed to the effect of relative blade tip mach number on
predicted noise levels according to the applied buzz-saw noise model Ref. [38] as already
shown in Ref. [19].

A comparison of the PNLTM for the lateral position shows a good agreement with
the NASA data when using the Maekawa model. Remaining discrepancies, i.e., flyover
in Figure 4 can be attributed to the fan forward noise prediction in combination with the
Maekawa shielding. PNLTM/EPNL prediction differences between NASA and DLR are
below 2.3 dB/0.9 EPNdB for flyover and approx. 0.8 dB/0.9 EPNdB for lateral location.
Unfortunately, the differences for approach are higher. Overall, the agreement is consid-
ered satisfying and can be traced back to remaining differences in simulation methods,
implementation of the models, and input parameters between NASA and DLR.

The results confirm the benefits of an adapted take-off procedures for the STCA
concept. Feasibility of the findings is demonstrated when comparing these findings with
available NASA results. A final and detailed tool comparison is still pending in order
to answer remaining open questions and to rule out a close agreement on certain result
parameters by simple coincidence. Overall it can be concluded, that the novel process
chain can reasonably be applied to other preliminary concepts of similar supersonic aircraft
designs of which one is presented in the next section.

5. Application on a Twin-Engine Aircraft

Current concepts from manufacturers usually feature under-the-wing engine instal-
lations, where advantageous noise shielding through the wing and fuselage cannot be
exploited. Therefore, a further configuration is investigated that addresses this aspect in
order to estimate the magnitude of noise certification levels of such configurations. Based
on an available SST aircraft design [14], the influence of the flight procedure under the
proposed FAA certification rules are assessed, i.e., via dedicated parameter sensitivities.
The DLR simulation process can generate arbitrary noise metrics, e.g., SPL(t), SEL, LAMAX,
EPNL, and even Sound Quality metrics [39,40]. With the focus on certification, the assess-
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ment within this study is limited to EPNL. Levels at selected observer locations and the
actual noise distribution along the entire flight trajectory are investigated.

The aircraft and engine details are described in the following section. Thereafter, the
flight simulation and noise prediction results are presented.

5.1. Aircraft and Engine Design

The basic aircraft that is used for the study presented in this publication has been
derived within the frame of conceptual/preliminary design. The selected aircraft is well
described in Ref. [14] and its geometrical data is provided in Table A1. The results of the
aircraft design process are given in Table A3. The aircraft data presented here originates
from this source except of an updated engine design. The aircraft TWO is equipped with
a scaled version of the DLR engine described in Table 2. The aircraft is designed to carry
eight passengers, equal to 726 kg of payload, along a range of 7500 km (4050 nautical miles),
thus providing transatlantic capability. Its maximum fuel volume is (Vf uel,max) is 44.7 m3.

However one significant change has been made for this study by reducing cruise
speed at the design point of the aircraft from Ma = 1.6 to Ma = 1.4. The change to a lower
Mach number in this publication is a result of current trends in the design of supersonic
business jets as outlined in the introduction. Consequently the resulting aircraft does have
a lower Maximum Take-off Mass (mMTOM) than the basic design from Ref. [14] and it thus
requires engines with less static thrust. Keeping in mind that this publication focuses on
acoustics, the Ma = 1.4 design promises a more favorable starting point with respect to
engine noise compared to an aircraft with a design speed of Ma = 1.6.

An extract to the requirements is given in Table A2.

5.2. Flight Simulation and Noise Prediction

To determine the trajectories for standard and advanced take-off, an optimization was
performed taking into account the ICAO noise certification regulations, which includes
a variation of airspeed, thrust and cutback height. The standard definition of NASA was
chosen as a reference Reference [9]. The aim of this optimization was to minimize the
certification level at the individual noise measurement points. The results are shown in the
form of EPNL at the flyover measurement point above relative engine speed in Figure 5 for
the standard (bottom) and the advanced departure procedure (top). In addition, a figure
of all trajectories evaluated for the variation is included in the Appendix A in Figure A2.
The noise certification regulations limit the ranges of the individual flight path parameters,
e.g., minimum climb rate (4%), minimum cutback altitude for two engines (300 m), and
maximum cutback altitude, respectivly the requirement that the thrust reduction of the
cutback must be completed before the measurement of the EPNL at the flyover point. The
application of the highspeed climbout allows the thrust for the advanced procedure to be
reduced further after the pilot-initiated cutback, due to the decreased thrust requirement
as described above. Obviously, the lowest certification level at the flyover measurement
point results for the highest cutback altitude still allowed, whereas this altitude is larger
for the standard procedure, since there is no additional thrust reduction through PLR and
thus a faster increase in flight altitude. For both procedures, the lowest EPNL occurs in
the range of low relative engine speeds. As can be seen, it is also confirmed for the aircraft
TWO that an advanced procedure or a highspeed climbout results in a reduction at the
flyover measurement point. In the following, the two procedures with the lowest EPNL
are analyzed in more detail.

Figure 6 provide the resulting trajectories as simulated for this vehicle, i.e., take-off
(left) and approach (right), respectively. The proposed SST rule changes refer to the take-off
situation only, so that it is sufficient to assess one approach procedure here.

Since the engines are mounted under the wing in the configuration investigated, no ef-
fective shielding of the engine noise can be achieved here, as was observed with the NASA
55t STCA. For this reason, the modeling of the shielding effect was neglected in these inves-
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tigations. The lateral measurement position was calculated separately for each simulated
trajectory and the position with the highest EPNL was selected for noise assessment.

minimum of EPNL 

minimum of EPNL 

Advanced procedure

Standard procedure

Figure 5. EPNL at flyover measurement point over relative engine speed N1 after pilot-initiated
cutback of flightpath variation for advanced (top) and standard departure procedure (bottom) in the
allowed range of certification regulations in terms of cutback height (CBH) (≥300 m) and climb rate
(≥4%) for the aircraft TWO.

Although the maximum take off mass is very similar, the aircraft TWO has a higher
thrust excess compared to NASA 55t STCA due to the smaller number of engines. The
reason for this is that, airworthiness regulation requires an aircraft to be able to take-off with
one engine inoperative. This means that the aircraft TWO requires a shorter runway length
and can gain altitude more quickly. The characteristic take-off speed V2, which determines
the speed limitation in the departure procedure of the noise certification, is lower for the
aircraft TWO than for the NASA 55t STCA. Nevertheless, the speed differences between
standard and advanced procedure are the same.

In order to achieve a higher flightspeed (V2 + 35 kn) for the highspeed climbout, a
delayed rotation take-off is used in the advanced take-off, which results in a significantly
longer runway length of approx. 1690 m compared to the standard take-off (approx.
1410 m) with lower flightspeed (V2 + 20 kn). As a result, the aircraft has a higher altitude
along the standard take-off, which can be advantageous on the ground due to atmospheric
attenuation and distance. However, due to the variable position of the lateral measurement
point, there is a shift of the highest EPNL and thus the selected lateral measurement point
position relative to the brake release point changes from 2300 m to 2700 m. It is observed
that flight altitude above the lateral measurement point as well as the relevant range of the
trajectory related to altitude is very similar for the two procedures.

145



Aerospace 2022, 9, 9

x [m]

(a) (b)

(c) (d)

(e) (f)

x [m]

x [m] x [m]

x [m] x [m]

1000

2000 4000 6000 8000 -4000 -3000 -2000 -1000

2000 4000 6000 8000 -4000 -3000 -2000 -1000

2000 4000 6000 8000 -4000 -3000 -2000 -1000

Figure 6. Take-off (left) and approach (right) flightpaths (altitude (a,b), calibrated airspeed (c,d) and
total thrust (e,f)) as result of optimization for standard and advanced procedure. Flyover, lateral
and approach measurement points as well as operation condition above measurement points and
relevant part of flightparameters for EPNL calculation (10-dB-Downtime) are marked. The x position
is specified relative to the brake-release point for take-off and relative to the runway threshold
for approach.

For the approach simulation a 3° glide path with a height of 120 m above the measure-
ment point is assessed, i.e., with the aircraft in a stable flight condition. For the aircraft
TWO, this results in an airspeed of 71.48 m/s above the measurement point with a con-
stant total thrust of 37,160 N over the relevant area of the flight path according to the
specifications with Vref+10 knts.

5.3. Noise Assessment

In order to assess the advanced and standard departure and the approach procedure,
the tone corrected perceived noise data (PNLT) for the total aircraft as well as for individual
noise components (jet, fan, airframe), are depicted in Figures 7 and 8. In addition, the area
of the 10 dB-down time relevant for the calculation of the EPNL and the maximum of the
tone corrected perceived noise level (PNLTM) are highlighted in the figures. Predicted
EPNL are summarized in Table 4.

In both PNLT plots (standard and advanced), there are two distinct local peaks, which
can be attributed to forward and backward radiated engine noise contribution. The first
peak is associated with the fan contribution, cf. see red dotted lines. The second peak is at a
significantly higher level and can be associated with the rearward radiated jet contribution.
The following differences in noise source ranking along standard and advanced procedure
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can be identified for the aircraft TWO. Jet noise is dominating the fan noise at the lateral
measurement point by +5 dB along the standard and by +3.5 dB along the advanced flight
procedure, respectively. At the flyover measurement point the contribution of both noise
sources, i.e., jet and fan, is of similar magnitude due to the reduced thrust setting (thrust
cutback) and the resulting reduction in jet exhaust velocity. In general, the influence of the
fan on total aircraft noise is higher along the advanced take-off compared to the standard
procedure due to the PLR and the highspeed climbout. Fan noise influence is increased due
to a lower jet noise contribution which is a direct consequence of the PLR thrust reduction
and the increased flight speed along the highspeed climbout as already mentioned in
Ref. [10]. Consequently, the effectiveness of fan noise shielding is increased along the
advanced procedure as can be demonstrated for NASA 55t STCA. The highspeed climbout
has a larger effect on the flyover measurement point, which also confirms the observations
of NASA.

(b)

(d)

(a)

(c)

Figure 7. Calculated PNLT over time at flyover measurement point for standard (a) and advanced
take-off (b) and at lateral measurement point standard (c) and advanced take-off (d). 10 dB-down
time is filled grey and PNLTM is marked. 10 dB-down time represents the relevant time of the PNLT
course for the calculation of the EPNL.

Only one approach flight is simulated for the aircraft TWO as described above. The
predicted PNLT is plotted in Figure 8. Jet noise contribution is significantly decreased,
revealing a dominant fan noise. Airframe noise levels are still insignificant even for this
approach situation. The predicted EPNL are listed in Table 4 and no additional approach
contour plots are shown in this paper. These plots are omitted since only one approach
flight procedure is considered in the study.
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Figure 8. Calculated PNLT of the aircraft TWO over time for approach reference noise measurement
point. 10 dB-down time is filled grey and PNLTM is marked. 10 dB-down time represents the relevant
time of the PNLT course for the calculation of the EPNL.

Table 4. Simulated certification levels at individual measurement points (flyover, lateral and ap-
proach) and cumulative level for aircraft TWO. Limits of individual measurement points and cumu-
lative from ICAO Annex 16 and FAA NPRM for Noise Certification of Supersonic Airplanes.

Procedure Facility Shielding Flyover Lateral Approach Cumulative

Standard DLR no Shielding 91.6 97.4 94.3 283.3
Advanced DLR no Shielding 88.7 96.4 94.3 279.4

Noise Regulations * Flyover Lateral Approach Cumulative

Limit (Chapter 3) 89.8 95.7 99.5 285.0
Limit (Chapter 4) 89.8 95.7 99.5 275.0
Limit (Chapter 14) 88.8 94.7 98.5 268.0
Limit (FAA NPRM) 89.8 95.7 99.5 271.5

* Caution: additional rules are applicable according to the ICAO Noise Chapters/NPRM, e.g., no trading
Refs. [1,37].

Certification Noise Levels

The predicted EPNL values are now compared to available noise limits specified ac-
cording to the Noise Chapters of ICAO Annex 16 [37] and the proposed FAA regulations [4],
see Table 4. At the departure measurement points, defined limits of the FAA NPRM are
exceeded by the aircraft TWO along the standard departure (+1.8 EPNdB at the flyover
point and +1.7 EPNdB at the lateral point). Applying the advanced procedure for this
vehicle will reduce the noise levels but still exceed or barely met the limits (−1.1 EPNdB at
the flyover point and +0.7 EPNdB at the lateral point). As already mentioned, exceeding
the limits at the individual measurement points is no longer permitted, which is why certi-
fication according to the proposals of the NPRM or any other than ICAO Noise Chapter 3
would not be possible for the aircraft TWO.

Overall, noise level reductions along an advanced procedure can be confirmed for the
aircraft TWO vehicle but are of reduced effectiveness compared to an over-wing aircraft
as documented by NASA and the comparative study with the novel simulation process
already shown for the 55t STCA. Compared to the 55t STCA, the limits are exceeded not
only at the lateral point but also at the flyover measurement point, which results from
similar EPNL and the reduced number of engines. An aircraft, like the aircraft TWO, with
two engines requires more thrust for a similar take-off mass, which leads to higher nozzle
exit velocities and thus more jet noise.

For a better comparability of the two procedures, the predicted EPNL contours for
both departure procedures are depicted, see Figure 9. The upper half of the plot shows the
EPNL for the advanced take-off procedure and the lower half the EPNL for the standard
take-off procedure. The longer acceleration on the ground extends the area with increased
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EPNL along the advanced procedure, as the aircraft stays longer on the ground. This is
confirmed by a different lateral measurement position along the two procedures. After the
pilot initiated cutback, the contour areas strongly decrease and become narrower for the
advanced procedure compared to the results of the standard procedure. In summary, the
advanced procedure reduces the EPNL countour areas of the aircraft TWO with the excep-
tion of the area shortly after take-off. Nevertheless, for the two certification measurement
points lateral and flyover, smaller EPNLs result for the advanced procedure are observed.
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Figure 9. Comparison of EPNL contours for advanced (top) and standard procedure (bottom) of the
aircraft TWO. Point of take-off, PLR and Cutback (triangles) as well as lateral and flyover reference
noise measurement point (red dots) are marked with symbols. The x position is specified relative to
the brake-release point.

6. Conclusions and Future Work

First results to estimate the landing and take-off noise of future SST aircraft are
presented. Upgrades to an existing simulation process for the simulation of noise certifi-
cation in aircraft preliminary design as well as interfaces to high fidelity simulation tools
are presented.

Recalculations of the NASA studies on their 55t STCA configuration based on NASA
trajectories were performed to verify the simulation process. Similar simulation methods
have been applied compared to the NASA work. A satisfying agreement was observed
between the PNLT and EPNL results, with an additional quantification of the effect of
engine noise shielding for this vehicle. Detailed comparison of individual noise sources
with NASA’s results are yet still pending and are planned for the near future.

An application with complete simulation of noise certification is presented for a su-
personic configuration developed at the Technical University of Braunschweig with two
engines mounted under the wing which is referred to as aircraft TWO. The application
includes the determination of optimal trajectories based on the noise certification regula-
tions for the take-off procedure. The regulations of the certification process are established
and the certification noise is predicted. NASA concepts for noise reduction via PLR and
high speed climbout are confirmed. Overall, noise level reductions along an advanced
procedure versus a standard procedure are predicted for the aircraft TWO in a lesser ex-
tend of what is known for the NASA 55t STCA. Inherent differences among under-wing
and over-wing engine installation are demonstrated and disadvantages are experienced if
engine noise is not shielded by the airframe. This can be attributed to a more dominant fan
noise for any non-shielded engine concept if compared to a shielded variant. In addition
along an advanced departure procedure, fan noise is generally reduced to a lesser extend
compared to the jet noise. In conclusion, the proposed advanced departure procedure is
more advantageous if jet noise is clearly dominating fan noise, i.e., the over-wing engine
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installation case. Current industry developments feature under-the-wing engine concepts
and based on the presented findings of this study, a successful noise certification according
to the proposed FAA regulations will be even more challenging. Novel technologies to
reduce individual noise sources in addition to advantageous flight procedures become
essential for these concepts.

In conclusion, the feasibility of the novel DLR simulation process and the applicability
of the process toward SST vehicle assessments is confirmed. Results are promising and
future updates will contribute to a better assessment of future SST air transportation. Yet,
it should be noted that the simulation core process is based on semi-empirical methods
and not validated against any experimental data for such SST vehicles. Validation of
semi-empirical results with high-fidelity simulation is still ongoing but initial results look
very promising.

Next to the planned NASA benchmark activities, future work will focus on a 3-engine
configuration, referred to as THREE. For this vehicle, the third engine is integrated into
the rear fuselage (tailplane). This aircraft is very similar in geometry compared with the
two-engined aircraft studied here. In the upcoming study, certification regulations for
different numbers of engines will be studied. In addition high fidelity simulations are
currently carried out, which will be used to verify the results of the low to mid-fidelity
simulations. The results will be processed directly for an overall assessment of the aircraft
TWO and aircraft THREE. These simulations include CFD simulations of the aerodynamic
performance with the DLR TAU Code [41] and CAA simulations of the engine noise
shielding with DLR FMP [42] for characteristic operation conditions. Due to the relevance
of fan noise for under-the-wing configurations, which is demonstrated in this work, the
shielding of fan and jet noise sources has to be taken into account within these high-fidelity
evaluations. At this point, especially the fan models currently used in PANAM and other
similar noise prediction tools show a large uncertainty in predicting the noise of such fan
architectures for SST aircraft. Therefore a further development of the fan noise prediction
is pending and needed to improve predictive capabilities and noise assessment.
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Abbreviations

The following abbreviations are used in this manuscript:

ATTCS Automatic Take-off Thrust Control System
CFD Computational Fluid Dynamics
DLR Deutsches Zentrum für Luft- und Raumfahrt e.V.
ELTON_SST Estimation of Landing and Take-off Noise for Supersonic Transport Aircraft
FAA Federal Aviation Administration
FLIPNA Flightpath for Noise Analysis
GTlab Gas Turbine Laboratory
ICAO International Civil Aviation Organization
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JAXA Japan Aerospace Exploration Agency
LTO Landing and Take-off
NASA National Aeronautics and Space Administration
PAA Propulsion Airframe Aeroacoustic integration or interaction effects
PLR Progammed Lapse Rate
PrADO Preliminary Aircraft Design and Optimization Program
PANAM Parametric Aircraft Noise Analysis Module
SENECA (LTO) noiSe and EmissioNs of supErsoniC Aircraft
SSBJ Supersonic Business Jet
SST Supersonic Transport
STCA Supersonic Technology Concept Aeroplane
TAU DLR CFD software package
TsAGI Central Aerohydrodynamic Institute of Russia
QueSST Quiet SuperSonic Technology
VNRS Variable Noise Reduction System
Variables/metrics unit
AW Wing area, m2

EPNL Effective perceived noise level, dB
LAeq Time-weighted, equivalent continuous sound pressure level, dB
lAC Aircraft length, m
LAMAX Maximum noise level from a single noise event
MaC Cruise Mach number, -
MMTOM Maximum take-off mass, -
N Fresnel zone number, -
nE Number of engines, -
nPAX Number of passengers, -
PNLT Tone corrected perceived noise level, dB
PNLTM Maximum of tone corrected perceived noise level, dB
RD Range at design point, NM
s Wing span, m
SEL Sound exposure level, dB (also referred to as Lp,AE or LAX)
SPL Sound pressure level, dB (also referred to as L or Lp)
SPL(A) A-weighted SPL, dB (also referred to as LA or Lp,A)
t Time, s
TAS True Air Speed, m/s
Vf uel,max Maximum Fuel Tank Volume, m3

VRe f Reference Speed, m/s
V2 Take-off safety speed, m/s
δ Difference in shortest source-edge-receiver distance, m
∆ Difference in sound pressure level, dB
Φ Azimuthal/lateral directivity, +90° equals to starboard
Θ Polar/longitudinal directivity, 0° equals flight direction
Plot legend
airf sum of t.e., l.e. and gear
eng sum of combustion, fan and jet
com combustion noise (all engines)
fan sum of inlet and exhaust fan noise (all engines)
fan bb fan: only broadband noise (all engines)
fan t fan: only tonal noise (all engines)
jet sum of jet noise (all engines)
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Appendix A

Table A1. aircraft TWO: geometrical data from Ref. [14].

Parameter Value Unit

Aircraft length 36.80 m
Wing area 150.0 m2

Wing span 18.50 m
Leading edge sweep angles 72.5, 52.0 deg
Dihedral angles 0 deg
Number of engines 2 −
Max. fuel volume 44.7 m3

Table A2. Extract of the requirements from Ref. [14].

Parameter Value Unit Remarks

Number of Passengers (design point) 8 - -
Passenger mass (incl. luggage) 91 kg -
Maximum Payload 1728 kg -
Range at design point 4000 (7408) nm (km) -
Cruise Mach number 1.6 - -
VAT , speed at threshold <140 kts
Max. allowed runway length 2200 m serve smaller airports.
Max. cruise altitude FL600 - avoid interference with normal air traffic.

Same as for Concorde.
ETOPS 180 min allow to serve North and Latin America

Table A3. TWO: PrADO results, Design Point Ma = 1.4 from Ref. [14].

Parameter Value Unit Remark

mMTOM 55,412 kg Max. take-off mass
mOEW 24,313 kg Operational empty mass (weight)
m f uel,max 28,015 kg Max. fuel mass

WS,max 348.84 kg
m2 Max. wing loading

S0 291.72 kN Total static thrust
ALTbegin,cruise,D 14.341 km Altitude at the begin of cruise at the design point
ALTend,cruise,D 17.860 km Altitude at the end of cruise at the design point
L/Dbegin,cruise,D 6.30 m Lift-to-drag ratio at the begin of cruise at the design point
VAT 237, (128) km

h , (kts) Speed at threshold
lRWY,T 2389 m Runway length at take-off
lRWY,LD 1369 m Runway length at landing
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Figure A1. Side view of the aircraft TWO.

(a) (b)

(c) (d)

(e) (f)

Figure A2. Flight altitude (a,b), True Air Speed (c,d) and Thrust (e,f) over X in the form of the distance
to the brake release point is plotted for all trajectories considered in the flight path optimization. On
the left side are all advanced and on the right side all standard departure procedures. The EPNL
optimum, i.e., the trajectory with the lowest EPNL at flyover position is colored in red and trajectories
with the same cutback height are assigned to one specific color (grey = lower, blue = middle, and
black = higher cutback heights).
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Abstract: This paper describes a system noise assessment of a conceptual supersonic aircraft called

the NASA 55t Supersonic Technology Concept Aeroplane (STCA), its prediction uncertainty, and

related validation tests. A landing and takeoff noise (LTO) standard for supersonic aircraft is needed

to realize future supersonic aircraft, and the noise impact due to the introduction of future supersonic

aircraft should be analyzed to develop the standard. System noise assessments and uncertainty

analyses using Monte Carlo simulation (MCS) were performed. The predicted noise levels showed

good agreement with the prior study for both the benchmark case and statistics of the predictions.

The predicted cumulative noise level satisfied the ICAO Chapter 4 noise standard, and its standard

deviation was approximately 2 EPNdB. Moreover, sensitivity analysis using the obtained datasets

revealed strong correlations with the takeoff noise for jet noise, fan exhaust noise at the flyover

measurement point, and airframe trailing edge noise. Further understanding of these extracted

factors, which were estimated to have a significant impact on the LTO noise, will be beneficial for the

development of LTO noise standards and the design of supersonic aircraft.

Keywords: aircraft noise prediction; noise certification; supersonic aircraft; NASA STCA; ICAO

Annex 16 Vol.1

1. Introduction

In recent years, the development of supersonic business jets and supersonic transport
has gained interest due to their potential for high-speed transportation. Several manufactur-
ers have already announced the development of these aircraft; however, the development
of such new aircraft requires appropriate standards to obtain type certifications. Concorde,
a commercial supersonic aircraft, was launched more than 50 years ago, and the standards
for environmental compatibility at that time are now outdated. One of the most important
standards for environmental compatibility is the standard for landing and takeoff (LTO)
noise, because a trade-off relationship between LTO noise and cruise performance is ex-
pected in the design of supersonic aircraft, which are different from conventional subsonic
airliners. In general, supersonic aircraft are characterized by the use of high-specific-thrust
engines and lower aerodynamic performance during takeoff and landing, compared with
conventional subsonic airliners, to maintain supersonic cruise performance.

A new LTO noise standard for supersonic aircraft is anticipated to be added to the
International Civil Aviation Organization (ICAO) Annex 16 Vol.1 Chapter 12 [1]. The
ICAO has been discussing the development of the LTO noise standard for supersonic
aircraft; however, there is currently no specific description. According to the published
documents described in the following paragraphs, considering the noise of supersonic
aircraft, the important points are as follows: (1) the necessity of predicting the noise of
aircraft which does not exist at this time; (2) the necessity of clarifying the difference
between supersonic and subsonic aircraft, because the LTO noise trend is expected to be
different from that of subsonic aircraft; and (3) the necessity of assessing the environmental
impact of supersonic aircraft, and identifying the uncertainty of the prediction and the
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sensitive factors that need to be taken into account. In this respect, system noise prediction
and assessment are important. This effort can be seen in the published literature. Piccirillo
et al. [2] predicted the noise of Concorde, the only supersonic aircraft for which data are
available, and showed that the difference between the prediction and published data was
±2.19% for LAmax and SEL; guidelines for supersonic aircraft prediction were clarified.
Stone et al. [3] performed a preliminary assessment of airport noise for supersonic business
jets using several noise reduction concepts. They demonstrated that the most critical
noise component that satisfies the noise standards specified in ICAO Chapter 3 is the jet
at the lateral noise measurement point, and the mixed exhaust velocity should be less
than approximately 400 m/s, and should be shock-free jets. Many novel noise reduction
methods for supersonic jets have also been studied. Chevron [4] and fluidic injection [5,6]
have been shown to be effective in reducing shock noise, and their mechanisms have been
investigated. To extend the range of supersonic cruise, a high jet Mach number and low
bypass ratio during takeoff must be maintained as much as possible. From this point
of view, noise reduction devices for supersonic jets have promising potential. However,
because the difference between the sideline take-off noise of Concorde [2] and the noise limit
for subsonic aircraft (ICAO Chapters 3, 4 and 14) exceeds 20 EPNdB, it is still challenging
to fill this gap only with jet noise reduction devices, and noise reduction techniques for the
entire system, including engine design and multi-purpose optimization, should be studied.
Berton et al. [7] performed a comparative study on the engine cycle for future commercial
supersonic aircraft and examined the effects of the takeoff procedure using automatically
derated engine thrust, called the programmed lapse rate (PLR), to reduce the lateral noise
levels. Huff et al. [8] and Henderson et al. [9] assessed several noise-reduction techniques
to satisfy the latest LTO standard (Chapter 14). They reported that future commercial
supersonic aircraft have the potential to satisfy Chapter 4 or 14 noise standards using
noise-reduction techniques and PLR. However, they also suggested that detailed mission
studies are required to investigate the impact of the range resulting from the incorporation
of noise-reduction techniques. In 2017, Berton et al. [10] extended their study and proposed
an advanced noise abatement takeoff procedure for a supersonic aircraft. In their study,
they created a 55-ton conceptual reference airplane with three engines called the NASA 55t
Supersonic Technology Concept Aeroplane (STCA). This conceptual reference airplane was
also used to discuss future noise standards for supersonic aircraft in ICAO, and the dataset
of the STCA was published by NASA [11]. The Japan Aerospace Exploration Agency
(JAXA) has conducted a silent supersonic research program (S4) [12]. In this program, the
authors studied LTO noise based on a 70-ton class conceptual supersonic airplane [13]
and developed a system noise estimation tool called AiNEST [14]. They also predicted the
NASA 55t STCA [15] and discussed technical issues through the ICAO working group. The
German Aerospace Center (DLR) is also conducting a project to investigate the LTO noise
of supersonic aircraft, and recently reported results of their system noise assessments for
supersonic aircraft, including the NASA 55t STCA [16].

Scope of This Article

These previous studies have revealed many LTO noise levels of supersonic aircraft
that will be developed in the near future, and the differences from those of conventional
subsonic airliners. However, further analyses and discussions are required to clarify the
uncertainty of the prediction. In addition, it is beneficial to identify the key factors of the
LTO noise of supersonic aircraft obtained through prediction to support the discussion for
future LTO noise standards and aircraft design.

The objective of this study is to investigate the prediction uncertainty of LTO noise
and extract key factors to perform a system noise assessment for future supersonic aircraft.
To determine key uncertainty models, component-based validation studies were conducted.
Then, a system noise assessment of the NASA 55t STCA and an uncertainty analysis using
a Monte Carlo simulation (MCS) were performed as an aircraft representing a supersonic
aircraft for which noise standards are currently under consideration. In addition, based on
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the sensitivity analysis, important factors to be considered in the system noise assessment
of future supersonic aircraft were discussed.

2. Technical Approach for System Noise Prediction of Supersonic Aircraft

2.1. Standard for LTO Noise

While discussing the LTO noise of supersonic aircraft, the LTO noise standard for
subsonic aircraft can be used as a reference, and the standards are briefly introduced in
this section.

The noise standards for a subsonic aircraft mentioned in ICAO Chapters 3, 4, and
14 [1] are defined by the margins for limits at three reference noise measurement points:
lateral full-power, flyover, and approach. These limits are related to the maximum takeoff
mass and the number of engines.

According to the latest standard (Chapter 14), the cumulative margin must be 17 EPNdB
or more, and the margins at each measurement point must be 1 EPNdB or more. The
position of each reference noise measurement point is shown in Figure 1.

 

Figure 1. Schematic of reference noise measurement points.

The lateral reference noise measurement point is on a line parallel to and 450 m from
the runway center line, where the noise level is at its maximum during takeoff. The flyover
reference noise measurement point is on the extended center line of the runway and at a
distance of 6.5 km from the start of the roll. The approach reference noise measurement
point is on the ground, on the extended center line of the runway 2000 m from the threshold.

The reference takeoff and approach procedures are defined in the standard. The
average takeoff thrust is maintained at the lateral measurement point. For the flyover
measurement point, the thrust can be reduced at a height above 260 m from the runway for
an aircraft with three engines, but the thrust should not be reduced below that required to
maintain a climb gradient of 4%, or level flight with one engine inoperative. The takeoff
climb speed is between V2 + 10 kt and V2 + 20 kt. The approach glide path is 3◦, and
Vref + 10 kt is maintained over the reference measurement point. Further information is
available in Ref. [1].

2.2. NASA 55t Supersonic Technology Concept Aeroplane

The NASA 55t STCA is a conceptual airplane defined by NASA [10,11] to perform a
gap analysis on the LTO noise between the conventional subsonic airliner and the super-
sonic aircraft currently being planned. The maximum takeoff weight, cruise Mach number
and designed range of the STCA are 55 tons, 1.4 and 4243 nautical miles, respectively. The
engine is a commercial off-the-shelf CFM56-7B. Using the core engine, it is assumed that
the fan, low-pressure system, and nacelle are redesigned for supersonic aircraft. The engine
type is a fixed-cycle mixed-flow turbofan. A summary of the engine performance provided
by NASA [11] is presented in Table 1. The bypass ratio is 3, and the fan pressure ratio is
1.9 at sea level static. As indicated by previous studies, jet noise is the dominant noise
component, and a shock-free jet at takeoff is necessary for the noise levels at takeoff and
landing to be similar to those of a subsonic aircraft. Therefore, the exhaust jet Mach number
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of the NASA 55t STCA at takeoff is approximately 1. It is not necessary to consider the
broadband shock-associated noise and screech tones generated by supersonic jets in LTO
noise prediction, as represented by the STCA.

Table 1. Engine performance summary provided by NASA, reprinted from Ref. [11].

M1.4, 50 kft, ISA M0.25, Sea Level, ISA + 27 ◦F Sea Level Static, ISA + 27 ◦F

Net thrust, lb/engine 3330 14,140 16,620
Specific fuel consumption, lb/hr/lb 0.943 0.588 0.479

Bypass ratio 2.9 2.9 3
Burner temperature, ◦R 3300 3150 3130

Turbine inlet temperature, ◦R 3180 3040 3020
Compressor exit temperature, ◦R 1450 1440 1430

Overall pressure ratio 22 21 21
Fan pressure ratio 2 1.9 1.9

Compressor pressure ratio 11.2 11.1 11.2
Extraction ratio 1.1 1.1 1.1

Nozzle pressure ratio 5.9 1.9 1.8

2.3. LTO Noise Prediction Tools and Input Data

AiNEST [14], developed by JAXA, is a semi-empirical prediction tool for LTO noise.
An outline of this tool is shown in Figure 2. It is a software package that predicts the
noise level of an entire aircraft from each noise source component and propagation effect
based on semi-empirical or theoretical models. The inputs are flight trajectories, aircraft
specifications, and engine operating conditions, and the outputs are the time histories of
the tone-corrected perceived noise level (PNLT) and effective perceived noise level (EPNL)
at the locations specified in the input.

 

Figure 2. JAXA’s LTO noise prediction tool, AiNEST [14].
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The noise sources and propagation models used are listed in Table 2. To clarify the
difference between the results of the prior noise predictions made by NASA, a configuration
similar to that of NASA’s ANOPP [17], used in Ref. [11], was selected for our tool, and the
differences are clarified herein.

The first difference is in the jet noise prediction model. The LTO noise of a supersonic
aircraft is dominated by jet noise; therefore, verifying its sensitivity to the selection of the
jet noise model is important. The jet noise model used in this study was based on SAE
ARP876 [18]; however, several modifications were implemented in the original model.
The model was adjusted to our rig and the engine test data previously conducted, and
calculations of the forward flight effects of jet noise were performed based on Viswanathan’s
model [19]. Another difference was in the selection of the airframe noise model. We used
the original Fink model [20] without any special correction for supersonic aircraft. The
prediction method for the fan noise shielding effect was also different from that used in
a previous study. The shielding effect was predicted by ray-tracing using the Maekawa
method [21] for a given plane form. Only the shielding effect of fan inlet noise by the main
wing was considered in the STCA study. Fan treatment was considered based on the GE
model [22]; however, a few modifications were performed by NASA in the STCA study,
and their results were used to predict the fan treatment effect. Based on the differences
from prior NASA studies, the uncertainty models for jet noise and fan noise shielding
effects were set independently in this study. These were determined based on the results of
our validation tests, which are described in the following sections.

The specifications of the aircraft and engine operating conditions as input values
were provided by NASA. The noise abatement takeoff procedure, called the advanced
takeoff procedure, is examined in this study. An advanced takeoff procedure was proposed
by Berton [10,11]. It uses a 10% PLR and high-speed climbout to reduce takeoff noise.
Figure 3a–c shows a comparison of the trajectory, flight velocity, and engine thrust for the
conventional standard takeoff procedure and advanced takeoff procedure. Notably, this
takeoff procedure is not allowed for use in contemporary noise certifications for subsonic
airliners; however, the newly announced notice of proposed rule-making (NPRM) from
FAA [23] allows the use of this procedure. Prior studies [11,15,16] have clarified that this
procedure is effective in reducing the noise impact of supersonic aircraft.
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Figure 3. Flight path and thrust setting for the standard and the advanced takeoff procedure:
(a) trajectory; (b) calibrated air speed; (c) thrust per engine.
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Table 2. Noise source models and propagation models.

Component JAXA AiNEST [14] NASA ANOPP [11]

Jet noise Modified SAE method SAE method [20]
Fan noise GE-Heidmann method [24] GE-Heidmann method [24]
Treatment Modified GE method [22] Modified GE method [22]
Core noise Emmerling method [25] Emmerling method [25]

Airframe noise Fink method [20] Modified Fink method
Atmospheric
absorption

ISO 9613-1:1993 [26]
(ISA + 10 ◦C, 70%RH)

SAE ARP866 [27]
(ISA + 10 ◦C, 70%RH)

Ground reflection
Chien-Soroka method [28]

(Grass-covered ground)
Chien-Soroka method [28]

(Grass-covered ground)

Lateral attenuation
SAE AIR 5662 [29]

(Fuselage-mounted engines)
SAE AIR5662 [29]

(Fuselage-mounted engines)
Shielding effect Ray-tracing + Maekawa method [21] Maekawa diffraction method [30]

3. Component-Based Validation

To investigate the difference between our predictions and previous studies, a validation
test was conducted for the original acoustic model of jet noise and fan noise shielding, and
the predictions were compared with the validation data obtained.

3.1. Scale Model Tests for a Single Heat-Simulated Jet

Acoustic tests using a scaled nozzle model were conducted to validate the jet noise
model under the exhaust velocity conditions of the NASA 55t STCA, which are different
from those of recent subsonic aircraft equipped with high bypass-ratio engines.

The JAXA jet noise test facility [31], the schematic of which is shown in Figure 4a,
was used. The test nozzle was mounted vertically in a 4.1 m wide, 5.7 m deep, and 3.3 m
high anechoic room equipped with a settling chamber on the floor. The methodology was
based on a prior study performed by Doty [32] and validated using the published jet noise
database [33].

θ θ

θ θ

 

 

 

(a) (b) 

θ θ

θ

90°– 160°
θ

Φ
2
8
.8

74

25.4

49.4

Φ
3
8
.8

Unit: mm

75

85

95

105

115

125

0.01 0.1 1 10

SP
L p

er
 u

ni
t S
ta

t 1
00
D

[d
B]

St

Exp. (NPR=1.84, TTR=1.75, He/Air)
SAE ARP876 (original)
SAE ARP876 (modified）
Stone2
Viswanathan's scaling law

75

85

95

105

115

125

0.01 0.1 1 10

SP
L p

er
 u

ni
t S
ta

t 1
00
D

[d
B]

St

Exp. (NPR=1.84, TTR=1.75, He/Air)
SAE ARP876 (original)
SAE ARP876 (modified）
Stone2
Viswanathan's scaling law

Figure 4. Experimental setup of the scale model tests for a single heat-simulated jet: (a) schematic
diagram of JAXA’s jet noise test facility; (b) schematic diagram of the test nozzle.
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The test nozzle is shown in Figure 4b. The nozzle had an exit diameter, D, of 28.8 mm,
and it had a convergent configuration of a convergent–divergent nozzle used to simulate a
nozzle for a typical supersonic aircraft.

Far-field noise measurements were conducted with an array of eight Brüel & Kjær
4939 1/4-inch microphones arranged in an arc 1.5 m from the nozzle exit at polar angles,
θ, from 90◦ to 160◦ at 10◦ intervals. The lower-limit frequency of the anechoic room was
400 Hz. The acoustic data were sampled at 200 kHz for 5 s and obtained through an 80 kHz
low-pass filter using a TEAC DS160R data logger. Fast Fourier transform analysis was
performed for each 4096-data point and averaged over the entire sampling time. The
estimated uncertainties in the 1/3-octave band SPL, including uncertainties associated with
the instruments, jet conditions, duration, and sampling rate, were ±0.47 dB for the heat-
simulated jets at 400 Hz, which was the minimum frequency. The SPL data were corrected
for atmospheric absorption and each microphone spectral response, and subsequently
normalized as SPL per unit St for a reference distance of 100 D.

Figure 5 shows a typical result of the comparisons between the measurements and
predictions of the four types of jet noise prediction models, namely, Stone2 [34], SAE
ARP876, modified SAE ARP876, and Viswanathan’s scaling law [35]. The jet condition had
a jet velocity of 392.8 m/s and a jet total temperature ratio (TTR) of 1.75. The condition
was set to simulate the takeoff. The results of the validation tests showed that the modified
SAE ARP876 model used in this study and the original SAE ARP876 model used by NASA
in previous studies showed good agreement between the predictions and experimental
values under the jet conditions covering the STCA takeoff and cutback ratings.
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Figure 5. Comparison between the predicted and measured SPLs for a single heat-simulated jet operated
at the jet velocity of 392.8 m/s and the jet total temperature ratio of 1.75: (a) θ = 90◦, (b) θ = 150◦.

The statistical differences between the predicted and measured SPLs were examined
for the jet noise model used in this study. The average difference was approximately 1 dB
(over-prediction) at θ = 90◦, and less than the measurement uncertainty at θ = 150◦. The
standard deviation was more sensitive to changes in the jet noise spectral shape, due to the
polar angle. The values were 0.6 dB at θ = 90◦, and 2 dB at θ = 150◦. Further details of the
validation test, including other results not described here, can be found in Ref. [36].

3.2. Ground Noise Measurement Tests Using JAXA’s Experimental Aircraft

Ground noise measurement tests using a JAXA experimental aircraft (Hisho [37]) were
conducted at Nagoya Airport Flight Research Center to validate the prediction of the jet
noise generated by the engine, similar to that anticipated for use in the NASA 55t STCA.
The original aircraft, a Cessna 680, was equipped with two PW306C engines on its rear
fuselage. The engine was a two-spool mixed-flow turbofan. The bypass ratio under static
sea-level conditions was 4.5.

The layout of the aircraft and measurement system, and a photograph of the test site,
are shown in Figure 6. The noise was measured using eight microphones arranged in an
arc, which was 40 times the nozzle exit diameter from the nozzle exit of the left engine,
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at polar angles θ ranging from 90◦ to 160◦ at 10◦ intervals. The microphones used for the
acoustic measurements were 1/4-inch pressure-field microphones (B&K4938-L-002 and
GRAS40BD). The sampling frequency and time were 102.4 kHz and 20 s, respectively. A
20 Hz high-pass filter was passed through the preamplifier. The estimated precision limit
for the averaged SPL based on the results of the repeated tests was less than 0.6 dB.
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Figure 6. Experimental setup of ground noise measurement tests using JAXA’s experimental aircraft:
(a) schematic diagram of the layout of the instruments; (b) photograph of the test field.

For safety reasons, the maximum engine rating was restricted to low-pressure spool
speed N1 = 95% for single-engine operation. The estimated jet velocity and TTR based on
our engine cycle calculation system using the measured FADEC data were 322 m/s and
1.5, respectively, at N1 = 95%. This jet condition was similar to that of the cutback phase of
NASA 55t STCA.

Figure 7 shows a typical result of the comparisons between the measurements and
predictions of the four types of jet noise prediction models at N1 = 95%. The results showed
that the modified and original SAE ARP876 models showed good agreement between the
predictions and experimental values at θ = 90◦, whereas the models underpredicted the
jet noise at θ = 150◦. The averaged differences of the modified SAE ARP876 used in this
study were 1 dB (under-prediction) at θ = 90◦ and 2.7 dB (under-prediction) at θ = 150◦ The
standard deviation was 0.8 dB at θ = 90◦ and approximately 1.8 dB at θ = 150◦. Further
information on this test can be found in Ref. [36].
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Figure 7. Comparison between the predicted and measured jet noises for single-engine operation at
N1 = 95%, jet velocity =322 m/s, and TTR = 1.5: (a) θ = 90◦; (b) θ = 150◦.
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3.3. Fan Noise Shielding Effect

Validation tests of the fan noise shielding effect were performed using a 10% scale delta
wing model, which represents the initial planform of the STCA defined by NASA, and a
simulated point sound source with high-pressure air. Schematics of the experimental setup
are shown in Figure 8. The tests were conducted in an anechoic room (12 m × 12 m × 9 m)
at Kawasaki Heavy Industries. The cutoff frequency of the room was 160 Hz. The delta-
wing model was made of an aluminum plate with a thickness of 3 mm, and it was supported
by ropes from both the ceiling and the floor. Acoustic data were obtained using 21 GRAS
46BF microphones and Brüel & Kjaer LAN-XI 3052-A-030 systems. The data were sampled
at 204.8 kHz and evaluated for differences with and without the wing model over the
frequency range of 1 kHz to 80 kHz at 1/3-octave-band frequency.
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Figure 8. Schematics of scale model tests of the fan noise shielding effect: (a) experimental setup;
(b) test model and the source location.

Comparisons between the predicted and experimental results are shown in Figure 9a,b.
Prediction using ray-tracing with the Maekawa method can predict the trend of the shield-
ing effect. However, the prediction model overestimated the effect over almost the entire
frequency range. The mean difference between the prediction and the measured values over
the frequency range was 8.9 dB for θ = 60◦, 5.2 dB for θ = 90◦, and 3.8 dB for θ =120◦ at the
direction below the aircraft (ϕ = 0◦). Figure 9b shows a comparison of the shielding effects
at ϕ = 45◦. A trend similar to that of ϕ = 0◦ can be seen at ϕ = 45◦, and the mean difference
between the predicted and measured values was slightly smaller than that for ϕ = 0◦.
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3.4. Uncertainty Analysis of the System Noise Assessment

An uncertainty analysis was performed using a Monte Carlo simulation (MCS) to clar-
ify how much variation could be expected when estimating the LTO noise of a conceptual
supersonic aircraft with the best possible effort.

The uncertainty models required to perform the MCS are listed in Table 3. The
uncertainty models used were almost the same as those used by NASA in a previous
study [11]. The major differences between the previous study and the present study are the
uncertainty models for jet noise and fan noise shielding effects, which were determined
based on the validation tests described above.

Table 3. Uncertainty models used in the MCS.

No. Item Mode Model Min Max Std.dev. Offset

1 Approach indicated airspeed, kt Benchmark case Triangular −10 +10 - -

2 Lateral indicated airspeed, kt Benchmark case Triangular −10 +10 - -

3 Flyover indicated airspeed, kt Benchmark case Triangular −10 +10 - -

4 Approach angle of attack, ◦ Benchmark case Triangular −1 +1 - -

5 Lateral angle of attack, ◦ Benchmark case Triangular −1 +1 - -

6 Flyover angle of attack, ◦ Benchmark case Triangular −1 +1 - -

7 Flyover altitude, ft Benchmark case Triangular −140 +140 - -

8 Fan inlet noise adjustment (lateral), dB - Normal - - 1 1

9 Fan inlet noise adjustment (flyover), dB - Normal - - 1 1

10 Fan inlet noise adjustment (approach), dB - Normal - - 4 −4

11 Fan exit noise adjustment (lateral), dB - Normal - - 2 −2

12 Fan exit noise adjustment (flyover), dB - Normal - - 3 −3

13 Fan exit noise adjustment (approach), dB - Normal - - 3 −3

14 Core noise adjustment (lateral), dB - Normal - - 3 0

15 Core noise adjustment (flyover), dB - Normal - - 1 0

16 Core noise adjustment (approach), dB - Normal - - 1 0

17 Gear noise adjustment, dB - Normal - - 5 0

18 Flap noise adjustment, dB - Normal - - 5 0

19 Airframe trailing edge noise adjustment, dB - Normal - - 5 0

20 Inlet treatment effectiveness, dB 0 Triangular −2 +2 - -

21 Exhaust treatment effectiveness, dB 0 Triangular −2 +2 - -

22 Ground specific flow resistance, sl/s-ft3 291 Triangular 262 320 - -

23 Shielding effect, dB - Normal - - 2.6 5

24 Jet noise adjustment (20◦–90◦), dB - Normal - - 1.1 0.1

25 Jet noise adjustment (100◦), dB - Normal - - 1.0 0.2

26 Jet noise adjustment (110◦), dB - Normal - - 1.3 0.8

27 Jet noise adjustment (120◦), dB - Normal - - 1.1 0.6

28 Jet noise adjustment (130◦), dB - Normal - - 1.2 1.3

29 Jet noise adjustment (140◦), dB - Normal - - 1.7 1.9

30 Jet noise adjustment (150◦), dB - Normal - - 1.6 1.4

31 Jet noise adjustment (160◦), dB - Normal - - 2.1 1.5

For the jet noise uncertainty model, the results of the tests described in Sections 3.1 and 3.2
were summarized, and the uncertainty was modeled for each polar angle. For fan noise
shielding, the uncertainty was modeled as independent of the polar and azimuthal angles
based on the test results described in Section 3.3. Other uncertainty models were based on
the values provided by NASA. Note that the analysis focused on the uncertainty of the
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acoustic prediction model. Uncertainties in aircraft design variables and specifications are
outside the scope of this analysis.

The calculations were performed using JAXA’s general-purpose parallel computing
system utilizing Monte Carlo simulation [38]. The system can execute the AiNEST in
parallel to accelerate the simulation. A total of 10,000 datasets were sampled and used to
calculate statistical values for comparison with NASA’s results.

4. Results and Discussions

4.1. Results of System Noise Assessment of NASA 55t STCA

The results of the system noise assessment of the NASA 55t STCA in this study are
shown in Table 4, in comparison with the NASA results. The predictions for the benchmark
case agreed well with those of the NASA. The ranges of the samples were slightly larger
than those of NASA for all measurement points, whereas the standard deviations were in
good agreement. They were 1.58 EPNdB, 0.56 EPNdB, and 1.11 EPNdB for the approach,
lateral, and flyover, respectively. Although there is a difference in the selection of the noise
and uncertainty models between the prior study performed by NASA and the present
study, there is no significant difference between these two predictions and the statistics.
The results of this cross-validation indicate that predictions and their statistics can be
reproduced if the prediction model is appropriately selected for the target aircraft.

Table 4. Summary of the results and statistics of the system noise assessment of NASA 55t STCA.

Source of Data NASA Ref. [11] Present Study

Statistic in EPNL Approach Lateral Flyover Cumulative Approach Lateral Flyover Cumulative

Benchmark case 96.4 93.0 87.0 276.4 97.5 93.0 86.1 276.6
Min. of samples 91.6 90.3 83.9 270.2 91.5 86.7 83.2 268.6
Max. of samples 102.6 97.5 92.9 286.8 103.7 96.1 97.1 286.1

Range of samples 11.0 7.2 9.0 16.6 12.2 9.4 13.9 17.6
Mean of samples 95.4 94.0 88.1 277.5 96.4 93.8 86.0 276.1

Standard deviation 1.33 0.96 1.32 2.27 1.58 0.56 1.11 2.13

LTO Noise Standard for Subsonic Aircraft Approach Lateral Flyover Cumulative

Noise limits in EPNL (Chapter4) 99.5 95.7 92.8 278.0
Noise limits in EPNL (Chapter14) 98.5 94.7 91.8 271.0

Figure 10 shows the jet, fan, and airframe noise levels in EPNL at each measurement
point. Even with the advanced takeoff procedure, the contribution of jet noise is still large
for the lateral measurement point, whereas for the flyover and approach measurement
points, other components also have a large impact. This indicates that the small standard
deviation of the lateral measurement point in Table 4 is because of the large influence
of a single component: jet noise. In terms of the magnitude of LTO noise for supersonic
aircraft, lateral measurement points are often considered to be an issue; however, flyover
and approach measurement points are more difficult for noise prediction, and many factors
need to be considered.

Figure 11 shows a histogram of the predicted cumulative noise. The shape of the
histogram is close to a normal distribution, and there is no large degree of skewness or
any outliers.
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Figure 10. Predicted component noise: (a) lateral measurement point; (b) flyover measurement point;
and (c) approach measurement point.
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Figure 11. Histogram of the predicted cumulative noise.

4.2. Sensitivity Analysis and Discussion

A sensitivity analysis was performed based on the noise dataset obtained using MCS.
In the analysis, the sum of the lateral and flyover noise levels was used as the explained
variable, and a multiple regression analysis was repeated to extract explanatory variables
with large correlations. The explanatory variables were each of the factors listed in Table 3,
standardized by standard deviation and mean value.

The analysis revealed that the uncertainty of the total jet noise, fan exit noise during
the flyover, and airframe trailing edge noise were identified in the order of the strongest
correlation. In addition, when the correlation was analyzed for each polar angle of jet noise,
a larger correlation was observed at a polar angle of 140◦.

Figure 12a shows the values of the top three explanatory variables for the ten cases
with the highest takeoff noise, and Figure 12b shows those for the ten cases with the lowest
takeoff noise. Both figures clearly show that these three factors are correlated with takeoff
noise levels.

Jet noise is a significant factor in the takeoff noise of supersonic aircraft, which have
lower bypass ratio engines than recent subsonic airliners, which also support this feature.
The strong correlation with jet noise at a polar angle of 140◦ can be explained by the
directivity of the jet noise and the change in distance to the observer. This point should be
considered in the design of jet-noise reduction devices.

The strong correlation with the fan exit noise at the flyover measurement point might
be because the effect of the jet noise was relatively weakened by the cutback thrust over
the flyover measurement point shown in Figure 10b, and shielding was assumed only for
the fan inlet noise for the aircraft configuration of the NASA 55t STCA. This also implies
that it is important to consider the shielding effect when shielding is assumed. Even if
there is a relatively large uncertainty due to the low fidelity of the prediction method, it is
recommended to employ the shielding model in the system noise assessment because it
has a large impact on the fan noise.
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Figure 12. Normalized values of top three explanatory variables for: (a) the 10 cases with the loudest
takeoff noise; (b) the 10 cases with the quietest takeoff noise.

The reason for the strong correlation with the airframe trailing-edge noise is that its
directivity does not overlap with jet noise and shielded fan exit noise, and the aircraft is
assumed to climb at a high speed due to the advanced takeoff procedure, as shown in
Figure 10b. As for the prediction modeling of airframe trailing-edge noise of supersonic
aircraft, there is a difference in the correction between the model used in this study and
the model used by NASA, although both models originate from the same model. The
airframe trailing-edge noise generated by the delta wing during high-speed climbout
requires further discussion because there are not enough data to validate this.

5. Summary and Future Work

A system noise assessment of a conceptual supersonic aircraft called NASA 55t STCA
and an uncertainty analysis using MCS were performed to investigate the prediction
uncertainty of LTO noise and extract key factors to perform a system noise assessment of
future supersonic aircraft.

In comparison with the prior study, the predicted noise levels showed good agree-
ment both for the benchmark case and for the statistics of the sampled 10,000 predictions,
although there was a difference in the selection of the noise models and uncertainty models
between the prior study and the present study. The results of this cross-validation indicate
that predictions and their statistics can be reproduced if the prediction model is appropri-
ately selected for the target aircraft. The predicted cumulative noise level satisfied ICAO
Chapter 4 noise standard, and its standard deviation was approximately 2 EPNdB.

The sensitivity analysis revealed that strong correlations with the takeoff noise were
found for jet noise, fan exhaust noise at the flyover measurement point, and airframe
trailing edge noise. Regarding the jet noise, there was a strong correlation between the
noise at a polar angle of 140◦ and the takeoff noise. This should be considered in the design
of jet-noise reduction devices. As for the fan exit noise at the flyover measurement point, it
was suggested that the effect of fan noise was relatively large at the flyover point because
of the cutback thrust, and that only the fan inlet noise was shielded, due to the STCA
airframe configuration. This result indicates the importance of fan noise shielding. As for
the airframe trailing edge noise, the relationship between takeoff noise and high-speed
climbout is indicated; however, further study is needed.

In future, the LTO noise of different aircraft configurations will be investigated; the
effect of aircraft configuration has been suggested in this study. Further validation and
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updating of the prediction model will be considered for the factors where uncertainty
significantly affects the LTO noise estimation results.
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Abstract: Compliance with environmental protection regulations, in particular, community noise

requirements, constitutes one of the major obstacles for designing future supersonic civil aircraft.

Although there are several noise sources that contribute to the total noise level of supersonic aircraft,

it is the turbulent jet that appears most problematic; jet noise is a dominant noise source for low-to

moderate- bypass-ratio engines, and at present there are no effective methods of jet noise reduction

other than decreasing jet speed by increasing bypass ratio, which, in turn, is constrained by aero-

dynamic requirements for supersonic flight. The present study considers a concept of supersonic

civil aircraft under the assumption that its total noise is determined by turbulent jets; it is shown that

compliance of the supersonic aircraft with the current regulations for subsonic aircraft noise (Chapter

14 Volume I Annex 16 ICAO) would require the decreased jet speed that corresponds to a prohibitively

high bypass ratio of aircraft engines. To enable jet noise reduction without necessarily increasing

bypass ratio, a novel configuration of supersonic aircraft is proposed that meets the requirements of

Chapter 14, thereby demonstrating that the norms of Chapter 14 are achievable for future supersonic

civil aircraft with the use of existing technologies.

Keywords: aircraft noise; supersonic aircraft; noise certification; jet noise

1. Introduction

The era of supersonic civil aviation began on 31 December 1968 with the maiden flight
of a Soviet Tupolev-144 from Zhukovsky, Russia and ended on 26 November 2003 with
the final flight of a British–French Concorde to Filton, UK and the following retirement
of the aircraft. Although there are no supersonic civil aircraft in operation at the moment,
the vision of resumed supersonic passenger flights continues to encourage scientists and
engineers to develop novel supersonic flight vehicles. However, future supersonic civil
aircraft have to meet new challenges that were not so prominent for Tupolev-144 and
Concorde at their design stage; one of most important among them is compliance with
environmental protection regulations, in particular, community noise requirements, which
became impressively more stringent from the time of 1960s–1970s. Another environmental
issue specific to supersonic aircraft is their sonic boom; the sonic boom levels that the gen-
eral population agrees to tolerate have decreased markedly from the time of development
of the first-generation supersonic civil aircraft. Although low levels of sonic boom are
imperative for supersonic civil aircraft, in this paper we address only the former problem,
i.e., community noise.

Community noise is quantified by noise certification regulations that require aircraft
to have noise levels at three certification points (takeoff, flyover, and approach) lower
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than some specified values in the EPNL metric. For modern subsonic aircraft, the noise
level values are described in Chapter 14 of Volume I Annex 16 ICAO, and although next-
generation supersonic aircraft are not yet subject to these requirements, the population
expects them to be as quiet as their modern subsonic counterparts, i.e., complying with the
norms of Chapter 14.

As a result, community noise turns out to be a strong constraint for the novel concepts
of supersonic civil aircraft, because the advances in noise reduction for subsonic aircraft
and their engines originated from their remarkable evolution over the last half-century; for
instance, modern subsonic aircraft are powered by the turbofan engines with dramatically
higher bypass ratios (BPR = 8.5 for PD-14, 12.5 for PW1100G, etc.) than those of the engines
from 1960s (BPR = 0.3 for Rolls-Royce Conway 508, 1.0 for NK-8, etc.). Higher bypass
ratios mean lower jet speeds and, therefore, significantly lower jet noise levels, which are
proportional to the eighth power of the jet speed in accordance with Lighthill’s theory [1].
Consequently, jet noise, which has been a dominant noise source for engines with low
bypass ratios, is so reduced for high-bypass-ratio engines that for modern airliners it is often
overcome by other noise sources such as fan noise, airframe noise, and interaction noise.

However, this evolution path of increasing bypass ratios looks like a dead end for
supersonic vehicles, because high-bypass-ratio engines would greatly deteriorate aerody-
namic performance of an aircraft during cruise at supersonic flight speeds, making such an
aircraft configuration economically unviable. Indeed, there are estimates that bypass ratios
beyond 3.0 would hinder the aircraft to efficiently pass the transonic regime and would lead
to unacceptably poor performance at supersonic cruise [2]. As a result, although concepts
of future supersonic civil aircraft tend to use engines with the maximum bypass ratios
allowed by the aerodynamic considerations, the bypass ratios are still low to moderate.

This makes jet noise a dominant noise source for supersonic aircraft, and although there
are several other noise sources that contribute to the total noise levels, it is the turbulent
jet that appears most problematic for supersonic vehicles, because at present there are no
effective methods of jet noise reduction other than decreasing jet speed, which implies
increasing the bypass ratio of the engines to compensate for the thrust and is constrained
by aerodynamic requirements, as discussed above. There are other available methods of jet
noise reduction, which are reviewed in [3,4] and include such technologies as nozzle shape
modifications [5,6] or active noise control [7–9], but they are not technologically mature or
efficient enough.

Unlike the turbulent jet, the other noise sources of supersonic aircraft (fan noise,
airframe noise, etc.) can be significantly mitigated with the existing methods of noise
reduction. For example, concepts of next-generation supersonic aircraft often have engines
with longer inlet ducts that are located above the airframe; these features allow fan noise to
be reduced with acoustic liners inside engine ducts [10] and with noise shielding by the
airframe [11]. During approach and landing, the engines are throttled down so that airframe
noise, i.e., noise due to flow around landing gears, high-lift devices, and other airframe
elements, can become an important noise source. Nevertheless, because of its strong
dependence on the flight speed, airframe noise can be effectively reduced by decreasing
the approach speed of the aircraft. Moreover, there are different methods of airframe noise
reduction, both passive and active [12], that can be used to further reduce airframe noise.
Therefore, although mitigation of these noise sources constitutes a formidable scientific
and technical problem, major advances in its solution can be expected, so that jet noise will
continue as a dominant noise source for supersonic civil aircraft with low-to-moderate-
bypass-ratio engines.

As a result, jet noise sets the lower limit and a reference point for the noise levels of a
given supersonic aircraft. On the one hand, lacking effective methods of jet noise reduction,
it is unlikely that the aircraft will have noise levels below the limit. In other words, if the
noise levels based on aircraft engine jets exceed the noise requirements, then the aircraft
will definitely fail to comply with the noise regulations when the other noise sources are
accounted for. On the other hand, having effective methods of noise reduction for the other
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noise sources, it is likely that their contribution to the total aircraft noise will be reduced
by applying appropriate practices, so that the total noise will be close to the estimations
based on the jet noise source alone. Therefore, estimations of the allowable jet speed limit
do not just constitute a theoretical minimum for aircraft noise; they are realistic enough
when the modern methods of noise reduction are applied to all noise sources for supersonic
civil aircraft with low-to-moderate-bypass-ratio engines. Such assessments are particularly
useful at the early stages of the aircraft design process, enabling selection of the aircraft
configuration that can, at least in principle, comply with the noise regulations. The present
study applies this approach to a concept of next-generation supersonic civil aircraft and
estimates its noise levels, as well as the jet speed limit that allows the aircraft to comply
with the norms of Chapter 14 while meeting aerodynamic requirements on thrust, flight
speed, and trajectory. In addition, a novel concept of supersonic aircraft is proposed and
studied that allows decreasing jet speed without necessarily increasing bypass ratio of
the engines. The missing part of the thrust is obtained from another source. The paper
is organized as follows. In the next Section, the approach to noise level prediction based
on jet alone is validated by application to Tupolev-144, where the prediction results are
compared with the available experimental noise data. In Section 3, the approach is applied
to a concept of next-generation supersonic civil aircraft; its noise levels and the required jet
speeds for the aircraft are determined. Based on these results, a novel evolution path for
future supersonic aircraft is proposed in Section 4, which describes a concept of supersonic
aircraft that meets the requirements of Chapter 14.

2. Jet Contribution to Tupolev-144 Noise Levels

Let us consider the method of estimation of aircraft noise based on jet noise source
alone in application to the supersonic civil aircraft for which experimental data on its
noise levels are available, such as for Tupolev-144. For Tupolev-144, the noise levels at the
certification points can be found in [13].

The location of certification points at takeoff, flyover, and approach are schematically
shown in Figure 1a. It should be noted that they correspond to the requirements of Chapter
2 of Volume I Annex 16 ICAO, because it is this Chapter that was then in effect. As a result,
sideline microphones that measure noise at takeoff were installed at the distance of 650 m
from the trajectory; this distance was reduced to 450 m in the later Chapters (Chapter 3,
Chapter 4, and current Chapter 14). Noise at takeoff is determined as the maximum noise
level at these sideline microphones; noise at flyover and approach is measured by single
microphones in the corresponding points as shown in Figure 1a.

 
 

(a) (b) 

Figure 1. Parameters for Tupolev-144: (a) a scheme of the location of noise certification points; (b) the
aircraft departure trajectory and flight speed.
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As discussed in Introduction, we assume that the noise of the aircraft is determined by
its jets; their parameters during departure and approach are provided in Table 1. Departure
trajectory is shown in Figure 1b; at approach, the standard trajectory with 3◦ slope is used.

Table 1. Parameters of the jet during departure and approach for Tupolev-144.

Jet Parameter Takeoff Flyover Approach

Jet speed, m/s 819 575 460
Total jet temperature, ◦K 1575 737 636

Jet Mach number 1.16 1.20 1.01
Nozzle area, m2 1.32 0.834 0.834

Flight speed, m/s 118 118 80.5

Jet noise is calculated according to SAE ARP 876D. The accuracy of SAE ARP 876D
for jet noise prediction was analyzed recently in [14] and exhibited robust and appropriate
prediction results for jet noise. Since the jets are supersonic during departure and approach
(their Mach number (M) > 1), the additional noise source associated with shocks (so-
called BBSAN—Broadband Shocks Associated Noise [15]) is also included in the jet noise
calculations according to SAE ARP 876D.

The EPNdB levels in the certification points are obtained with SOPRANO software [16],
which was developed within the framework of EU SILENCE(R) project as a common tool
to compare different technologies in terms of their effect on community noise. TsAGI
performed a validation study of SOPRANO software through comparisons with the results
of its own in-house code and experimental data, which showed a good agreement. In appli-
cation to supersonic aircraft, TsAGI used SOPRANO for calculating noise of a Supersonic
Technology Concept Aeroplane (STCA) developed by NASA ([17], p. 40); the obtained
noise estimates agreed with those provided by NASA and JAXA.

Effects of atmospheric absorption (SAE ARP 866A), lateral attenuation (SAE AIR 1751),
and ground reflection [18] are included in the calculation scheme. The results of EPNL
calculations for Tupolev-144 at the certification points are provided in Table 2 and compared
with the experimental data and the requirements of Chapter 2.

Table 2. Calculations of noise levels for Tupolev-144 at the certification points.

Noise Level Takeoff Flyover Approach

Jet speed, m/s 819 575 460
Experiment, EPNdB 116.9 115.6 114.6
Calculations, EPNdB 116.1 114.6 114.0

Chapter 2, EPNdB 107.0 107.0 105.6

It can be seen that the results of calculations are quite close to the experimental data
(within the range of 1 EPNdB); this encouraging agreement between the results shows that
it is the turbulent jet that determines the noise of this aircraft at all three certification points.
This allows us to use this approach of noise calculation for other supersonic aircraft as well,
with the same assumptions. Comparison with the requirements of Chapter 2 shows that
Tupolev-144 exceeded the noise levels for subsonic aircraft at all certification points with a
large margin.

3. Noise Levels of Next-Generation Supersonic Aircraft Concept

As noted above, the experience in designing the first-generation supersonic civil
aircraft (Tupolev-144 and Concorde) showed that their main sources of community noise are
the high-speed jets. For the next-generation aircraft concepts, engines with higher bypass
ratios up to BPR = 3.0 are considered. This allows jet speed to be reduced significantly,
from 800 m/s down to 350–400 m/s, with the corresponding reduction of the noise levels.
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We will discuss later whether such a reduction is sufficient and what can be done if this is
not enough.

Let us consider as an example a concept of next-generation supersonic aircraft devel-
oped by TsAGI [19] to assess the allowable jet speed that makes it possible for the aircraft
to comply with noise requirements of Chapter 14. A general view of the supersonic civil
aircraft concept is shown in Figure 2a. It is a business jet with the maximum takeoff mass
(MTOM) of 56 tons, powered by two engines with bypass ratio (BPR) of 2.5 at takeoff. The
aircraft has a seating capacity of eight passengers and is designed for the cruise speed of
M = 1.8 and flight range of 7400 km. The departure trajectory of the aircraft is shown in
Figure 2b.

–

  

(a) (b) 

214 

K 392 

56 

02 

Figure 2. A concept of next-generation supersonic civil aircraft developed by TsAGI: (a) a general
view of the aircraft; (b) departure trajectory for the aircraft.

The turbulent jet will be considered as a dominant noise source of the supersonic
aircraft in the same manner as has been done in Section 2 for Tupolev-144. Parameters of
the turbulent jet for the aircraft during departure and approach are provided in Table 3. In
should be noted that unlike Tupolev-144, the jets for this supersonic aircraft are subsonic
during departure and approach (their Mach number (M) < 1).

Table 3. Jet parameters for the next-generation aircraft concept during departure and approach.

Jet Parameter Takeoff Flyover Approach

Jet speed, m/s 395 345 214
Total jet temperature, ◦K 509 462 392

Jet Mach number 0.95 0.85 0.56
Nozzle area, m2 1.02 1.02 1.02

Flight speed, m/s 100.6 100.6 83.3

The same calculation scheme as in Section 2 for Tupolev-144 is used here for determin-
ing noise levels at the certification points for the next-generation supersonic civil aircraft,
with the difference that the distance to sideline microphones is set to 450 m. The results of
these calculations are summarized in Table 4 and compared with the requirements of past
Chapter 3 and current Chapter 14 for subsonic aircraft.

Table 4. Results of noise levels calculations for the next-generation supersonic civil aircraft.

Noise Level Calculations Chapter 3 Chapter 14

Takeoff, EPNdB 93.3 95.7 94.7
Flyover, EPNdB 87.4 89.9 88.9

Approach, EPNdB 86.4 99.6 98.6
Cumulative, EPNdB 267.1 285.2 268.2

Margin, EPNdB 18.1 1.1
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As illustrated in Table 4, the limit of Chapter 14 for the maximum noise level at each
of the three certification points is 1 EPNdB below the maximum noise level permitted by
Chapter 3. Moreover, the limit of Chapter 14 for cumulative (total) noise, which is defined
as an arithmetic sum of EPNdB noise levels at all three certification points, is 17 EPNdB
below the cumulative noise permitted by Chapter 3.

From Table 4, it can be seen that for the next-generation supersonic civil aircraft
the noise levels calculated by the jets alone fulfill the requirements of Chapter 14 at all
certification points. Cumulative (total) noise, which is defined as an arithmetic sum of
EPNdB noise levels at three certification points, meets the requirements of Chapter 14 with
the margin of 1.1 EPNdB.

Nevertheless, one should note that the calculated noise level at approach is strikingly
low; it is less than Chapter 14 requirements by a margin of 12.2 EPNdB. For comparison,
one can mention that the quietest modern subsonic aircraft with MTOM = 56 tons (Embraer
E190-E2, powered by two turbofan engines with BPR = 12) has the noise level 91.4 EPNdB
at the approach certification point. It appears extremely unlikely that the noise of the
supersonic aircraft at approach will be 5 EPNdB less than the noise of the quietest subsonic
aircraft with the same MTOM. A reasonable explanation for this low noise level is that at
approach, the jet of the considered aircraft has a rather low speed, so that the other noise
sources (fan noise, airframe noise, etc.) produce noise levels similar or even exceeding the
noise levels of the low-speed turbulent jet. Since the contributions of these noise sources
are not accounted for in the calculations in Table 3, this leads to the underprediction of
noise level specifically at approach.

Therefore, calculations of noise levels at approach have to include all noise sources of
supersonic aircraft, which significantly complicates the calculation scheme, especially at the
early design stage when a number of required parameters of the powerplant and airframe
can still be undefined. A simpler method would be to use the noise level of an analogous
subsonic aircraft at approach as a reference value for the noise level for the supersonic
aircraft; however, it is unclear how to select the analogous subsonic aircraft. The choice of
the reference subsonic aircraft can have major implications for cumulative noise assessment,
since noise levels at approach for the subsonic aircraft with MTOM = 56 tons lie within a
wide range from 91.4 EPNdB for Embraer E190-E2 to 100.1 EPNdB for Boeing 737-300.

For the purpose of the present study, the approach noise level of the supersonic aircraft
is set equal to the requirements of Chapter 14 at the approach certification point. The
idea behind such a choice is that if the approach noise level is higher than the Chapter
14 requirements, the aircraft will definitely fail to comply with Chapter 14. Therefore,
the Chapter 14 requirements provide the upper limit for the approach noise. When these
considerations are taken into account, total noise of the considered aircraft (Table 4) will
exceed requirements of Chapter 14 by more than 10 EPNdB.

Let us now determine the jet speed of the supersonic aircraft that allows it to meet
the requirements of Chapter 14. To ensure that the aircraft has the same thrust when
the jet speed changes, the nozzle area will be changed simultaneously with the jet speed
to compensate for the thrust losses. From the basic one-dimensional equations of fluid
dynamics, we obtain a relationship between thrust F of the jet flow from a nozzle with area
Aj and the jet speed Vj:

F = ρVj Aj

(

Vj − U
)

(1)

where ρ is the fluid density and U is the flight speed. The density, ρ, and the jet speed, Vj,
are related with the nozzle pressure ratio, πs, by equations

ρ = mr
Pst

T∗ π
−γ−1

γ

s , Vj =

√

2γ
γ− 1

(

1 − π
−γ−1

γ

s

)

T∗

mr
(2)
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Here, Pst stands for static pressure, T* for jet total temperature, γ for the adiabatic
constant; mr is the relative molar mass, i.e., the molar mass divided by the molar mass
constant. Expressing the nozzle pressure ratio, πs, through Vj and substituting it into the
equation for the density, ρ, leads to the following expression:

ρ = mr
Pst

T∗

(

1 − γ− 1
2γ

mr

V2
j

T∗

)

(3)

Substituting Equation (3) into Equation (1) results in a general relationship between
the thrust F, the nozzle area Aj, and the jet speed Vj.

F =
Pst

T∗ mrVj Aj

(

1 − γ− 1
2γ

mr

V2
j

T∗

)

(

Vj − U
)

(4)

From Equation (4), we can obtain the value of nozzle area, Aj, for the decreased value
of jet speed, Vj, that results in the same thrust as the baseline nozzle. For example, according
to Table 3, the supersonic aircraft at takeoff has T* = 509 ◦K and U = 100.6 m/s. Assuming
the standard atmospheric conditions and air flow, we obtain Pst = 101350 Pa, γ = 1.4, and
mr = 0.029 / 8.31 = 0.00349. If the jet speed is decreased from the baseline value 395 m/s to,
for example, 360 m/s, then to preserve the thrust F, the nozzle area Aj has to be increased
from 1.02 to 1.31 m2 according to Equation (4). Similar calculations can be performed for
other jet speeds at takeoff. In calculations at the flyover point, it is assumed that the nozzle
area, Aj, does not change and is known from the takeoff part, so that Equation (4) is used to
determine the jet speed, Vj, after the cutback. The implications of decreasing jet speed for
bypass ratio will be discussed later.

Since the engine thrust does not change, noise calculations assume that the aircraft
trajectories do not change as well. Figure 3 demonstrates the cumulative noise levels of the
supersonic aircraft for different jet speeds at takeoff obtained from the calculation procedure
described above. It can be seen that a decrease in jet speed from 395 m/s to 335 m/s allows
the supersonic aircraft to comply with Chapter 14 under the made assumptions.

−
−

 = 
−

−


 
= −   −  

for jet total temperature, γ for the adiabatic 

π
ρ

  −
  = −
  

( )
  −
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γ 

Figure 3. Noise margin with respect to Chapter 14 for different jet speeds at takeoff for the next-
generation supersonic civil aircraft.
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If the parameters of the turbofan engines are known, the jet speed can be related to its
bypass ratio with engine-modeling software, such as NPSS [20] or pyCycle [21]. A simpler,
although less accurate, approach would be to make use of the empirical relationship
between the jet speed and bypass ratio obtained in [22]. According to it, the bypass ratio
depends on jet speed, Vj, as Vj

−2.4. Applying this relationship for the baseline engine
configuration, which has jet speed (Vj) of 395 m/s at bypass ratio 2.5, we obtain the jet
speed (Vj) of 335 m/s for the engine with bypass ratio 3.7, which is larger than the allowable
limit of 3.0 for bypass ratios of supersonic aircraft [2].

It should be noted that the value of 335 m/s is specific for the considered concept of
supersonic aircraft; for other concepts the value may differ.

4. Novel Concept for Supersonic Civil Aircraft

The previous Section demonstrates that the concept of next-generation supersonic
civil aircraft needs modifications to reach the objective of complying with Chapter 14 for
subsonic aircraft. Some additional benefits can be obtained by utilizing advanced departure
procedures such as “programmed lapse rate”; estimates by NASA for the STCA concept
for supersonic civil aircraft demonstrated that implementation of such procedures reduced
the cumulative noise level by 4 EPNdB [23]. Still, achieving this objective is a formidable
technical problem, which is reflected in the proposed U.S. norms for supersonic civil aircraft
by FAA [24]. In these norms, the requirements for cumulative noise levels are less than
those of Chapter 14 by 3.5 EPNdB. For such an approach, in the probable case of making
the ICAO norms for subsonic aircraft even more stringent, the possibility for supersonic
civil aircraft to comply with the norms for subsonic aircraft seems virtually precluded.

It appears that to further reduce supersonic aircraft noise, novel aircraft concepts are
required. To develop such a concept, let us note that the noise requirements are applied only
to the landing and takeoff (LTO) part of aircraft flight envelope. The contradiction between
aerodynamic and acoustic requirements lies in the fact that during LTO, the aircraft should
have engines with low-speed jets (and therefore, as it seems, with high bypass ratios),
whereas during the cruise, the bypass ratio of the engines should be minimized. This can
be achieved, for instance, with variable-cycle engines that are under active development
but still have low Technology Readiness Level. Another option is to use active control of
jet noise based on, e.g., plasma actuators or water injection. The actuators operate during
LTO and can be turned off during the cruise; however, their efficiency at the moment is
quite low. One more option is to use buster turbofan engines that allow cruising engines to
either operate at lower thrusts or be turned off altogether during LTO [25,26]. If the buster
engines have a sufficiently high bypass ratio, such a configuration will produce the same
noise levels as those of subsonic aircraft. During the cruise, the buster engines are either
turned off or retracted inside the aircraft airframe so as to not deteriorate its aerodynamic
performance at supersonic speeds. Such an approach has the drawbacks of additional mass
associated with the buster turbofan engines, deterioration of aerodynamic performance
during the cruise if the engines are not retracted, and high complexity of the retraction
system for the engines if they are retracted.

However, the concept of aircraft with buster engines can be fundamentally rethought
when turboprop engines are used instead of turbofan engines during LTO (Figure 4). This
concept leverages the increasing usage of electrical systems and hybrid power plants in the
quest for more electric aircraft, both subsonic and supersonic.
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Figure 4. A scheme of notional supersonic aircraft with two cruise engines and two turboprop
engines in pusher configuration.

The aircraft concept implies that during LTO, the thrust of the cruising engines (and
their jet speed) is reduced, and the thrust is compensated with the turboprop electric
engines. After reaching a certain Mach number, the propeller blades of the turboprop
engines fold (Figure 4) so as to not deteriorate aerodynamic characteristics of the aircraft at
the high-speed regimes, while the thrust of the cruise engines is increased. The concept
will be effective if the propeller noise of buster engines is significantly lower than the noise
due to higher-speed jets that in this case is removed. Taking into account the eighth-power
law of noise dependency on jet speed, such a possibility seems realistic.

Let us assess the noise levels at the certification points for the supersonic civil aircraft,
considered in Section 3, which is equipped with two additional turboprop engines with
folded blades. The maximum takeoff weight (MTOM) of the modified aircraft with pro-
pellers is supposed to be the same as that for the baseline configuration. At departure,
we assume that its cruising engines operate at 50% thrust of the baseline configuration,
the corresponding jet speed, Vj, can be obtained from Equation (1). The other half of the
required thrust is provided by turboprop engines. For the purpose of this study, we assume
that the turboprop engines are identical; their propellers have six blades with the diameter
of 3.6 m and rotate with speed 1200 RPM. The noise of the aircraft was also calculated with
SOPRANO software with the additional propeller noise source included; it was modeled
according to SAE AIR 1407. The departure trajectory of the aircraft with propellers is
assumed to be the same as for the baseline aircraft.

The calculations of noise levels for the supersonic aircraft with propellers indicate
that it has lower noise levels than those of the baseline configuration; noise reduction
equals 9.0 EPNdB in the takeoff (sideline) certification point, to 6.3 EPNdB in the flyover
certification point. This leads to a comfortable cumulative margin of 4.2 EPNdB with
respect to Chapter 14, indicating that such an aircraft is a viable concept for ensuring
compliance with the current and future noise requirements.

It should be noted that the value of 50% thrust in the calculations above was chosen
rather arbitrarily. It is of interest to compare the cumulative noise levels of the supersonic
aircraft for different ratios of thrust produced by turbofan and turboprop engines. Such a
comparison is shown in Figure 5.
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Figure 5. Cumulative noise levels for the supersonic aircraft with turboprop engines for different
ratios of thrust produced by turbofan engines and turboprop engines.

From Figure 5, it can be seen that the supersonic aircraft meets the requirement of
Chapter 14 when the thrust of its cruising engines (thrust produced by the jet) is 65% or less
of the total required thrust. For large jet thrusts, the cumulative noise level is determined by
the jet, whereas for small jet thrusts, the cumulative noise level is produced by propellers,
as expected. It is also interesting to note that there appears a minimum of cumulative noise
level at the jet thrust 30%, which indicates that parameters of turboprop engines can be
optimized to ensure minimum noise during LTO cycle.

5. Discussion

Jet noise is a dominant noise source for supersonic aircraft and the most problematic
one, since there are no efficient methods for its reduction at the moment, except for a
decrease in jet speed.

Indeed, prediction methods based on jet noise alone succeed in predicting noise
levels that are very similar to the experimental data for supersonic civil aircraft of the first
generation, such as Tupolev-144. The same approach was applied to the next-generation
aircraft for obtaining its noise levels at the certification points at the early stages of aircraft
design. These assessments of noise levels allow determining whether the aircraft can in
principle meet the noise requirements, because if the noise levels exceed the allowable
limits, the aircraft will definitely fail to comply with the noise regulations when the other
noise sources are accounted for. The calculation of noise levels for the concept of next-
generation supersonic civil aircraft developed by TsAGI has shown that it does not meet the
requirements of Chapter 14 and thus needs a decrease in jet speed (i.e., increasing the bypass
ratio of the engines). This result implies that for this supersonic aircraft configuration,
compliance with the noise requirements of subsonic aircraft is likely to be problematic.

At the first glance, this assessment seems to validate the idea that the next-generation
supersonic civil aircraft cannot meet the requirements for noise levels of subsonic aircraft.
The problem can be addressed either by setting different norms for supersonic aircraft than
for subsonic aircraft (with the expected backlash from the population regarding the noise
levels) or by considering novel concepts that can lead to a large decrease in community
noise. One such a novel concept is proposed in this paper, and the first estimations for
the supersonic aircraft with buster turboprop engines indicate that it leads to a significant
noise reduction of 15.3 EPNdB with respect to the baseline case. Therefore, a more detailed
study of the aircraft concept seems reasonable, where the other noise sources are accounted
for. Moreover, based on aerodynamic or strength requirements or sonic boom reduction
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considerations, the aircraft concept can be modified to account for these considerations
(Figure 6).

  
 

(a) (b) (c) 

079634 “Supersonic 
aircraft” on 21.12.2021. Registration number RU2021137975.

—

Class Research Center “Supersonic” for 202 –

Figure 6. Different variants of supersonic aircraft with buster turboprop engines: (a) propellers in
tractor configuration; (b) a propeller at the aircraft nose; (c) propellers at forward winglets.

Overall, the authors believe that these results support the idea that the current tech-
nological level allows designing supersonic civil aircraft that can meet the requirements
on noise for their subsonic counterparts while ensuring viable aerodynamic performance
during cruise, so the norms for supersonic aircraft noise levels should reflect this techno-
logical feasibility.

6. Patents

This work resulted in a patent application for invention No. 079634 “Supersonic
aircraft” on 21 December 2021. Registration number RU2021137975.
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Abbreviations

The following abbreviations are used in this manuscript:

BPR bypass ratio
EPNL effective perceived noise level
FAA U.S. Federal Aviation Administration
ICAO International Civil Aviation Organization
JAXA Japan Aerospace Exploration Agency
LTO landing and takeoff
MTOM maximum takeoff mass
NASA U.S. National Aeronautics and Space Administration
SAE Society of Automotive Engineers
STCA Supersonic Technology Concept Aeroplane
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Variables:

Aj nozzle area
F thrust
Pst static pressure
M Mach number
mr relative molar mass
T* jet total temperature
U flight speed
Vj jet speed
γ adiabatic constant
πs nozzle pressure density
ρ fluid density
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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.

Keywords: LTO noise; SuperSonic Transport (SST); aircraft conceptual design

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 [1–7].

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
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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 an-
nounced 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 con-
nected 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).
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Table 1. Summary of simulation models used within PANAM, ANOPP, and CARMEN [21].

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

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 exploita-
tion 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 ad-
equacy 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 alterna-
tive 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 Cen-
tre, 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].

189



Aerospace 2022, 9, 27

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 [29–31].

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.

Figure 1. Roadmap of the performed activities.

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 [35–39].

The determination of noise levels received on the ground is a complex multidisci-
plinary 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
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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 cor-
relates 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 tem-
perature. 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.

Figure 2. Overall methodology framework supporting a design-to-noise approach.
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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 propul-
sive 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 combus-
tion 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].

Figure 3. SST aircraft LTO noise sources break-down.

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 < p2 >∗ is the dimensionless mean-square acoustic pressure, referred to as ρ2

∞c4
∞,

with ρ∞ as the ambient density and c∞ as the ambient speed of sound.

< p2
overall >

∗=< p2
air f rame >

∗ + < p2
engine >

∗ . (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
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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:

< p2
>

∗=
Π∗

4π(r∗s )
D(θ, φ)F(S)

(1 − M∞ cos θ)4 , (2)

where:

• Π∗: overall acoustic power, re ρ∞c3
∞b2

w;
• D(θ, φ): directivity function;
• F(S): spectrum function;
• S: Strouhal number;
• r∗s : dimensionless distance from source to observer, re bw;
• bw: wingspan of the aerodynamic surface;
• 4π(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∞)aG, (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. Specifi-
cally, 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. Direc-
tivity 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)).

< p2
air f rame >

∗=< p2
clean delta wing >

∗ + < p2
vertical tail >

∗ + < p2
landing gear >

∗ . (4)
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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.

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

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 (
bv
bw
)2

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

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

Landing gear strut noise 2.753 × 10−4 6 ( d
bw
)2( l

d )

Table 3. Directivity function D and Spectrum function F(S) for each airframe noise source [24].

Directivity Function Spectrum Function

Clean delta wing
(aerodinamically clean) 4 cos2 φ cos2 θ

2 0.485(10S)4[(10S)1.35 + 0.5]−4

Vertical tail (aerodinamically clean) 4 sin2 φ cos2 θ
2 0.613(10S)4[(10S)1.5 + 0.5]−4

1-and-2-wheel landing gear wheel 3
2 sin2 θ 13.59S2(12.5 + S2)−2.25

1-and-2-wheel landing gear strut 3
2 sin2 θ sin2 φ 5.32S2(30 + S8)−1

4 wheel landing gear wheel 3
2 sin2 θ 0.0577S2(1 + 0.25S2)−1.5

4 wheel landing gear strut 3
2 sin2 θ sin2 φ 1.280S3(1.06 + S2)−3

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
√

(M2
1 − 1) is greater than zero, with
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M1 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 < p2(

√
Ae, 90◦) >∗, used to fix the amplitude

throughout the field.
The equation used to calculate the jet mixing noise at a distance rs from the nozzle

exit is:

< p2(r∗s , θ) >∗=
< p2(

√
Ae, 90◦) >∗

(r∗s )2

[

1 + (0.124V∗
1 )

2

(1 + 0.62V∗
1 cos θ)2 + (0.124V∗

1 )
2

]
3
2

· Dm(θ
′)Fm(Sm, θ′)Hm(M∞, θ, V∗

1 , ρ∗1 , T∗
1 )GcGp

(5)

where < p2(
√

Ae, 90◦) >∗ is the mean-square acoustic pressure for a stationary jet calcu-
lated at the reference distance

√
Ae from the nozzle exit at θ = 90◦, and is defined as:

< p2(
√

Ae, 90◦) >∗=
2.502 × 10−6 A∗

j,1(ρ
∗
1)

ω◦(V∗
1 )

7.5

[1 + (0.124V∗
1 )

2]
3
2

, (6)

where the parameters are:

• r∗s : dimensionless distance from the nozzle exit rs, referred to as
√

Ae;
• 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 Ae, ρ∞, c∞ and T∞;

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

0.1;
• Dm(θ′): directivity function;
• Fm(Sm, θ′): spectral distribution function;
• Hm(M∞, θ, V∗

1 , ρ∗1 , T∗
1 ): forward flight effects factor;

• Gc and Gp: configuration factors;
• Sm: jet mixing noise Strouhal number;
• ω◦: empirical function of V∗

1 .

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

< p2
>

∗=
(3.15 × 10−4)A∗

j,1

(r∗s )2
β4

1 − β4

Fs(Ss)Ds(θ, M1)Gc

1 − M∞ cos(θ − δ)
, (7)

with β being the pressure ratio parameter, equal to β =
√

(M2
1 − 1), which must be greater

than zero for shock cell noise to occur. The function Ds(θ, M1) 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 M1. This function is given by:

Ds(θ, M1) =

{

1 θ ≤ θm

1.189 θ > θm,
(8)

where θm is the Mach angle defined by: θm = arcsin 1
M1

. The total far-field jet noise is
the sum of the shock noise and the jet mixing noise (Equation (9)) and its most influential
parameters are the exhaust jet speed and the jet Mach number.

< p2
jet >

∗=< p2
mixing >

∗ + < p2
shock >

∗ . (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
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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:

< p2
>

∗=
A∗Π∗

4π(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

fb
, (11)

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

Π∗ = KG(i, j)(s∗)−a(k,l)Mb
m(

ṁ∗

A∗ )(∆T∗)2F(Mr, Mm), (12)

with :

• ṁ: mass flow rate, re ρ∞c∞ Ae;
• ∆T∗: total temperature rise across fan, re T∞;
• Mr: relative tip Mach number;
• Mm: defined as Mm = max(1, Md), where Md 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)M2
m(

ṁ∗

A∗ )(∆T∗)2F(Mr) (13)

• Inlet rotor-stator interaction tones

Π∗ = (2.683 × 10−4)G(i, j)(s∗)−a(k,l)M4.31
m (

ṁ∗

A∗ )(∆T∗)2F(Mr, Mm) (14)

• Inlet flow distortion tones

Π∗ = (1.488 × 10−4)G(i, j)(s∗)−a(k,l)M4.31
m (

ṁ∗

A∗ )(∆T∗)2F(Mr, Mm) (15)
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• Combination tone noise

Π∗ = KG(i, j)(s∗)−a(k,l)Mb
m(

ṁ∗

A∗ )(∆T∗)2F(Mr, Mm) (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)M2
m(

ṁ∗

A∗ )(∆T∗)2F(Mr) (17)

• Discharge rotor-stator interaction tones:

Π∗ = (2.643 × 10−4)G(i, j)(s∗)−a(k,l)M2
m(

ṁ∗

A∗ )(∆T∗)2F(Mr). (18)

The values of empirical constants and function F(Mr, Mm) 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:

< p2
f an >

∗=< p2
inlet >

∗ + < p2
combination tones >

∗ + < p2
discharge >

∗ . (19)

Usually, the main broadband noise contribution is the discharge noise, whereas combi-
nation 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:

< p2
engine >

∗=< p2
jet >

∗ + < p2
f an >

∗ . (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 regu-
latory 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 foster-
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ing 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 pro-
cedure 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 mea-
surement, 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.

Figure 4. Aircraft noise certification reference measurement points [56].

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 mod-
elling 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.
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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 pres-
sure (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 occur-
ring 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,
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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:

SPL = 10log10 < p2
>

∗ +20log10
ρ∞c2

∞

pre f
, (21)

where pre f is the lowest sound pressure possible for the human ear to hear, which is approx-
imately 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 fre-
quency 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 humid-
ity. 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 SPLA and PNL, that are function of fre-
quency. 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.

OASPL(k) = 10log10

24

∑
i=1

10(SPLA(i,k)/10) (22)

PNL(k) = 40 +
10

log102
log10N(k), (23)

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

N(k) = 0.85n(k) + 0.15
24

∑
i=1

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:

LAmax = max(OASPL(k)) (25)
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PNLTM = max(PNL(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:

SEL = 10log10

kL

∑
k=kF

10(OASPL(k)/10) (27)

EPNL = 10log10

kL

∑
k=kF

10(PNLT(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 mathe-
matical 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.

Figure 5. Procedure employed to assess aircraft noise level received on ground in terms of the most
common aircraft noise metric.

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.
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Table 4. Case study geometrical parameters affecting noise generation.

Airframe Parameters Value

Wing span bw 25.6 m
Wing surfrace Sw 358.25 m2

Wing span (vertical tail) bv 11.32 m
Wing surfrace (vertical tail) Sv 33.91 m2

N struct main landing-gear nstrutm 2
N wheels main landing-gear nwheelsm

4
Tyre diameter main landing-gear dtyrem 1.2 m
Length strut main landing-gear lstrutm 2.5 m
N struct forward landing-gear nstrut f

1
N wheels forward landing-gear nwheels f

2
Tyre diameter forward landing-gear dtyre f

0.787 m
Length strut forward landing-gear lstrut f

3 m

Engine parameters Value

Number of engines Ne 4
Engine reference area Ae 1.15 m2

Fan rotor diameter drot 1.21 m
Fan reference area A f an 1.15 m2

Number of stator vanes nV 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 Md 1
Inlet guide vane index i 2

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 humid-
ity HR equal to 0.7). The matching with the NPD curves provided by the ANP database for
LAmax and SEL are reported in Figures 6 and 7.

The degree of matching between predicted and experimental curves has been evalu-
ated in a quantitative way through a numerical indicator for each validation point, respec-
tively for LAmax and SEL:

ELAmax =

∣

∣

∣

∣

LAmaxp − LAmaxANP

LAmaxANP

∣

∣

∣

∣

(29)

ESEL =

∣

∣

∣

∣

SELp − SELANP

SELANP

∣

∣

∣

∣

, (30)

where LAmaxp and SELp are the predicted values, whereas LAmaxANP
and SELANP 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.
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Figure 6. Matching between predicted and experimental NPDs-LAmax.

Figure 7. Matching between predicted and experimental NPDs-SEL.

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
Figures 6 and 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:

∆Lmax,ab =
Lmax,ab − Lmax

Lmax
(31)

∆SELmax,ab =
SELmax,ab − SELmax

SELmax
, (32)
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where ∆Lmax,ab and ∆SELmax,ab 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 LAmax and SEL. 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:

FRSF =
{Hexp(j,d)}{Hnum(j,d)}
{Hnum(j,d)}{Hnum(j,d)}

, (33)

where j indicates the thrust level and d the distance related to the noise data H. The values
obtained for LAmax and SEL 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 LAmax and an underprediction for SEL.

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 Figures 8 and 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.

Table 5. Overall noise level at the three certification measurement point.

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

Figure 8. Simulated departure flight path.
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Figure 9. Simulated approach flight path.

In addition, noise contributions and overall noise have been reported for each mea-
surement point in terms of LAmax obtained at the overflight point Figures 10–12. 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] .

Figure 10. Noise contributions and overall noise for sideline measurement point.

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.

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 en-
gines 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 su-
personic aeroplanes whose type certificate is issued after 1 January 1975. Therefore, in
accordance with [70], the LTO noise requirements derived for MTOM = 185,000 Kg are:

• Sideline-full power: LIMITL = 100.15EPNdB
• Flyover-intermediate power: LIMITF = 103.60EPNdB
• Approach-low power condition: LIMITA = 101.86EPNdB

Consider the cumulative noise level, calculated as:

(LIMITL − EPNLL) + (LIMITF − EPNLF) + (LIMITA − EPNLA) ≥ 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
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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 contri-
bution 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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Abbreviations

The following abbreviations are used in this manuscript:

ANOPP Aircraft NOise Prediction Program
ANP Aircraft Noise and Perfomance database
CAEP Committee on Aviation Environmental Protection
DLR German Aerospace Laboratory
EPNL Effective Perceived Noise Level
EU European Union
FAA Federal Aviation Administration
FRSF Frequency Response Scale Factor
ICAO International Civil Aviation Organization
LAmax A-weighted Sound Pressure Level
LTO Landing and Take-Off

MORE&LESS
MDO and REgulations for Low-boom and
Environmentally Sustainable Supersonic aviation

MTOM Maximum Take-Off Mass
NASA National Aeronautics and Space Administration
NPD Noise Power Distance
OASPL Overall Sound Pressure Level
ONERA French Aeronautics and Space Research Center
PANAM Parametric Aircraft Noise Analysis Module
PNL Perceived Noise Level
PNLTM Maximum Tone Corrected Perceived Noise Level
SAE Society of Automotive Engineers
SARPs Standard and Recommended Practices
SCR Supersonic Cruise Research
SEL Sound Exposure Level
SPL Sound Pressure Level
SST SuperSonic Transport
SAE Society of Automotive Engineers
SARPs Standard and Recommended Practices
SCR Supersonic Cruise Research
SEL Sound Exposure Level
SPL Sound Pressure Level
SST SuperSonic Transport
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Abstract: This manuscript presents the application of a recently developed noise reduction technology,

constituted by poro-serrated stator blades on a full-scale aircraft model, in order to reduce rotor-

stator interaction noise in the fan stage. This study was carried out using the commercial lattice

Boltzmann solver 3DS-SIMULIA PowerFLOW. The simulation combines the airframe of the NASA

High-Lift Common Research Model with an upscaled fan stage of the source diagnostic test rig. The

poro-serrations on the stator blades have been modeled based on a metal foam with two different

porosity values. The results evidence that the poro-serrations induce flow separation on the stator

blades, particularly near the fan-stage hub. Consequently, the thrust generated by the modified fan

stage is lower and the broadband noise emission at low frequencies is enhanced. Nevertheless, the

tonal noise components at the blade-passage frequency and its harmonics are mitigated by up to 9 dB.

The poro-serrations with lower porosity achieve a better trade-off between noise emission and thrust

penalty. An optimization attempt was carried out by limiting the application of porosity near the tip

of the stator blades. The improved leading-edge treatment achieves a total of 1.5 dB in sound power

level reduction while the thrust penalty is below 1.5 %. This demonstrates that the aerodynamic

effects of a leading-edge treatment should be taken into account during the design phase to fully

benefit from its noise reduction capability.

Keywords: aeroacoustics; rotor-stator interaction noise; porous material

1. Introduction

Aircraft noise emission is an important aspect in aircraft design as aviation regulations
become more stringent. On a modern airliner, the propulsion system, such as a turbofan
engine, contributes to a large portion of the total noise emission [1]. The periodic impinge-
ment of the fan wake on the outlet guide vane (OGV) is one of the major noise generation
mechanisms in a high-bypass turbofan that is responsible for both tonal and broadband
noise emissions [2]. Mitigating such aeroacoustic mechanism is even more important dur-
ing the approach phase of an aircraft, wherein the jet noise contribution is smaller [3], due to
the noise impact on areas surrounding airports. With progressively increasing bypass ratios
to improve fuel efficiency, the fan wake–OGV interaction noise in a turbofan, especially
the tonal component, is expected to become stronger as the axial distance between the fan
and the OGV is reduced in order to limit the total engine weight [4]. This happens for
multiple reasons [5]: (1) turbulence structures in the fan wake are more coherent closer to
the fan blades, leading to more intense aerodynamic perturbations on the OGVs; (2) the
unsteady loading on the fan blades due to flow distortion induced by the downstream
OGVs (i.e., potential flow effect); (3) the fan blades scatter the sound waves emitted by the
OGVs, generating additional cut-on acoustic modes. Existing noise reduction approaches,
such as acoustic liners, might face additional challenges for this application due to the
reduced amount of space available in the fan stage. Therefore, it is necessary to introduce
appropriate solutions directly at the source level.
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The fan wake–OGV interaction mechanism can be considered as a turbulence-
impingement noise (TIN) [6] problem, for which several mitigation approaches have
been suggested in literature, such as serrations [7–10] and permeable treatments [8,11–15].
The serrations are modifications of the leading-edge shape along the blade span, such as
by implementing a sinusoidal planform instead of a regular straight one. The serrations
allow for reducing the coherence of the noise scattering phenomena along the spanwise
direction [16]. In addition, the source intensity at the tip and at the side of the serrations is
weakened in comparison to that on a straight leading edge (LE) [17]. A sinusoidal serration
can be characterized by its wavelength Λ (spanwise tip-to-tip distance) and amplitude H
(tip-to-root distance). Recent studies have shown that both Λ and H can be optimized for a
given turbulence length scale L in the flow field, such that Λ/Lz ≈ 4 and H/Lx ≤ 2 [18,19],
where the subscripts x and z denote the streamwise and spanwise directions, respectively.

Permeable treatments, on the other hand, are modifications of the surface and of
the internal volume of a body to allow for flow communication. The usage of permeable
treatments is aimed at mitigating the distortion of impinging vortical structures on a leading
edge by realizing a gradual dissipation of these structures as they penetrate into the porous
medium [8]. As a consequence, the noise scattering on a permeable surface is milder than
on a solid one. Recent investigations have shown that TIN reduction generally becomes
higher as the permeability of the leading edge is increased [12,14], although this would
also cause a more significant aerodynamic penalty. Unfortunately, to the authors’ best
knowledge, the optimization procedure for the design and implementation of a permeable
LE is still inconclusive, unlike for LE serrations. In fact, novel permeable LE designs
are still being actively investigated at the time of writing [14,15,20,21]. Regardless, these
studies have shown that permeable LE applications are very promising in both efficacy and
versatility aspects.

As a proof-of-concept, the authors have previously investigated the application of
LE serrations and porous LE in a rod-airfoil configuration (RAC) [15] using the lattice
Boltzmann method. The RAC was chosen as it could emulate the TIN mechanisms of the
fan wake–OGV interaction in a turbofan. A thin and cambered airfoil was employed for
resembling the typical features of a turbomachinery blade. The aforementioned study was
intended for comparing the effects of LE serrations and porous LE on TIN emission and on
the aerodynamic performance of the airfoil. It was found that the serrations suppressed the
noise source intensity near the serration tip and induced a strong decorrelation of the noise
sources that are distributed along the LE span. The porous LE, which was modeled after a
metal foam, was also capable of mitigating the intensity of the noise sources at the porous
medium surface, although the spanwise coherence distribution was only slightly affected.
Moreover, additional noise scattering was observed near the solid–porous junction (i.e., the
transition location between the porous LE and the solid afterbody). As a result, the usage
of LE serrations achieved higher noise reduction than that of the porous LE, particularly
for the tonal noise component. An attempt to improve the porous LE design was carried
out by coupling it with a serration-like planform. With this combination, it was found out
that a larger broadband noise reduction could be achieved while the tonal noise remained
similar as that of the regular serrations.

While the usage of a permeable edge treatment has been considered promising in liter-
ature, most investigations were performed using simplified, laboratory-scale models, which
cannot completely mimic the physical environment in real-life systems. This is partly due to
the costs and the enormous complexity when dealing with manufacturing, instrumentation,
and testing of a full-scale configuration. On the other hand, such investigation is crucial for
assessing the impact of these noise mitigation solutions, for instance, on a realistic aircraft
model, particularly during the initial design phase. Nevertheless, using the combination of
a high-fidelity numerical method and parallel computing, aeroacoustic investigations of
complete aircraft models have recently become attainable [22,23]. By employing a similar
approach, this manuscript presents a numerical investigation on porous LE modifications
applied to the stators in the fan stage of an aircraft model. The simulation considers the
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combined NASA High-Lift Common Research Model (HL-CRM) and source diagnostic test
(SDT) [2] geometries, wherein the latter has been upscaled to match the dimensions that
resemble its real-life counterpart. Hence, this investigation aims to assess the efficacy of the
permeable LE modification on stators in a turbofan fan stage, while also providing deeper
insights into the consequences of such noise mitigation approach from both acoustics and
aerodynamics perspectives.

The remainder of this manuscript is structured in the following order. Section 2
provides an overview of the lattice Boltzmann solver that has been employed, followed by
the description of the simulation setup. The simulation is later verified in Section 3. The
outcome of the simulation is discussed in Section 4. The manuscript is concluded with
Section 5.

2. Methods

2.1. Description of Numerical Method

This study was performed using the commercial solver 3DS-SIMULIA PowerFLOW 6-
2019, based on a lattice Boltzmann method (LBM). It has been previously used for studying
the aerodynamics of an aircraft fuselage [24] and the aeroacoustics of a turbofan model [4,5].
Further details on the methodology can be found in [25].

The LBM is derived from the Boltzmann’s kinetic theory that describes a fluid as a
collection of particles that continuously evolve towards a thermodynamic equilibrium
state. The state of the particles is not tracked at an individual level, but rather by using
a probability distribution function. This process can be described using the Boltzmann
transport equation (BTE), which has the following expression (neglecting body forces):

∂F

∂t
+ V · ∇F = C, (1)

where F(x, t) is the particle distribution function in spatial (x) and temporal (t) dimensions,
V is the particle velocity vector, and C is the collision operator.

The BTE is discretized onto a Cartesian grid (i.e., lattice) where the particles are
confined to the nodes, and the particle velocity vectors are limited to a predetermined
(discrete) number of directions. The discretized form of the BTE is given as

Fn(x + Vn∆t, t + ∆t)− Fn(x, t) = Cn(x, t), (2)

where n = 1, 2, . . . , Q are the discrete directions. While PowerFLOW employs a D3Q19
(3 spatial dimensions, 19 discrete velocity vectors) solver for low Mach number flows, the
present study employs a high-subsonic version which incorporates an entropy relationship
similar to the formulation of Zhang et al. [26]. The left hand side of equation 2 refers to
a time-explicit advection. The collision term Cn is based on that of the Bhatnagar–Gross–
Krook (BGK) model [27]:

Cn = −∆t

τ
[Fn(x, t)− F

eq
n (x, t)]. (3)

In essence, the BGK formulation states that the local distribution function F eventually
returns to the equilibrium one Feq within a time scale characterized by τ. This single
relaxation time is also related to the dimensionless kinematic viscosity ν and temperature
Θ as follows [28]:

ν = Θ

(

τ − ∆t

2

)

. (4)
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The equilibrium distribution function Feq can take the form of the regular Maxwell–
Boltzmann distribution, but it has been approximated with a third-order expansion as [29]

F
eq
n ≈ ρwn

[

1 +
Vn · u

Θ
+

(Vn · u)2

2Θ2 − u2

2Θ
+

(Vn · u)3

6Θ3 − (Vn · u)u2

2Θ2

]

, (5)

where wn are the weighting functions depending on the number of discrete velocity vectors.
Eventually, macroscopic flow quantities, such as density ρ and velocity u, can be recovered
after solving Equation (2) for Fn.

ρ(x, t) = ∑
n

Fn(x, t), (6)

ρu(x, t) = ∑
n

VnFn(x, t). (7)

PowerFLOW employs a very large eddy simulation (VLES) model, which can be
classified as a hybrid approach (e.g., hybrid RANS/LES and detached eddy simulation—
DES), but it is fundamentally different from its Navier–Stokes-based counterparts. The
VLES model was derived [30] by drawing an analogy between the phenomenon of tur-
bulence (eddy viscosity hypothesis) and the kinetic theory of gases. In this approach, a
two-equation k − ǫ renormalization group (RNG) [31] was applied to locally adjust the
turbulent relaxation time τeff:

τeff = τ + Cµ
k2/ǫ

(1 + η2)0.5 , (8)

where Cµ = 0.09 and η is based on a local strain parameter (k|S/ǫ|), a local vorticity
parameter (k|ω/ǫ|), and local helicity parameters. Using Equation (8), it is implied that the
effective relaxation time governs the relaxation properties of the BTE and, consequently, it
also determines the characteristic time scales of turbulence in the flow field. Notice that the
turbulence model has not been explicitly used to calculate the Reynolds stresses, unlike
in RANS where the turbulence model is generally used to solve a closure problem. The
VLES model allows for capturing the nonlinearity of Reynolds stresses, which enables the
development of large eddies in the simulation domain [30,32].

The wall boundary condition is approximated by specular-reflection and bounce-back
processes for slip and no-slip walls, respectively [28]. On a no-slip wall, a wall function is
applied based on the generalized law-of-the-wall model [33], which has been extended to
account for pressure gradient and surface roughness. The formulation is given by

u+ =
1
k

ln
(

y+

A

)

+ B, (9)

where

A = 1 + f

(

dp

dx

)

, B = 5.0, k = 0.41, y+ =
uτy

ν
(10)

such that A is a function of the pressure gradient.
The BTE is solved on a lattice of cubic elements, which are referred to as voxels. Cur-

rently, a variable resolution scheme is implemented such that the simulation domain can be
subdivided into regions with different voxel sizes as long as the voxel resolution varies by a
factor of two between adjacent regions. When the voxels intersect with solid bodies, planar
surfaces are created along the solid–fluid boundaries. The solution produced by the lattice
Boltzmann scheme is inherently unsteady and compressible. Moreover, the scheme has
low dispersion and dissipation properties, allowing for acoustic phenomena to be resolved
in the simulation domain. This implies that the solver offers a direct noise computation
capability with a cutoff frequency that corresponds to approximately 15 voxels per wave-
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length. Nevertheless, the computational cost associated with extending high-resolution
voxel region into the acoustic far-field often remains expensive. Hence, an acoustic analogy
based on Farrasat’s formulation 1A [34] of the Ffowcs-Williams and Hawkings (FW-H)
analogy [35] was employed and solved using the forward-time formulation [36].

2.2. Simulation Setup

The present study considers a full-scale aircraft model that combines two main ele-
ments, both of which were developed by NASA. The airframe (e.g., fuselage and lifting
surfaces) is obtained from the common research model (CRM), which resembles a typical
transonic wide-body airliner. The default CRM configuration is equipped with flow-
through (empty) nacelles. Hence, the port nacelle is replaced with the fan stage model from
the source diagnostic test (SDT) rig. Figure 1 illustrates the present CRM/SDT configu-
ration. It is worth mentioning that the CRM geometry lacks the horizontal and vertical
stabilizers. The high-lift devices (slats and flaps) are deployed as the main wings are set
in an approach condition. This airframe configuration is also referred to as the high lift
CRM (HL-CRM) [37]. In the present study, the SDT fan stage is upscaled by a factor of
5.5 to match the dimensions of typical modern turbofans. Upscaling is not performed for
the CRM geometry as it was made available in full scale. The dimensions of the NASA
HL-CRM and the upscaled NASA-SDT geometries are compared against their closest
real-life counterparts in Table 1. Note that the fan in the current CRM/SDT setup operates
at a lower rotational speed (i.e., 1420 RPM) than that in the original SDT study [2] in order
to maintain the same fan tip speed Uref = 237.57 m/s.

This study is particularly interested in addressing the noise produced by the fan
wake–OGV interaction mechanism, and for this purpose, the LE of the OGVs was modified
using poro-serrations. A closer view of the poro-serrated OGV in the fan stage is provided
in Figure 2. Such LE modification was chosen based on authors’ past findings [15]; the
serration planform is very effective at attenuating the tonal noise component at low fre-
quencies, while the porosity of the LE reduces the broadband noise generation in the higher
frequency range. The porous treatment is modeled after a Ni–Cr–Al metal foam [38] with
two different mean pore diameters, i.e., 800 µm and 450 µm; the former was also employed
in the authors’ previous investigation [15]. The properties of the metal foam are reported in
Table 2. In the subsequent sections, the aircrafts equipped with poro-serrated OGVs are
referred to as the M800 and M450 configurations respectively, emphasizing the mean pore
size. The serrations in these configurations have a sinusoidal planform that is characterized
by a wavelength Λ = 0.76c and amplitude H = 0.38c, where c = 218.5 mm is the average
chord length of the OGV. The serration parameters are selected based on the turbulence
length scales in the axial and radial directions upstream of the OGV. The serrations modify
the planform of the OGV only at the first 20 % of the OGV chord. Downstream of the serra-
tion root, the porous medium region wraps around a streamlined solid–porous junction
that extends in between 35 % to 60 % of the OGV chord.

Aside from the previous two, the M450E configuration was introduced to mitigate
the adverse aerodynamic impact from the M800 and M450 designs. In this particular case,
the porous medium region is applied only at the outer 85 % of the OGV radius, where the
strength of the noise sources is expected to be the strongest [4]. The inner span of the OGV
is equipped with solid serrations to prevent the cross-flow in the porous medium region
due to the pressure difference between the suction and pressure sides of the blade [15], and
therefore the blade loading characteristic is preserved. The serration planform remains
uniform across the OGV blade, where the serration wavelength is half of that of the M450
configuration but the amplitude remains the same.
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Fuselage

Starboard nacelle 

(empty)

Outboard flap

Port engine (SDT)
Inboard slat

Outboard slat

Inboard flap

Swept wing

Baseline

M800/M450

Straight OGV

Poro-serrated OGV

M450E

(Green) Poro-serrated tip

(Red) Solid serrations

Figure 1. The NASA HL-CRM/SDT configuration in the present study. The lower part of the figure
shows a comparison between the baseline configuration and others equipped with poro-serrated
OGVs. LE serrations in the M450E inset are colored red and green to distinguish the solid region
from the porous one.

Table 1. Comparisons between the NASA-CRM/SDT geometries against some real-life examples.

NASA HL-CRM Airbus A330-300

Fuselage length (m) 62.8 63.6
Wingspan (m) 58.7 60.3

NASA SDT (5.5:1 scale) Rolls-Royce Trent 1000

Fan diameter (m) 2.93 2.85
Bypass ratio - 10.8–11.0
Fan blade count 22 20
OGV blade count 26 46

Table 2. The properties of porous materials employed for the poro-serrated OGVs.

Type dp(µm) φ(%) K(m2) C (m−1)

Metal foam (M800) 800 91.65 2.7 × 10−9 2613
Metal foam (M450/M450E) 450 89.28 6.11 × 10−10 9758
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Figure 2. A closer view of the modified OGV (M800/M450 configurations) in the fan stage, highlight-
ing the amplitude H and wavelength Λ of the serration planform.

The simulation domain is shown at the top of Figure 3. The CRM/SDT model is
positioned at the center of a cubic domain whose sides are 1400 m long, or roughly 24 times
the aircraft wingspan. All domain boundaries are specified as “inlets” with a freestream
velocity of 68 m/s and a static pressure of 101, 325Pa. Despite the designation, PowerFLOW
allows some inlet boundaries to behave as outlets depending on the numerical solution.
The airframe is installed at an incidence of 7 deg to realize an angle of attack of 4 deg and
a standard rate of descent of 3 deg [39]. For computing far-field noise using the acoustic
analogy, a permeable surface is defined enclosing the exterior of the turbofan and an
inboard segment of the port wing as shown in Figure 3. A total of six end caps are added
at the downstream end of the permeable surface to filter pseudo-sound contamination
from the jet plume. These surface samples’ pressure and velocity fluctuate at 5.93 kHz,
resulting in a Nyquist frequency that equals 5.7 times the expected blade-passage frequency
(BPF1 ≈ 520 Hz). Data recording was performed for 1.32 s, which is roughly equivalent
to 31 fan rotational cycles. This allows for capturing acoustic data at frequencies as low
as 100 Hz (≈0.2 BPF1). An acoustic sponge region was specified starting from a radius of
258 m (i.e., four times the length of the CRM fuselage) from the aircraft’s nose to prevent
acoustic reflection at the domain boundaries.

The simulation domain was subdivided into 16 grid refinement regions, in which the
finest voxels are located inside the fan stage and at regions surrounding the jet plume. A
snapshot of the voxel distribution in the simulation domain is shown in Figure 4. The
smallest voxel size is equal to 2.54 mm, or 0.0116c, and thus there are approximately
33 voxels along the axial distance between the serration tip and root. The simulation is
carried out for a total of 2.56 s with an initial transient of 1.24 s. The simulations were
carried out using the Dutch National Supercomputer facility (Cartesius) with 720 cores
of Intel-Haswell Xeon E5-2690 v3. For the finest grid configuration, the computational
cost is approximately 95,000 CPU hours for the configuration with poro-serrated OGVs
(M800/M450).
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Main permeable FW-H surfaceSDT fan stage

Inlet

Outlet

Acoustic sponge zone boundary

CRM-SDT model

1400 m

258 m

1400 m

1400 m

Figure 3. (Top) The simulation domain enclosing the CRM/SDT model. (Bottom) The configuration
of permeable FW-H surface for noise analyses.

(a) (b)

(c)(d)

Figure 4. The voxel distribution in the simulation domain: (a) near the borders of the acoustic sponge
boundary; (b) surrounding the airframe; (c) surrounding the SDT fan stage; (d) near the OGVs.
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3. Simulation Verifications

3.1. Grid-Convergence Study

A grid-convergence study of the simulation results is carried out using three different
mesh resolutions, namely coarse, medium, and fine, with a refinement ratio of

√
2. The

simulation settings are reported in Table 3. Note that the grid resolution level is defined
using the number of voxels assigned over the chord length (c) of the baseline SDT OGV.

Table 3. Simulation domain specifications for grid convergence study

Grid Type Resolution (Voxels/c) Voxel Count (Millions)

Baseline M800
Coarse 41 104.83 104.89
Medium 61 279.28 279.44
Fine 86 744.05 744.43

The effect of varying the grid resolution level on the mean flow field is evaluated
using the time-averaged thrust values. The fan-stage thrust was computed using the
following equation.

Thrust = (ṁoutletUx,outlet − ṁinletUx,inlet) + (poutlet − pinlet)Aoutlet (11)

The mass flow at the inlet ṁinlet is equal to that at the outlet ṁoutlet as the SDT configuration
lacks a core engine stage, and thus the thrust contribution from the first term of the
Equation (11) is only due to the difference between the average axial velocity (Ux) at the
fan-stage inlet and that at the outlet. The second term in Equation (11) refers to the pressure-
area term, with Aoutlet being the cross-section area of the fan-stage outlet. Figure 5 shows
the variation of the thrust with the number of voxels in the simulations for both baseline
and M800 configurations. The thrust value approaches convergence as the number of
voxels is increased, such that the differences between the values for the fine and medium
grid resolution levels are 0.87 % and 0.28 % for the baseline and M800 cases, respectively.
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Figure 5. The variation of the thrust produced by the SDT fan stage against the grid resolution level.

The influence of the grid resolution on the sound emission characteristics of the
CRM/SDT configuration is evaluated using the sound power level (PWL) spectra. The
source power level (PWL) was estimated by integrating the far-field noise intensity over
a fictitious spherical surface with a radius of 120 m (i.e., ≈ twice the length of the CRM
fuselage) centered at the fan-stage inlet. A total of 648 measurement points are distributed
on the surface with an increment of 10◦ in both azimuthal and polar directions. The
variation of the PWL spectra with the grid resolution level is depicted in Figure 6, where
converging trends can be observed for both the baseline and M800 cases. For the M800
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configuration, the variations in the tonal noise component are more noticeable than the
broadband ones. The spectra also show the presence of tones that are unrelated to the
harmonics of BPF1 only when the medium or fine grid setting is employed. These tones
might be related to a physical phenomenon that cannot be resolved properly without a
sufficiently fine grid. Nevertheless, they only have a minor contribution to the overall PWL
(OPWL), such that the differences in OPWL between the medium and coarse grid settings
is 0.3 dB, and 0.15 dB between the fine grid setting and the medium one.
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Figure 6. The variation of the sound power level (PWL) of the SDT fan stage against the grid
resolution level.

3.2. Integral Length Scales and Serration Design Verification

Obtaining the integral length scales in the fan wake is essential for optimizing the
serration design parameters. At present, the integral length scales are computed at axial
locations halfway between the fan and OGV blades, which will be referred to as the
interstage in subsequent sections. The procedure mimics that of Podboy et al. [40], where
axial and radial velocity fluctuations are measured locally using a probe. The integral length
scales are then calculated by invoking Taylor’s frozen turbulence hypothesis as follows:

Li = 〈U〉
∫ ∞

0

〈ui(t)ui(t + ∆t)〉
u2

i

dt, (12)

where U is the local velocity magnitude, ui is the velocity fluctuation in the ith direction,
and 〈·〉 is the ensemble averaging operator.

The variation of axial and radial length scales along the fan-stage radius for the
baseline configuration is shown in Figure 7. In the axial direction, the integral length scale
is around Lx = 0.15c, although it can reach up to 0.19c near the hub. Regardless, the
usage of a serration amplitude H = 0.38c still satisfies the optimal ratio H/Lx ≤ 2. The
radial length scale (Lz) tends to decrease towards the outer fan-stage radius, varying in
between 0.17c and 0.1c. The serration wavelength in both M800 and M450 configurations is
Λ = 0.76c, which satisfies the optimal ratio Λ/Lz ≈ 4 near the hub, but overestimates near
the tip. In order to maximize noise attenuation at the outer radius of the OGV, where local
noise sources are expected to be the strongest, the serrations in the M450E are designed
using a shorter wavelength of Λ = 0.38c.
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Figure 7. The axial and radial integral length scales of turbulence in the interstage for the base-
line configuration.

4. Results

4.1. Aerodynamic Performance and Flow Statistics

This subsection discusses the impact of the poro-serrations on the aerodynamics of
the fan stage, such as the mean flow conditions and turbulence behaviors. The overall
aerodynamic performance of the fan stage is examined based on the amount of thrust
generated. The thrust produced by the baseline configuration is 70.64 kN. It is worth
mentioning that this thrust level corresponds to a fan rotational speed that is 61.7 % of the
maximum value [2]. Although a simulation with the fan at maximum rotational speed
has yet to be performed, the maximum thrust of the SDT fan stage was estimated to
be 325 kN using a typical RPM-thrust curve for a turbofan engine [41]. This amount is
comparable to the take-off thrust rating of a Trent 1000 turbofan [42]. In comparison, the
M800 configuration achieves a lower thrust of 64.22 kN. Consequently, the poro-serrations
in the M800 case led to a 9 % thrust penalty. In comparison, the thrust penalty for the
lower-porosity configuration (M450) is 7.5 %. Assuming that the thrust penalty does not
vary for a small change in the fan RPM, and the aforementioned RPM–thrust relationship is
also valid for the fan stages with modified stators, it is estimated that the rotational speed
of the fan in the M800 configuration should be increased to 1462 RPM (i.e., an increase
of 1.8 %) to retain the same amount of thrust as the baseline. Correspondingly, the fan
rotational speed should be increased by 1.5 % to 1454 RPM for the M450 configuration.
Nevertheless, it is conjectured that the overall fan-stage noise would only increase by less
than 0.5 dB in both cases, assuming that the dipoles at the fan and OGV surfaces are the
main noise sources [43]. As expected, the thrust penalty for the M450E configuration is
the smallest compared to others, which are 1.4 %. This also evidences the opposite trend
between the extent of the porous treatment and aerodynamic performance [12].

Flow statistics are examined at different locations in the fan stage as provided in
Figure 8. Figure 8a shows three axial slices corresponding to the fan-stage inlet, the
interstage between the fan blades and the OGVs, and the fan-stage outlet. The interstage
slice is equally distanced from both the trailing edge (TE) of the fan blades and the leading
edge (LE) of the OGVs. Aside from the axial slices, radial slices are also made at 10 %, 45 %,
and 80 % of the outer radius of the fan stage, as shown in Figure 8b.

223



Aerospace 2022, 9, 70

(a) Axial slices (b) Radial slices

Inlet (red)
Interstage (green)

Outlet (blue)

15% outer radius (red)

80% outer radius (blue)

45% outer radius (green)

(c) Cylindrical coordinate system in the fan stage

𝑧 (tangential)𝑥 (axial)

𝑦 (radial)
Inlet

Outlet

Figure 8. A sketch of the slice planes where contours are plotted in the subsequent figures: (a) axial
slices and (b) radial slices. The cylindrical coordinate system in the fan stage is described in (c).

Firstly, the phase-locked mean velocity magnitude contours on the axial slices are pro-
vided in Figure 9. The usage of phase-locked statistics allows for emphasizing the periodic
flow phenomena at each fan blade passage. Note that the phase-locked average velocity
magnitude values 〈||U||〉 are normalized against a reference velocity Uref = 237.57 m/s,
which is the average fan tip speed. As there is an incidence angle between the airframe and
the incoming flow, the velocity distribution at the fan-stage inlet is not uniform; the flow at
the lower side of the fan stage has a higher velocity than that at the upper side. The average
velocity magnitude for the M800 and M450 configurations is slightly lower than in the
baseline case, indicating that the air intake at the inlet decreases due to the poro-serrated
OGVs. The mean flow field at the interstage is characterized by a spiral pattern due to the
swirl induced by the fan rotation. At this location, the mean velocity is, on average, lower
for the M800 and M450 configurations, although the swirling patterns do not appear to be
affected by the presence of the poro-serrated OGVs. A more noticeable discrepancy can
be found at the outlet of the fan stage, where the velocity magnitude near the hub for the
M800 case is around 10 % lower than that of its baseline counterpart. On the other hand,
the reduction of the mean velocity is less severe for the M450E configuration due to the
limited spanwise extent of porous LE treatment. Given that the fan RPM is identical for all
cases, it is reasonable to deduce that the poro-serrations have introduced a stronger flow
resistance, which results in the thrust reduction discussed earlier.
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Figure 9. (Front view) Contours of phase-locked average of velocity magnitude (||U||) at the SDT
inlet (top row), interstage (middle row), and outlet (bottom row).

In Figure 10, the contours of phase-locked average of velocity magnitude are plotted
on the different radial slices. Due to the variation in the tangential velocity along the radius
of the fan, the fan wake approaches the OGV with an oblique angle, resulting in a sweeping
motion from the bottom of each plot to the top.

The contours at the top row of the figure (the slice at 10 % of the outer radius) reveal
that separated-flow regions at the suction sides of the poro-serrated OGVs (in M800 and
M450 cases) result in significantly wider wake trails than those in the baseline configuration.
As a consequence, the average mean velocity in the fan-stage cross section downstream of
the poro-serrated OGVs becomes lower with respect to the baseline one, which is associated
with the aforementioned thrust penalty for the configurations with modified stators. A
comparable behavior was reported by the authors previously in a rod-airfoil configura-
tion [15], where an isolated airfoil was used instead of a high-solidity configuration. The
flow separation is induced by the cross-flow through the porous medium region, which
itself is driven by the surface pressure imbalance between the suction and pressure sides of
the poro-serrations. Consequently, the poro-serrated OGVs are also less effective at recover-
ing the swirl in the fan wake. This is particularly noticeable in the middle row of the figure
(i.e., the slice at 45 % of the outer radius), where the inclination of the wake trail behind
the poro-serrated OGV relative to the axial direction is steeper than that of the unmodified
OGV. On the other hand, the swirl recovery process in the M450E configuration appears
to be comparable to the baseline one. Nonetheless, the solid serrations also cause wider
wake trails compared to those of the baseline. This is associated with the enhanced adverse
pressure gradient, particularly downstream of the serration root, as reported previously in
literature [15,16,19].
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Figure 10. (Side view) Contours of phase-locked average of velocity magnitude ||U|| at the different
radial sections (top—10 %, middle—45 %, and bottom—80 % of the outer radius) in the fan stage.

The effects of the poro-serrations on the unsteady velocity fluctuations in the flow
field are examined using the contours of the RMS (i.e., standard deviation) of velocity
magnitude ||URMS|| in Figures 11 and 12. In the top row of Figure 11, the spiral patterns
corresponding to the fan wake can be clearly identified. It is also evident that the level of
velocity fluctuations tends to be higher towards the outer radius of the fan stage [4], and
thus it is expected that the TIN sources near the outer span of the OGV blades are stronger
than the inner ones. This is the reason behind the design of the M450E configuration, where
the serrations are made porous only at the outer span of the stator blade.

The contours at the interstage of all four configurations are relatively similar, implying
that the turbulence level in the fan wake is relatively unaffected by the LE modifications
at the OGV blades. In the bottom row of Figure 11, the contours at the fan stage outlet
clearly show noticeably higher velocity fluctuations for both M800 and M450 cases, which
can be associated with the wake trails downstream of the separated-flow region. The
same phenomena are depicted by the radial slices in Figure 12. The contours at 10 % of
the outer radius (top row) clearly depict the separated-flow region at the suction sides of
the OGVs in the M800 and M450 cases. Interestingly, the flow fluctuations downstream
of the OGV in the M450E case appear to be weaker than in the baseline. This behavior
might be associated with the serrations’ capability in re-energizing the boundary layer at
the suction side of the OGV due to the streamwise vortices generated from the serration
tip [44,45]. At other radial positions, the influence of the separated-flow regions in the M800
and M450 configurations is still evident. Nevertheless, the enhancement of the velocity
fluctuations in the separated-flow regions is slightly milder for the M450 case due to the
lower porosity value.
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Figure 11. (Front view) Contours of phase-locked standard deviation of velocity magnitude (||URMS||)
at the SDT interstage (top row) and outlet (bottom row).

Figure 12. (Side view) Contours of phase-locked standard deviation of velocity magnitude (||URMS||)
at the different radial sections (top—10 %, middle—45 %, and bottom—80 % of the outer radius) in
the fan stage.

To better understand the flow characteristics in the separated-flow region above the
suction side of the poro-serrated OGVs, the spectra of of the axial (Suu) and tangential (Sww)
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velocity fluctuations are examined in Figure 13. For this purpose, the velocity fluctuations
are sampled at a distance of 50 mm above the OGV TE. The frequency axis is expressed
in multiples of the blade-passage frequency BPF1 ≈ 520.5 Hz. The spectra for the M450E
configuration is only shown under plot (c) for the sake of clarity of the other plots.
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Figure 13. Plots of axial (Suu) and tangential (Sww) velocity fluctuations spectra at a height of 50 mm
(0.23c) above the OGV TE. The power spectral density is normalized against a reference velocity of
1 m/s. The arrows in (a,b) indicate narrowband velocity fluctuations components that are unrelated
to the BPFs.

At 10 % of the outer radius, it is apparent that the velocity fluctuations in the separated-
flow region are dominated by the low-frequency components. This behavior is particularly
noticeable in the Sww spectra, which can be associated with the unsteady upwash due to
the flow ejection at the suction side of the poro-serrations. The M450 configuration also
exhibits higher axial and tangential velocity fluctuations compared to those in the M800
case at this radial position, reflecting the contours in Figure 12. Unlike at the previous
location, the Suu and Sww levels of both M800 and M450 configurations at 45 % of the outer
radius are, on average, stronger than those of the baseline in almost the entire frequency
range of interest. However, the spectra of the M800 case show an additional tonal peak at
f /BPF1 = 0.71, which is especially prominent in the Sww plot. Nevertheless, this tonal peak
is completely absent in the M450 case, implying the influence of porosity. Interestingly,
the frequency of the tonal peak corresponds to a Strouhal number of approximately 0.1
when it is normalized against the mean velocity magnitude upstream of the poro-serrated
OGV and the maximum blade thickness. This behavior might be attributed to a quasi-
periodic vortex shedding at a solid–porous junction (see Figure 2), as previously reported
by Carpio, et al. [46]. At 80 % of the outer radius (plot c), all three modified configurations
exhibit almost identical spectra, although their velocity fluctuation intensity is generally
stronger compared to that of the baseline.

The aerodynamic loading characteristics on the OGVs are examined using the contours
in Figure 14 and surface pressure distribution plots in Figure 15. The time-averaged surface

228



Aerospace 2022, 9, 70

pressure is expressed as Cp,mean = (〈p〉 − p∞)/(0.5ρ∞U2
ref), where p∞ = 101.325 Pa. Mean-

while the RMS of surface pressure fluctuations is expressed as Cp,RMS = pRMS/(0.5ρ∞U2
ref).

The mean surface pressure contour for the baseline configuration (Figure 14a) evi-
dences the clearly-defined suction regions near the LE (i.e., area with low Cp,mean). In both
M800 and M450 configurations, prominent suction peaks are no longer present on the
poro-serrations. The tip of the solid serrations in the M450E configuration also exhibits
the same behavior. However, a noticeable suction region can still be found at the serration
root, which compensates for the loss of aerodynamic loading at the serration tip; this can
be clearly seen in plot (a) of Figure 15. In the same plot, the separated-flow regions at
the suction side of the OGVs for both M800 and M450 configurations are evidenced by
the relatively flat Cp,mean distributions downstream of the poro-serrations (x/c > 0.2).
On the pressure side of the M800 and M450 OGVs, the Cp,mean values decrease with a
steeper slope compared to that of the baseline, indicating flow acceleration caused by the
narrowing of the flow passage in the inter-OGV channel due to the separated-flow region
(see the velocity contours in Figure 10). The pressure distribution on the porous segment
of the serrations in the M450E configuration is shown in Figure 15b. This location also
corresponds to the serrations root as in Figure 15a. Nevertheless, the permeability of this
region causes the suction peak at the blade LE to vanish, similar to that in both M800 and
M450 configurations.

Figure 14. (Isometric view) Contours of time-averaged surface pressure coefficient Cp,mean and the
RMS of surface pressure fluctuations Cp,RMS on the OGV blades.

The lower halves of Figures 14 and 15 illustrate the distribution of pressure fluctuations
on the OGVs. The Cp,RMS contour for the baseline case shows that the largest pressure
fluctuations can be found near the outer span of the blades. When the baseline OGV is
replaced with the poro-serrated one (M800 and M450 configurations), the surface pressure
fluctuations near the LE tip become less intense. Towards the TE, however, the Cp,RMS
values on the poro-serrated OGVs tend to be higher than those on the baseline blades,
especially at the suction side. Such behavior seems to be associated with the flow separation,
which eventually induces a stall-noise mechanism [47] that is responsible for generating
excess broadband noise in the low-frequency range. In Figure 15a, the root segment of the

229



Aerospace 2022, 9, 70

solid serrations in the M450E case exhibits a higher Cp,RMS peak than that of the baseline.
This is caused by the reinforcement of upwash/downwash at the serration root due to the
production of a secondary streamwise vortex system from the serration tip [15,17]. This
mechanism is reflected in the Cp,RMS contour in Figure 14d, where regions with relatively
high pressure fluctuations can be found immediately downstream of the serration root.
As shown in Figure 15b, the usage of poro-serrations at the outer span of the OGV in the
M450E configurations appears to be beneficial as the overall Cp,RMS levels along the chord
are lower compared to the those in the baseline case.
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Figure 15. Plots of (top row) time-averaged surface pressure coefficient and (bottom row) RMS of
surface pressure fluctuations at the outer span of the OGV. Pressure coefficient values shown are
averaged over the 26 blades. The pressure distributions at the pressure side are plotted with lower
opacity. For the M450E configuration, note that the LE porosity is only implemented at >85 % of the
blade outer radius.

4.2. Far-Field Noise Characteristics

The effects of the porous treatments on the acoustic characteristics of the CRM/SDT
configuration are discussed in this subsection. The sound generated by the CRM/SDT
model can be visualized using the dilatation field contour, which is provided in Figure 16.
The figure only shows the contour for the baseline configuration as it has been found that
the contours for the other configurations are qualitatively similar. The contour clearly
shows wavefronts originating from the inlet and the outlet of the nacelle, which correspond
to the sound produced by the fan stage components. After leaving the fan stage, sound
waves are also diffracted by the high-lift devices. Additional noise is also generated from
within the jet plume downstream of the nacelle.
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Figure 16. The contour of the dilatation field (time derivative of pressure) surrounding the nacelle
containing the SDT fan stage (baseline configuration). Note that the dilatation field is expressed in
nondimensional unit.

In Figure 17, the noise emitted by the aircraft is evaluated at two observers that are
referred to as approach and lateral locations, respectively. The approach reference position is
located at a distance of 120 m directly underneath the aircraft. On the other hand, the lateral
position is located at a distance of 450 m alongside the aircraft. These locations are based
on the reference measurement distances outlined in ICAO Annex 16 [48,49]. The sound
pressure level (SPL) spectra in the figure show that the sound intensity at the approach
location is 12 dB higher on average than at the lateral one, which is roughly equal to the dif-
ference assuming a spherical spreading by a point source (i.e., both measurement points are
located in the acoustic far-field). The tones corresponding to the blade-passage frequency
are less prominent at the lateral position, due to the noise directivity. By comparing the
noise spectra between the different configurations (see Figure 17b), it can be deduced that
the application of poro-serrations can substantially reduce the tonal noise component at
BPF1 and its harmonics. However, in the M800 and M450 cases, it is also evident that the
broadband noise component in the low-frequency range has been enhanced, particularly at
frequencies below BPF2.

The acoustic energy emitted by the fan stage is characterized by the source power
level (PWL) spectra in Figure 18a. The overall PWL (OPWL) values in the frequency range
of 0.2 < f /BPF1 < 3.5 are also reported in the figure. It is evident that only the M450E
configuration achieves a reduction in acoustic power emission, whereas the M800 and
M450E ones produce comparable OPWL as the baseline case. As depicted in Figure 18b,
this is due to the fact that the reduction of PWL at the BPFs (i.e., the main tonal noise
component) has been counterbalanced by the enhanced broadband noise component. The
plot also shows that changes in the ∆OPWL are proportional to the porosity of the poro-
serrations. For instance, based on Figure 18a, the PWL values in the frequency range “A”
(0.3 < f /BPF1 < 0.7) are increased by an average of 2 dB and 1.5 dB for the M800 and
M450 configurations, respectively. The broadband noise increase is absent in the M450E
case because its solid serrations do not induce any severe flow separation. Above 2BPF1
(frequency range “D”), broadband noise attenuation can be observed in the spectra of
all three modified configurations. It is worth mentioning that the spectra of the M800
configuration exhibit additional tones that are unrelated to the harmonics of BPF1, which
can be found at f /BPF1 = 0.71, 1.33, 1.48, and 1.71. Following the velocity fluctuations
spectra in Figure 13, the tones are likely associated with the vortex shedding process taking
place at the solid–porous junction of the poro-serrated OGV [46]. Nevertheless, these
additional tones are absent in the M450 configuration, which results in a lower OPWL
value relative to its higher-porosity counterpart.
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2000m

Figure 17. (a) The sound pressure level (SPL) at reference observers beneath and alongside the aircraft.
(b) The SPL difference between the baseline and the two modified cases. Note that the dimensions in
the illustration at the lower left of the figure are not to scale.

The noise directivity on the lateral plane of the aircraft is shown in Figure 19. The
overall SPL (OSPL) values are reported at a distance of 120 m from the fan-stage inlet
corresponding to the approach reference location. The nose of the aircraft is aligned with
the 180◦ angle. The directivity plot implies that noise is radiated predominantly towards
the upstream and downward directions, the latter of which is attributed to the shielding
effect from the wing [50]. For most observer angles, both M800 and M450 configurations
produce higher OSPL by 1 to 2 dB relative to the baseline configuration, whereas the M450E
configuration produces a reduction of 1 dB. Noise attenuation in the M800 and M450 cases
is present only in between 310◦ and 330◦, i.e., in the downstream direction.
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Figure 18. (a) Source power level (PWL) of the CRM/SDT configuration. The capital letters denote
the frequency ranges where the directivity patterns are plotted in Figure 19. Plot (b) shows the OPWL
difference between the modified configurations and the baseline, divided into two categories: BPFs
(the tonal peaks BPF1 to BPF3) and broadband (the broadband noise component and other tones up
to f /BPF1 = 3.5).

The noise directivity analysis is expanded in the lower part of the figure, where
the directivity patterns are plotted for the different frequency ranges that are previously
highlighted in Figure 18a. Plot A, which corresponds to 0.35 < f /BPF1 < 0.75, evidences
that the noise increase caused by the M800 and M450 OGVs can be observed in all directions.
Similar trends are found in plot B (1.08 < f /BPF1 < 1.34), except that the noise increase is
only present in directions normal to the fan stage axis. In both plots, nonetheless, the excess
noise produced by the M450 case is less severe than that by the M800 one. On the other
hand, a slight noise reduction in the M450E case can be found in these frequency ranges. A
more noticeable discrepancy between the M800 and M450 cases is shown in plot C, where
the OSPL distribution of the latter is relatively similar to that of the baseline, unlike the
former. This is related to the additional tone produced by the M800 configuration, whose
intensity is comparable to the BPF2 of the baseline configuration, which is not present
with the lower-porosity case. Plot D shows the broadband noise reduction in the high-
frequency range, which is mainly observed in the lower downstream direction for the M800
and M450 configurations. Conversely, the M450E also exhibits reduced noise level in the
upstream direction.

Basic noise metrics, such as OSPL, do not fully describe the noise characteristics as
perceived by a human listener. As a matter of fact, a person with normal hearing capability
is most sensitive to sound at frequencies in between 2 and 4 kHz [48]. Furthermore, tonal
noise component, in general, induces more annoyance than the broadband one. In the
interest of evaluating the impact of the porous treatments on the perceived noise features
of the CRM/SDT setup, the perceived noise level (PNL) metric is used, followed by a noise
footprint analysis. This analysis was performed using the 3DS-SIMULIA Opty∂B-FOOTPRINT

tool in conjunction with 3DS-SIMULIA PowerACOUSTICS. The tool has been used to
perform digital aircraft noise pre-certification [51], as well as to investigate the impact of
trajectory and flight conditions on the noise footprint generated by eVTOL vehicles [52].
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Figure 19. The noise directivity pattern along the lateral axis. Directivity plots A to D correspond to
the frequency bands where notable discrepancies between the modified and baseline configurations
are present in Figure 18.

Currently, the noise footprint analysis assumes that the aircraft travels along an
approach trajectory, as illustrated in Figure 20a, which is a descending flight path with
a constant slope of 3 degrees. While the present simulation only considers a single fan
stage that is installed underneath the port wing of the aircraft, its far-field noise signal (i.e.,
computed using FW-H analogy) has been mirrored along the symmetry plane of the aircraft
to emulate the noise contribution of a second (starboard) fan stage. As shown in Figure 17,
the aircraft altitude is 120 m when it is directly above the reference approach microphone
location, which is indicated as the zero downrange position in Figure 20.

In Figure 20b,c, the perceived noise level (PNL) and its tone-corrected level (PNLt)
were used to evaluate the noise level measured at the reference microphone as the aircraft
travels along its trajectory. The downrange coordinate is defined from −850 m to 850 m
and the PNL values are computed in steps of 0.5 s. When the aircraft is approaching the mi-
crophone (i.e., downrange > 0), the M800 and M450 configurations tend to produce higher
PNL values (e.g., by up to 2 dB) than the baseline, while reduced PNL can be observed
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in the M450E case. The difference between the M450E and the baseline configurations
becomes more apparent in the PNLt plot due to the mitigated tonal noise emission in the
former. However, the PNLt distributions of both M800 and M450 configurations remain
comparable to the baseline one, as the tonal noise attenuation is offset by the broadband
excess noise. The PNL values for all cases peak slightly ahead of the reference microphone
location due to the stronger tendency of noise radiation in the lower upstream direction as
previously indicated in Figure 19. As the aircraft leaves the reference microphone location,
the PNL and PNLt values for all three modified configurations become smaller than those
of the baseline, which is attributed to the noise reduction in the lower downstream direction
previously shown in Figure 19.
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Figure 20. (a) The aircraft trajectory for noise footprint analysis, (b) the variation of perceived noise level
(PNL), and (c) the tone-corrected PNL (PNLt) for a reference aircraft approach scenario. The reference
microphone is located at the origin of the downrange axis, where the aircraft altitude is 120 m.

The noise footprint of the aircraft during the flyover is illustrated in Figure 21 in
term of effective PNL (EPNL). The footprint was computed on a square grid that is 2.5 km
by 2.5 km wide. For the M800 and M450 configurations, the contours also evidence the
enhancement of noise radiation in front of the aircraft, whereas noise reduction is only
present downstream of it. The figure shows that the noise increase is more severe in the
M800 case than the M450 one, which reflects the source power spectra trends in Figure 18.
On the other hand, the M450E configuration exhibits EPNL reduction in the entire map,
although noise attenuation is also larger behind the aircraft. Based on the contours, the
EPNL values at the origin (i.e., approach reference location) are 105.9 dB, 106.8 dB, 106.2 dB,
and 104.4 dB for the baseline, M800, M450, and M450E configurations, respectively. For
comparison, the approach EPNL for a Boeing 777-300ER is ≈ 101 dB [53]. While this is
substantially lower than the EPNL value for the baseline CRM-SDT model, it is worth
mentioning that the SDT fan stage might no longer be acoustically optimized due to the
upscaling. Furthermore, the SDT fan stage also lacks acoustic liner in the nacelle, unlike in
typical modern turbofans.
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Figure 21. Noise footprint contours, in term of effective PNL (EPNL), corresponding to the aircraft
trajectory shown in Figure 20.

5. Conclusions

The present study focuses on a numerical investigation of the application of a porous
leading-edge (LE) treatment in a full-scale aircraft simulation. The model consists of the
NASA HL-CRM airframe combined with the NASA-SDT fan stage. The outlet guide vanes
(OGV) of the fan stage are modified to incorporate a poro-serration treatment to mitigate
the fan wake-OGV interaction noise. The poro-serrations were modeled after a metal foam
with two different porosity values (e.g., M800 and M450E configurations) to examine how
porosity affects the efficacy of the noise reduction treatment. A third modified configuration
(M450E) was proposed where the serrations are made permeable only at the outer 85 % of
the OGV blade span, where the noise source intensity is expected to be the strongest.
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The fan stages with the modified OGVs are found to produce a substantial tonal noise
reduction at the blade-passage frequency (BPF) and its harmonics (e.g., by up to 7 dB at
BPF1 and 9 dB at BPF2). However, the poro-serrations in the M800 and M450 configurations
are also responsible for enhancing the broadband noise component in the low-frequency
range. Moreover, additional tones that are not associated with the BPFs are also emitted
in the higher porosity case (i.e., M800). As a consequence, the overall source power levels
of both M800 and M450 cases are relatively unchanged with respect to the baseline one.
Conversely, the M450E configuration achieves 1.5 dB reduction in term of overall source
power level. The noise directivity analysis reveals that the modified fan stages exhibit noise
reduction mainly in the lower downstream direction. This behavior is also reflected in
the noise footprint contours where the noise reduction level is generally higher behind
the aircraft.

By analyzing the flow field in the fan stage, it has been shown that the broadband noise
enhancement in the M800 and M450 configurations is attributed to the flow separation
above the suction side of the poro-serrated OGVs. The separated-flow region is induced
by an unsteady cross-flow in the porous medium region, which is driven by a pressure
balancing process. A vortex shedding phenomenon near the solid-porous junction was
identified for the poro-serrations with higher porosity, which causes additional tones to
be emitted. The flow separation on the poro-serrated OGVs eventually decreases the
mean axial velocity and the mass flow rate in the fan stage, lowering the amount of
thrust generated. The thrust penalty is found to be proportional with the porosity of
the LE treatment, which is 9 % in the M800 case and 7.5 % in the M450 case. Thus, the
poro-serration with the lower porosity value exhibits a more favorable trade-off between
acoustic and aerodynamic characteristics compared to that with higher porosity.

Using the M450E configuration, it was demonstrated to be more beneficial to apply
porous treatment only at the outer span of the OGV for two reasons. Firstly, the fan-wake
impingement at these locations generates stronger surface pressure fluctuations on the
OGV, which can be efficiently mitigated by the porous medium. Secondly, by limiting the
spanwise extent where the leading edge is permeable, the adverse aerodynamic impact
associated with the porous medium region, such as the mean cross-flow between the
suction and pressure sides of the poro-serrations, can be mitigated.
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Abbreviations

The following abbreviations are used in this manuscript:

BPF Blade-passage frequency
CRM Common research model airframe
EPNL Effective perceived noise level
FW-H Ffowcs-Williams and Hawkings analogy
LE Leading edge
OGV Outlet guide vane
OPWL Overall source power level
OSPL Overall sound pressure level
PNL Perceived noise level
PNLt Tone-corrected perceived noise level
PWL Source power level
SDT Source diagnostic test rig
SPL Sound pressure level
TE Trailing edge
TIN Turbulence-impingement noise
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Abstract: Large-eddy simulation (LES)-based jet noise predictions do not resolve the entire broadband

noise spectra, often under-predicting high frequencies that correspond to un-resolved small-scale

turbulence. The coupled LES-synthetic turbulence (CLST) model is presented which aims to model the

missing high frequencies. The CLST method resolves large-scale turbulent fluctuations from coarse-

grid large-eddy simulations (CLES) and models small-scale fluctuations generated by a synthetic eddy

method (SEM). Noise is predicted using a formulation of the linearized Euler equations (LEE), where

the acoustic waves are generated by source terms from the combined fluctuations of the CLES and

the stochastic fields. Sweeping and straining of the synthetic eddies are accounted for by convecting

eddies with the large turbulent scales from the CLES flow field. The near-field noise of a Mach 0.9 jet

at a Reynolds number of 100,000 is predicted with LES. A high-order numerical algorithm, involving

a dispersion relation preserving scheme for spatial discretization and an Adams–Bashforth scheme

for time marching, is used for both LES and LEE solvers. Near-field noise spectra from the LES

solver are compared to published results. Filtering is applied to the LES flow field to produce an

under-resolved CLES flow field, and a comparison to the un-filtered LES spectra reveals the missing

noise for this case. The CLST method recovers the filtered high-frequency content, agreeing well with

the spectra from LES and showing promise at modeling the high-frequency range in the acoustic

noise spectrum at a reasonable expense.

Keywords: jet noise; turbulence modeling; synthetic turbulence; CFD

1. Introduction

Numerical prediction of the broadband noise from a subsonic turbulent jet remains
a challenge for Computational Aeroacoustics (CAA) due to the need to resolve a wide
range of disparate spatial and temporal scales. Furthermore, the scale disparity between
the fluid dynamic and acoustic disturbances requires greater numerical accuracy to prevent
high frequencies from being damped by dissipation inherent in the numerical schemes [1].
With computational fluid dynamics (CFD), resolving the smallest turbulence scales needed
for acoustic predictions drastically increases the computational cost. In fact, resolution
of all the turbulent scales via direct numerical simulation (DNS) for a moderately high
Reynolds number jet is not currently feasible due to the extreme cost.

The current standard for CFD-based jet simulations is large-eddy simulation (LES).
Recent advances in simulation methodology, such as wall modeling for the nozzle interior
boundary layer [2], have led to more reliable LES predictions (often at flight Reynolds num-
bers), and application to more complicated problems [3–6]. Despite these improvements,
the problem still remains that LES is computationally expensive yet still cannot resolve
high-frequency acoustic disturbances [3,4,7–9]. Since LES only resolves the large turbulent
scales (which generate low-frequency noise [10]), modeling is required for the smallest
turbulent scales that cannot be resolved by the computational grid. Subgrid-scale (SGS)
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models for LES do not generate acoustics that correspond to these modeled small scales,
which leads to the problem of missing high-frequency content. Increasing the grid resolu-
tion to resolve small scales drives up the expense exponentially, making LES impractical for
industrial use [11]. Present-day LES simulations can accurately resolve frequencies up to
Strouhal numbers of 3 to 5 (St = f Dj/Vj) [4], although St = 7 has been reported recently [6].
This range does not even account for all of the high-frequency content in the jet noise
spectra, which can extend up to St = 30 [9,12,13].

For subsonic jet noise, it is important to note that the frequency content varies with
the observer angle to the jet [10]. This spectral directivity arises in part due to two separate
source mechanisms for subsonic jet noise [10,14–18]. Large coherent eddies and turbulent
structures near the end of the potential core generate low-frequency noise, which radiates
primarily in the downstream direction. This low-frequency noise dominates the jet noise
spectra, comprising the majority of observed sound from a subsonic jet.

A second, less intense sound source arises from small-scale turbulent eddies mixing
randomly in the shear layer. Fine-scale mixing generates broadband noise (including high
frequencies [10,19,20]) that radiates nearly uniformly. The strength of low-frequency noise
at downstream angles renders high-frequency noise insignificant at those observation
locations. However, high-frequency noise becomes more influential at sideline angles (90◦),
where low frequencies do not dominate the spectra [15,20,21]. A more thorough review of
possible noise mechanisms for these two sources and their locations within the jet can be
found in Blake [22].

For full-scale jets, the high frequencies produced by small-scale turbulence can corre-
spond to the frequency range most annoying to humans and cannot fully be ignored [9,15,23].
From the previous discussion, jet noise predictions based on LES simulations cannot resolve
high frequencies and, therefore, under-predict a less intense yet important portion of the jet
noise spectra. The inability of LES to resolve a full noise spectrum in a cost-effective manner
suggests the need for an alternative method for LES-based noise prediction, such as a model
for the missing high-frequency noise.

Several authors have investigated different approaches for modeling the missing high-
frequency noise content. Seror et al. [24] apply both a priori and a posteriori methods to
filtered DNS results of isotropic turbulence in order to evaluate a hybrid LES/Lighthill
noise prediction approach. They observed that the noise from unresolved turbulent scales
(or residual SGS stresses) is essential to predict the full acoustic spectra. Batten et al. [25,26]
combine resolved fluctuations from LES and subgrid fluctuations from a statistical, Fourier-
mode model to generate noise sources. Bodony and Lele [7] develop equations to model
the velocity and pressure arising from the missing subgrid scales, using an acoustic anal-
ogy approach. Their method is based on the idea that interaction between resolved and
missing scales is important to account from the noise arising from the missing scales.
Bodony and Lele [11] further developed this method into a statistical noise model for
source terms corresponding to the missing noise, relating the space-time correlations of the
source terms to the far-field power spectral density of the fluctuating density, obtaining
the far-field noise by an adjoint formulation of Goldstein’s generalized acoustic analogy.
Independently, Bodony [9] uses a Gabor transform to derive equations that approximate
the behavior of the subgrid turbulent scales above a cut-off frequency wave number. Addi-
tionally, a Lagrangian particle approach estimates subgrid fluctuations and reconstructs
the Reynolds stress contributions from the modeled subgrid scales. The subgrid stresses,
once obtained, can then be used with an acoustic analogy to form noise source terms for
the subgrid turbulence. Unfortunately, the work only presented the method and did not
show results.

The most relevant literature on this topic is a paper by Yao and He [27], who propose
the use of synthetic fluctuations to account for the missing LES noise content. They apply
the kinematic simulation (KS) method of Fung et al. [28] to model subgrid-scale fluctuations
that are not resolved by LES, taking care to match both time and space statistics in order
to account for the random sweeping hypothesis [29,30]. A hybrid CAA method is used
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to compute noise by Lighthill’s acoustic analogy. Comparisons with DNS for isotropic
turbulence show that a combination of LES and synthetic fluctuations can approximately
recover the high-frequency content missing from the noise spectra. However, this method
was not applied to more complex flows and cannot be used for turbulent shear flows
(i.e., jets) because their implementation of the sweeping hypothesis does not account for the
influence of the unsteady resolved fluctuations on the unresolved, modeled fluctuations.

The work of Yao and He [27] shows the possibility for synthetic turbulence methods
to model the missing high frequencies from LES-predicted noise spectra in general. While
several different approaches have been taken to solve the missing noise problem, none
have shown results for jet noise prediction. With regards to synthetic turbulence methods,
several authors have investigated the use of SEM to model jet noise [31,32].

Fukushima [31] modify the Stochastic Noise Generation and Radiation (SNGR) method
(a synthetic turbulence method built on the summation of Fourier modes [33]) to use
the synthetic eddy method (SEM) to model turbulent fluctuations in the jet shear layer
via a superposition of eddies instead of a superposition of Fourier modes. The SEM
method was proposed by Jarrin et al. [34] as a simple and computationally inexpensive
method to generate more-realistic turbulence inflow conditions for homogeneous isotropic
LES simulations [34–36]. Synthetic eddy methods allow locally-specified length scales
and turbulent properties and therefore respond better to local stretching and deforming,
which is ideal for the sweeping and straining of turbulence present in jet shear layers.
A Reynolds-averaged Navier–Stokes (RANS)-generated background shear flow is used by
Fukushima [31] and the Linearized Euler equations (LEE) with source terms are used to
propagate the synthetically-generated noise sources.

The method of Hirai et al. [32] shows promise for the use of SEM methods in jet
noise prediction, building on the work of Fukushima [31] by investigating the statistical
properties of the synthesized turbulent velocity field. Hirai et al. introduce a turbulence
dissipation mechanism (a time-decorrelation process) that modulates the intensity of each
eddy in time to better match the temporal decorrelation observed in the experimental data
of Fleury et al. [37]. This is needed because the original SEM method (by Jarrin et al. [34])
does not correctly model the dissipation of turbulent structures in time. In the method by
Hirai et al. [32], each eddy is convected by a constant mean flow velocity. The size and
strength of each eddy are recalculated in time based on convection and the background
RANS field TKE and ǫ. The authors reported significantly over-predicting the jet noise
when the model was first tuned to match the spatial and temporal statistics of the turbulent
flowfield. The noise spectra was only matched when the turbulent properties of the
synthetic field were adjusted. However, their results show that SEM-based methods can be
used for jet noise predictions.

Given the highlighted issues with current LES approaches and the potential of SEM-
based methods to model jet noise, the coupled LES-synthetic turbulence (CLST) method
is presented to supplement the missing high-frequency noise for LES-based jet noise
predictions. The CLST method is based on the assumption that the unresolved small-
scale turbulence are isotropic and can therefore be modeled sufficiently by randomized
synthetic turbulence rather than developing a model from first principles. In contrast
to the methods of Fukushima [31] and Hirai et al. [32], the CLST method resolves large
turbulent fluctuations (corresponding to low-frequency acoustic waves) with LES or CLES
(coarse-grid large-eddy simulations) for the mean flow and generates small turbulent
fluctuations (corresponding to high-frequency acoustic waves) with synthetic turbulence
modeling. A representation of the process is shown in Figure 1. The resulting resolved
and modeled fluctuations are combined and are used to generate noise sources, which are
then propagated with a linearized Euler equation (LEE) solver in a hybrid CAA method.
By design, the CLST method convects small-scale synthetic eddies by the resolved, large-
scale velocities from LES or CLES, which accounts for sweeping and distortion of the small
turbulent scales by the large turbulent scales [38–42].
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Figure 1. Representation of Resolved and Modeled Turbulent Scales in the CLST Method.

The primary goal of this work is to present a model for the high-frequency spectral
content that is missing from LES far-field jet noise predictions and to demonstrate that
the CLST method can correctly model near-field jet noise spectra. Such an approach has
already shown promise with an SNGR-based turbulence model [43]. A secondary goal
of the CLST method is to reduce overall LES simulation costs while still maintaining a
high level of fidelity. A cost reduction is possible when using a less-dense spatial grid
resolution (CLES) to model the jet. Further cost reduction is possible when using the LEE
to propagate noise instead of the Navier–Stokes (NS) equations because the LEE are a
simplified equation set and are cheaper to solve on a given grid. Additionally, with an LEE
solver, a coarser grid resolution can be used outside the jet source region while still resolving
the necessary acoustic spectrum. LEE can also be extended to the far-field for a cheaper cost
than the NS equations. Of course, alternative methods for acoustic propagation, such as a
permeable Ffowcs–Williams and Hakwings formulation, Kirchoff’s method, or Lighthill’s
acoustic analogy could be used. However, LEE is chosen for the CLST method because the
acoustic source terms come directly from velocity fluctuations, making it simple to add the
contributions of velocity fluctuations generated by synthetic eddies.

Predicting a more-complete noise spectrum and reducing simulation costs should lead
to equally reliable results in a shorter amount of time, potentially allowing the use of LES jet
noise predictions more readily in research and industry. This might enable quicker design
cycles or the inclusion of wing and pylon installation effects in LES jet noise simulations,
as is suggested might soon be possible for business jets [13]. Overall, the CLST method
will provide a new framework for LES predictions of turbulence-related noise mechanisms.

This work introduces the CLST method and details the implementation of CLST
with SEM-generated fluctuations. The CLST method is applied to a moderately high
Reynolds number, Mach 0.9 jet to investigate the effectiveness supplementing the missing
high-frequency portion of the jet noise spectra.

2. Problem Formulation and Numerical Framework

2.1. Overview

The main idea of CLST (as shown in Figure 2) is that resolved and modeled velocity
fluctuations are coupled to generate a more complete noise spectrum. The CLST method
combines coarse-grid large-eddy simulations (CLES) and a modified synthetic eddy method
(SEM). Using a hybrid CAA method, the jet flow is simulated with the Navier–Stokes (NS)
equations in a finite difference multi-block, structured LES solver. Velocity fluctuations
produced by the NS LES/CLES solver are passed to the linearized Euler equations (LEE) to
generate acoustic sources. The LEE solver then simulates the resulting noise field. The use
of LES or CLES turbulence modeling ensures the resolution of large-scale turbulent fluc-
tuations that correspond to low-frequency noise in the far field. Velocities generated by
SEM are added to the source terms in the LEE to generate sources corresponding to the
missing high-frequency noise. Figure 2 shows how the proposed CLST method modi-
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fies the CLES/LEE-based noise prediction scheme by adding the generation of synthetic
fluctuations to model high-frequency content.

Figure 2. Diagram of the CLST Method.

The proposed CLST modeling approach involves the following general steps:

• Compute an axisymmetric RANS solution for a jet flow using a k − ǫ or k − ω turbu-
lence model to generate a more realistic initial flowfield for the LES simulation.

• With the RANS solution as initialization, run the CLES solver until statistically-
stationary results are obtained.

• Initialize synthetic turbulence from mean RANS flowfield and turbulence information.
• Continue the CLES simulation and interpolate CLES fluctuations onto the LEE grid.
• Convect synthetic turbulence with CLES velocities, accounting for sweeping and

straining of the synthetic velocities.
• Compute velocity field produced by the summation of each synthetic eddy.
• Combine CLES fluctuations with synthetic fluctuations computed at each time step.
• Generate noise sources from LEE source terms and propagate noise with LEE to obtain

far-field acoustic pressure data.

As shown in Figure 2, either LES or CLES (coarse-grid large-eddy simulations) can be
used with the CLST method depending on the desired computational cost. For instance,
given the high computational cost of LES, it is unlikely to see industrial application soon.
However, if the CLST method were used with CLES or even Unsteady RANS (URANS)
instead of LES, then it might be possible to save significant computational cost due to the
lower-fidelity nature of CLES while achieving LES-level frequency resolution. Alternatively,
applying the CLST method to LES, while still expensive, could possibly provide DNS-level
frequency resolution at a fraction of the cost of full-resolution DNS.

Two assumptions underpin the CLST method and aid in limiting the complexity of this
problem. The first assumption is that the two-source theory of jet noise holds and that high-
frequency noise content is generated by fine-scale turbulence in the shear layer [10,15,17].
In other words, large scales of turbulence correspond to low-frequency noise, and small
turbulent scales correspond to high-frequency noise. The second assumption is that a wide
range of turbulent scales exists in the jet shear layer, and, consequently, there is a separation
between large and small turbulent scales. Furthermore, it is assumed that the small scales
are isotropic (per Kolmogorov’s hypothesis) and statistically similar [44] and can therefore
be modeled by a synthetic turbulence method.

Additionally, since the hybrid CAA formulation of the CLST method only allows
coupling from the LES to LEE, the small scales can not influence the large scales and it is
assumed that backscatter [45] should not be explicitly accounted for. However, the influence
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of the large scales on the small scales, known as sweeping and straining, is assumed to
be significant for the radiated noise [40,41]. Propagation of acoustic waves is assumed
to be a linear, inviscid phenomena even if generated by nonlinear phenomena. Random
sweeping occurs when the passing of large energy-containing eddies leads to convection of
small inertial-scale eddies [38–41]. Local straining is the idea that eddies are stretched and
distorted by local fluctuations and accelerations [42].

It should be noted that the parameters of the CLST method presented here were
developed after initial tests for the specific problem under investigation and that the
parameters would likely change for different problems. The evolution of these parameters
was not considered a topic of interest for this paper. A future sensitivity study could be
used to develop more universal parameters. However, the parameters provided here serve
as an initial starting point to demonstrate the potential effectiveness of the CLST method.

2.2. Synthetic Eddy Generation

In CLST, small-scale turbulent velocities are synthesized by a superposition of ran-
domized Gaussian eddies, essentially a synthetic eddy method (SEM). An initial RANS
simulation with the same flow field parameters as the LES simulation provides turbulent
quantities to calculate the eddy amplitude, while the eddy size, orientation, initial position,
and “lifetime” are calculated from random values. These randomized values are set on
eddy initialization and do not change until an eddy is re-initialized after getting recycled. It
should be noted that the values of CLST parameters in this work were chosen in part from
preliminary analysis on this specific problem and further study is needed to generalize this
method for different analysis conditions.

For eddy placement, a source region (the solid lines in Figure 3) is formed around
the jet shear layer, centered on Dj/2, where Dj is the jet diameter. The source region is
comprised of a cone, with αs = 10.0◦ and βs = 6.3◦, xmin = 1.5 and xmax = 12.5 for this
work. The parameters of the cone shape were chosen to mimic the initial shear layer and
TKE contours from the LES-only flow field. Eddies are randomly placed in the three-
dimensional source region by first choosing a random x0 value from xmin to xmax. Given an
x0, y0 and z0 are chosen from inside the source region.

Figure 3. Source Region for Synthetic Eddies.
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Synthetic eddies are generated using the following Gaussian shape function:

G(x, t) = exp

[

− xp + yp + zp

σ2 − (t − t0 − 0.5tL)
2

σ2
t

]

(1)

xp = (x − x0 − uct)2 (2)

yp = (y − y0 − vct)2 (3)

zp = (z − z0 − wct)2, (4)

where the initial eddy center is located at x0 = (x0, y0, z0) at the time t0, the eddy size is
given by σ, the eddy life time is given by tL, the time ramp width is given by σt, the eddy
convection velocity is given by uc = (uc, vc, wc), and the current eddy position and time
are given by x and t.

For N eddies, the following equations randomize the nth eddy’s size and orientation
for the synthetic velocity fluctuations un = (un, vn, wn):

un(x, t) = A
(

czp − byp

)

· G(x, t) (5)

vn(x, t) = A
(

bxp − azp

)

· G(x, t) (6)

wn(x, t) = A
(

ayp − cxp

)

· G(x, t), (7)

where a, b, and c are randomized values between −2 and 2 to satisfy the divergence-free
condition for a constant convection velocity. For reference, Hirai et al. used both N = 10,000
and N = 50,000 eddies, finding that more eddies improved the noise predictions [32].

The fluctuations generated by all eddies are summed in a point-wise manner to form
the synthetic velocity field. At a point x and time t, the synthetic velocity fluctuations, us,
generated by all N eddies is given by

us(x, t) =
N

∑
n=1

gn(x, t), (8)

where

gn(x, t) =

{

un(x, t) if (xn − xn
0 − unt) ≤ βcσn.

0 otherwise.
(9)

To minimize the computational cost incurred by performing calculating for thousands
of eddies across the entire computational domain, the eddy calculation is omitted for any
point further than a given distance from the eddy (Equation (9)), forming a calculation
“window”. The convection velocity is included in the distance calculation so that the
calculation “window” follows the eddy downstream. Jarrin et al. [35] employ a similar cut-
off in their SEM formulation. A value of βc = 2.0 was observed to give good performance
while not cutting off eddies stretched by sweeping.

2.3. Eddy Size Distribution

In realistic turbulent jet flows, small eddies are more numerous than large eddies.
To mimic this behavior, the synthetic eddies are assigned to a “generation” or bin based on
size. Three bins are chosen and distributed in the percentages shown in Table 1. Due to the
Gaussian eddy shape, the actual eddy diameter is approxmiately 2σ, where σ is the eddy
size. For the rest of this work, eddy size will refer to σ, not the actual eddy diameter.

Table 1. Eddy Bin Size Distribution.

Eddy Size (σn) % of N Eddies Minimum Size Maximum Size

Small 90 σmin σmin(δσ)
Medium 9 σmin(δσ) σmin(δσ)2

Large 1 σmin(δσ)2 σmax

247



Aerospace 2022, 9, 171

Given that the grid spacing is fine near the jet inlet and coarser downstream, an average
minimum grid spacing, ∆xmin, is calculated across the grid blocks in the eddy source
region. The smallest eddy size is taken from the minimum average global grid spacing,
σmin = 3.2∆xmin, which is assumed to be the minimum eddy size that the grid can support
practically. The largest eddy size, σmax, is taken from the wavelength corresponding to
the filter cut-off, λc =

2π∆xminPPW
ξc

(as is discussed in following sections, filtering is used to
produce a CLES field for CLST). Wavelengths smaller than the filter cut-off wavelength are
attenuated. The factor PPW = 5/2 is a ratio of the minimum number of points required
to resolve the smallest wavelength by the currently-employed DRP scheme to the points
per wavelength required in Kennedy and Carpenter [46]. To further control the eddy
sizes, the maximum eddy size was adjusted for this work such that σmax = 0.45λc. These
parameters ensure that the smallest eddies are discretized by approximately four grid
points on average.

The eddy bins are divided into equal ratios for each bin, with δσ = (σmax/σmin)
(1/3).

The bin ratio, δσ, is the size increase from one bin to the next. For this work, δσ is 1.145 based
on the grid spacing and filter size. Table 1 shows the limits for each bin. The von-Karman
turbulent kinetic energy spectra is plotted in Figure 4 for a representative point in the
shear layer of a Mach 0.9 turbulent jet. The eddy size related to the fourth-order filter
cut-off corresponds approximately to the most energetic large eddies, which is ideal for
approximating CLES in the CLST framework. The distribution of eddies ensures that they
reside within the range for isentropic turbulence and do not model the most energetic
large eddies. The size of the synthetic eddies does not approach the dissipation range,
but smaller eddies could be resolved by using a finer-spaced computational grid.

Figure 4. Eddy Size Distribution Shown for a Representative Turbulent Spectrum.

The eddy size is randomly chosen uniformly over the limits of the bin. Upon re-
initialization, the eddies stay in their assigned bin, but the size can change within the limits
of the bin. This ensures that the desired size distribution is maintained but allows for
randomness in eddy sizes.
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2.4. Amplitude Calculation

The amplitude for the nth eddy is calculated from the von Kármán–Pao energy spec-
trum for isotropic turbulence following the SNGR method of Bailly and Juvé [33]. For a
given eddy size, σn, the wavenumber associated with the nth eddy is from kn = 2π

2σn .
The energy associated with that wavenumber is given by the von Kármán–Pao energy
spectrum as:

E(kn) = α
u′2

ke

(kn/ke)4

[1 + (kn/ke)2](17/6)
exp

[

− 2
( kn

kη

)2
]

, (10)

where

α ≃ 1.453, u′ =

√

2
3

kRANS, ke = 0.747/Le. ǫ =
u′3

Le
, kη =

ǫ1/4

ν3/4
. (11)

In these equations, ν = 1.4146 × 10−5 m2

s was taken as a constant and ǫ was calculated
from the RANS-generated TKE (kRANS) so that the amplitude of the synthetic eddies is only
dependent upon the TKE. The wavelength of maximum energy, Le ≈ 0.3 × Dj, is estimated
from turbulent jet data in Pokora and McGuirk [47].

Finally, for the nth eddy,

An = βamp

√

E(kn)/N, (12)

where βamp is an amplification factor adjusted to produce fluctuations at the desired
magnitude. The factor of 1/

√
N is taken from Jarrin et al. [34] and adjusts the amplitude

based on the number of eddies. A value of βamp = 8.0 × 106 was used for the present
simulations, although the value of this constant must be investigated in future work.

2.5. Eddy Convection

In the simplest SEM approach, eddy properties such as amplitude and size are fixed at
initialization of the eddy, and each eddy is convected with a constant velocity or with the
mean RANS flow velocity at the eddy center. These methods of convection do not allow
for any distortion to the eddy shape that would occur via sweeping and straining.

Explicitly tracking and convecting an eddy with a distorted shape is not a straight-
forward task in a parallelized, multi-block grid approach if the convection velocity is
non-constant due to sweeping by large eddies. To solve this difficulty, the eddy convection
velocities in CLST are taken from each discrete point across the eddy. Figure 5 shows the
pointwise velocity distribution for an eddy distorted by the presence of a non-uniform
background flow. Convecting eddies in this pointwise manner saves complexity and
computational time by avoiding the point searching and interpolation that would be
needed to explicitly track an eddy, and, most importantly, accounts for the influence of
sweeping and straining on the synthetic eddies.

To this point, an important feature of the CLST method is that sweeping and straining
of the synthetic eddies are modeled. Sweeping occurs when the small-scale synthetic eddies
are influenced by the movement and rotation of large-scale eddies. Straining is produced
by non-uniformities in the local flow field due to large eddies. To accomplish this in the
CLST method, eddies are convected via the instantaneous CLES velocities rather than the
mean flow velocities. In other words, the synthetic eddies are convected by the mean jet
flow plus any fluctuations resulting from large-scale eddies.

A representative diagram of sweeping due to pointwise convection and is given in
Figure 6. Figure 6a shows the initial position of a small representative eddy in a flow field
influenced by the rotation of a larger eddy. After applying pointwise convection to the
eddy, displacement and distortion of the eddy shape due to sweeping and straining can be
observed in Figure 6b.
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Figure 5. Point-wise velocity for a distorted synthetic eddy.

(a) (b)

Figure 6. Point-wise velocity for small eddy in a uniform flow with influence from a large
neighboring eddy: (a) Initial Eddy Position. (b) Convected Eddy Position.

Pointwise convection leads to changes in certain eddy properties. As a given eddy
is convected downstream, the eddy size remains constant, but the eddy amplitude and
convection velocity can vary with spatial position. The initial Gaussian eddy shape can
also change due to shear, sweeping, or straining effects. Each synthetic eddy is small in
size compared to spatial changes in the mean flow field. The lifetime of each eddy is also
small compared to the overall temporal fluctuations of the jet. Therefore, it is assumed that
changes in the eddy properties over the eddy shape are small, as well as changes in eddy
properties over the eddy lifetime since and eddy does not convect very far downstream.
Any errors due to violating the divergent-free condition are expected to be minimal to the
overall noise produced by the jet.

250



Aerospace 2022, 9, 171

2.6. Recycling Eddies

At the beginning of the simulation, N eddies are created and inserted into the flow.
They are initialized with an eddy lifetime based on the eddy size, such that small eddies
exist for a short time. As the simulation progresses, the amplitude of each eddy is mod-
ulated in time with a Gaussian function (see Equation (1)) so that the eddy fades in on
initialization and fades out as it reaches the end of its lifetime. At the end of its life, the eddy
is recycled, meaning that the eddy is re-initialized with a new random size, orientation,
lifetime, and position in the jet shear layer. The equations for eddy lifetime, tn

L = 10.5σn,
and the time ramp width, σn

t = tn
L/4, were chosen to match the visually-observed time-

development behavior of large-eddy structures in LES. Initially, eddies are inserted over a
time range of 10-fold the lifetime of the maximum eddy size. Staggering the eddy insertion
in this manner prevents similarly-sized eddies from syncing in time, which eliminates
global pulsing behavior that can occur if thousands of eddies are recycled simultaneously.

2.7. Coupling of LES and SEM Velocity Fluctuations

In the calculation of the synthetic eddy field, at each point, the contribution from each
synthetic eddy is summed at a given point. Once the total contribution of each synthetic
eddy is computed, the synthetic velocity fluctuations are added to resolved LES fluctuations
and passed to the LEE source terms to generate acoustic sources.

2.8. Numerical Methods

The Navier–Stokes (NS) equations are used for LES and the linearized Euler equations
(LEE) are used for acoustic propagation. The three-dimensional Navier–Stokes equations
are solved in a conservative form cast in curvilinear coordinates with a multi-block solver.
The governing equations and flow variables are non-dimensionalized by the mean flow
density ρ̄, speed of sound a∞, and reference length Dj. Both NS and LEE solvers use the
same spatial and temporal discretization algorithms.

2.9. Source Terms for LEE

The LEE equations in primitive variable form are taken from Hirai et al. [32]. In this
formulation, the mean shear terms and mean flow gradients are set to zero to damp
instabilities resulting from unbounded homogeneous solutions to the original LEE [48].
The source terms are the same as Bogey et al. [48]:

S = β













0
S1 − S1

S2 − S2
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, (13)

where

Si = −
∂ρ̄u′

iu
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j

∂xj
, Si = −

∂ρ̄u′
iu

′
j

∂xj
. (14)

The fluctuating velocities u′
i and u′

j in Equation (14) come from the combined LES and

synthetic turbulent fluctuations from CLST, u′ = u′
CLES + u′

s. The calibration parameter β
is used to adjust the intensity of the sources [49]. From initial testing, a value of β = 1.3125
was chosen (it is taken as 1.0 by Lafitte et al. [49]) so that the amplitude of the LEE velocity
fluctuations would match the amplitude of the LES velocity fluctuations. The mean density
(ρ̄) is used rather than the instantaneous density (ρ = ρ̄ + ρ′) in Equation (14) because the
multiplication of the three fluctuating quantities ρ′u′v′ is negligible. The bar signifies a
time-averaged quantity. The time average of the source terms is not zero, necessitating the
subtraction of the mean of the source term [48].
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2.10. Discretization Schemes

The spatial derivatives are discretized using the seven-point, fourth-order dispersion-
relation-preserving schemes of Tam and Webb [50], which are designed to ensure that the
schemes calculate the correct wave speeds and propagation characteristics (nondispersive,
nondissipative, isotropic) for the main wave modes (acoustic, vorticity, and entropy) [50],
trying to achieve the same dispersion relations as the original partial differential equa-
tions. The DRP schemes are simply optimized, explicit finite-difference schemes and are
commonly used for LES-based jet noise simulations [51].

High-order, low-pass implicit spatial filters from Kennedy and Carpenter are used to
damp spurious, non-physical waves present in the LES solver [46]. Explicit filters require
less computational effort and are conceptually simpler than implicit filters. The high-order
spatial filtering serves a second purpose as an implicit subgrid-scale (SGS) turbulence
model for the LES code. Such implicit LES approaches are common in LES-based jet noise
predictions [19,51]. The tenth-order filter applied to the Navier–Stokes variables produces
the best LES results in the present code by suppressing spurious content and providing
dissipation for subgrid stresses. Alternatively, using the fourth-order filter effectively
produces a CLES flowfield by damping additional small-scale fluctuations.

The time integration is performed using an explicit second-order Adams–Bashforth
method (Butcher [52]).

2.11. Filtering for CLES

In order to evaluate the effectiveness of synthetic velocities supplementing the jet noise
spectra via the CLST method, the “missing” LES frequency content must first be measured
or estimated. The simplest approach is to artificially generate an under-resolved CLES
flowfield by removing resolved fluctuations from a LES simulation in a controlled manner.
Applying a low-pass filter to the NS flowfield produces an approximate CLES flowfield
by damping the turbulent structures smaller than a cut-off wavelength specified by the
filter. Since the effects of the filter are known, the removed fluctuations are quantifiable and
can be considered the “missing” noise produced by CLES on an effectively “coarse” grid
resolution. A comparison of the acoustic spectra generated by LES (unfiltered) and CLES
(filtered) results reveals the missing noise. Filtering thus provides a method to measure the
“unresolved” noise and directly investigate the effects of adding synthetic velocities.

As stated previously, the fourth-order filter from Kennedy and Carpenter [46] can
be used instead of the tenth-order filter to produce a CLES flowfield. The version of
the fourth-order filter used in this investigation widens the stencil by a point in each
direction to increase the filter’s effectiveness. The filter cut-off frequency is estimated using
ξc = kmax · ∆xmin, where ξc is the cut-off wavelength assuming the cut-off occurs at 80% of
the maximum wave amplitude (ξc ≈ 1.47 from Figure 6 in Kennedy and Carpenter [46])
and kmax is the maximum resolvable wave number of 2π. The exact manner in which the
filtering is applied to produce CLES results in this investigation is noted in Section 3.3.

3. Results

Given that the goal of the CLST method is to account for the effects of fine-scale
turbulence, the method was tested at a moderately high Reynolds number with a wide
range of turbulent scales present in the jet. A round, isothermal jet was simulated at M = 0.9
and Re = 100,000. These parameters were chosen to match an LES study from Bogey and
Marsden [53] that presented well-resolved results of both the jet flow physics and near-field
jet noise spectra (including high-frequency content up to St = 5). Comparisons are made
with results from Bogey and Marsden [53] and Bogey [19] to investigate the mean jet flow
properties and the associated near-field radiated noise predicted by the current LES-LEE
method. Finally, the CLST method is applied to the same jet case.

252



Aerospace 2022, 9, 171

3.1. Simulation Setup

For purely comparative purposes, the CLES, SEM, and LEE flowfields are calculated
on the same computational grid. This also eliminates errors or increased costs due to inter-
polation between the solutions. Validation for the LEE solver was previously performed
both in 2D and 3D, with results (not included here for brevity) showing that the LEE solver
predicts the correct acoustic wave propagation behavior [22].

The computational grid for the jet simulations has 148 blocks and 4.88 million grid
points. The domain extends from x = −15Dj to x = 60Dj and out to 40Dj in the y- and
z-directions at the widest point. Rather than resolve the interior flow of a nozzle, the jet
is modeled as a hyperbolic tangent velocity profile (0.05Dj thick) where the “exit” of the
jet nozzle corresponds to the grid’s inlet plane. It is acknowledged that neglecting a
nozzle geometry will have an influence on the development of the shear layer, jet flow field,
and thus on the radiated jet noise [2,20,54]. However, in the context of developing the CLST
method, the use of an inflow boundary condition is seen as an initial step. Divergence-free
fluctuations are forced at the inlet plane to promote the natural transition of the shear
layer from quasi-laminar to turbulent [55]. The number of azimuthal vortex ring modes
imposed in the present study is 15 (as suggested [55]) with an amplitude of 0.06. All
other boundaries in the simulation domain employ far-field boundary conditions that use
extrapolation. A combination of grid stretching and sponge layers are used at the far-field
boundaries to dissipate and filter out fluctuations before they generate spurious acoustic
reflections at the boundaries.

Pressure probes were placed in the near-field at the points listed in Table 2. The probes
are divided into two categories. The first set is represented by four probes (P1–P4) equally
spaced along the line y = 5Dj, which is close to the jet but far enough from the shear layer
to avoid contamination of the acoustic data with hydrodynamic fluctuations. These points
should give a good survey of observer locations where high-frequency noise contributes
to the spectra. The second set is represented by two probes (P5 and P6) along the line
y = 7.5Dj, which are use in a following section to validate the simulation with noise data
from Bogey and Marsden [53]. Frequencies up to St = 5 were observed to be the highest
frequencies resolvable on this computational grid at probe locations P1 to P4 [22] and St = 2
were the resolution limit for probes P5 and P6.

Table 2. Point Locations of Pressure Data Probes for CLST Investigation.

Point P1 P2 P3 P4 P5 P6

x/Dj 1.0 2.0 3.0 4.0 0.0 10.0
y/Dj 5.0 5.0 5.0 5.0 7.5 7.5
z/Dj 0.0 0.0 0.0 0.0 0.0 0.0

3.2. Les Comparison

Data from Bogey and Marsden [53] and Bogey [19] are used to evaluate the accuracy
of the present LES simulations for the Re = 100,000, Mach 0.9 jet. Bogey and Marsden [53]
investigate the effect of different grid resolution parameters on the jet flow and noise
spectra. Their results are quite detailed, using computational grids with up to one billion
grid points and modeling the jet noise out to 75Dj from the nozzle. Additionally, Bogey and
Marsden simulate the jet flow with a pipe nozzle geometry. Bogey [19] presents additional
results from identical simulations.

In comparison, the grid of the present simulation does not extend to the far field with
adequate resolution to resolve pressure fluctuations past 15Dj and has at least 50-fold fewer
grid points (4.8 million vs. 250 million). The present simulation method employs an inlet
plane for the jet rather than a physical nozzle geometry. Disturbances are imposed at the
inlet to excite the jet turbulence. Only the near-field region of the computational grid for has
sufficient resolution to capture noise data. Given the high level of resolution in Bogey and
Marsden’s results and the computational limitations of the present simulations, identical
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replication of Bogey and Marsden’s results is not expected. However, if the same mean jet
flow and turbulence properties are captured by the present simulation, the noise spectra
should agree well for low and mid frequencies.

It is expected that Bogey and Marsden’s use of a nozzle geometry leads to differences
when comparing the present simulations. In the present LES, disturbances are imposed at
the inlet to stimulate fluctuations at the inlet and produce a turbulent jet. The data from
the present simulation are most similar to results from Bogey and Marsden for an initially
laminar, transitioning jet. Given that a nozzle geometry is not included in the present
simulation and that some small region of transition is expected when imposing a jet flow at
an inlet plane, a comparison to an initially laminar jet is acceptable.

Combined contours of instantaneous vorticity and acoustic pressure provide an initial
qualitative investigation of the results from the present simulation. Figure 7 is plotted in a
style similar to results from Bogey and Marsden [53], with vorticity contours in the center
(over the range y = ±2.5Dj) surrounded by the near-field pressure fluctuations. Vorticity is
scaled by uj/rj and pressure is presented in Pascals. The potential core ends around 5Dj.
Both large- and small-scale turbulent motions are observed prior to the merging of the
shear layers. As the grid for the present simulation coarsens near x = 15Dj, the turbulence
dies off sooner than in Bogey and Marsden’s results.

Figure 7. Vorticity and Pressure in the Near-Field for the Jet for the Present Simulation. Vorticy contour
levels range from 0 to 4 ωDj/a∞ and pressure contours range from −0.0015 to 0.0015 p/ρ∞a2

∞.

In Figure 7, pressure waves with strong amplitudes are observed radiating down-
stream at approximately a 30◦ angle measured from the jet axis. These waves are related to
the noise from the large-scale coherent structures [53]. Additionally, small-scale pressure
waves are seen radiating from the shear layer before x = 5Dj. These two phenomena are
the expected essential components of jet noise. The fine-resolution results of Bogey and
Marsden show many small-scale pressure fluctuations. Although small waves are observed
in the present simulation, they are not well resolved by the present computational grid.

For a more quantitative comparison, centerline flow properties are compared to
replicated data (data reproduced with permission from author) from Bogey [19]. Mean
axial velocity is plotted in Figure 8a. The velocity decay matches Bogey’s data well,
and the decrease in velocity around x = 4.5Dj −5Dj indicates the end of the potential
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core. More rapid turbulent development in this jet leads to a shorter potential core than
is typically expected (around x = 7Dj [53]), but the present simulation shows a slightly
longer potential core than Bogey’s data. The intensity of roll-up and pairing of vortical
structures in the transitioning shear layer causes the jet to develop more rapidly, shortening
the potential core.

(a) (b)

Figure 8. Centerline Jet Properties: (a) Mean Velocity. (b) Turbulence Intensity.

Root mean square values of axial and radial turbulence intensity from Bogey are
plotted in Figure 8b. The square root of time-averaged TKE from the present simulation
is plotted for comparison. Although the quantities are not identical, they are similarly
derived from multiplications of the turbulent velocity fluctuations and demonstrate that the
present simulation predicts a similar turbulence decay rate along the centerline. The rise in
turbulence indicates the merging of the shear layers at the end of the potential core. The
present simulation shows a slightly elongated potential core compared to Bogey’s data.
Both centerline velocity and turbulence intensity results demonstrate that the mean flow
properties in the present simulation agree well with LES results from Bogey.

Two probe locations in the near-field of the jet along the line y = 7.5Dj are used for
comparison of the noise spectra from a time-history of pressure: point P5 (x = 0Dj) and Point
P6 (x = 10Dj), shown in Table 2. Figure 9 shows SPL spectra for the two points from the
present simulation and also from Bogey and Marsden [53]. The pressure from the present
simulation is taken from the Navier–Stokes solver, since the probe locations are still in the
near-field of the jet where the grid resolution is fine enough to capture noise data. For both
probe locations, the frequency spectra from St = 0.2 to St = 2 are matched. Higher-frequency
roll-off is observed above this frequency, and it is more pronounced in Probe P5, with an
under-prediction of 20 dB at St = 5. The drastic roll-off in high-frequency content for probe
P5 is due to coarser grid resolution near this probe location. The frequency decay is less
obvious for probe P6, where grid resolution is finer. The noise at probe P6 under-predicts
Bogey and Marsden’s data by approximately 5 dB at St = 5. The high-frequency roll-off is
expected because fewer points were used in this computational grid compared to Bogey
and Marsden’s grid.

With this favorable spectral comparison, it is expected that this grid and case setup
can reliably resolve the jet spectra up to at least St = 2 at these probe locations, or up to
St = 5 in locations where the grid spacing is finer. A perfect comparison with Bogey and
Marsden’s data is not expected, given the differences in grid resolution and simulation
technique. However, these results demonstrate enough quantitative and qualitative simi-
larities to assume that the correct jet physics and noise mechanisms are captured by this
computational setup.
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Figure 9. Comparing Near-Field LES Noise Data

3.3. CLST Noise Spectra

The primary goal of CLST is to supplement the high-frequency content of LES. First,
the noise spectra is analyzed, followed by an investigation of the turbulent properties of
CLST in a following section. The same M = 0.9 jet was used to evaluate the CLST method.

Conceptually, CLST works by adding synthesized small-scale fluctuations to under-
resolved LES (referred to as CLES here). To properly evaluate the noise generated the
the CLST method, three results are needed: LES, CLES, and CLST. The LES-generated
noise spectra provides the known, expected target solution for the CLST-based noise
results. The CLES-generated noise spectra represents the results of an under-resolved LES
simulation, an example of when the CLST method would be useful in predicting a full
noise spectra. In a typical application of CLST, the unresolved noise spectra would not
be known. However, in this instance, the under-resolved portion of the noise spectra on
this grid can be obtained by comparing to the LES-generated noise spectra. The CLST-
generated noise spectra represents using the CLST method to model the high frequencies
that are not resolved by the CLES noise prediction. The CLST-generated spectra can be
compared to the LES-generated spectra to evaluate the characteristics of the high-frequency
noise added by the CLST method.

In the following analysis, the data were obtained from one simulation run which gave
LES, CLES, and CLST flow-fields simultaneously. Pressure histories for LES were taken
directly from the NS solver because the grid has sufficient resolution in the near-field for
noise. Although not shown here for brevity, near-field noise spectra obtained in this manner
from the LES solver demonstrated good agreement with the noise obtained from the LEE
solver [22].

Filtering was applied to the LES velocity field to obtain CLES pressure histories and
velocities, which can be seen as under-resolved LES on the current computational grid.
The jet noise produced by the LES and CLES flowfields was computed using the near-
field pressure probes. The spectra from CLES can be considered the noise radiated from
an under-resolved LES simulation. Synthetic turbulence was combined with resolved
large-scale velocity fluctuations (filtered CLES velocities) into the LEE source terms, giving
the noise produced by the CLST method. Pressure histories for CLST are taken from the
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LEE solver. The frequency content added by the synthetic turbulence was revealed by
comparing noise spectra from LES, CLES, and CLST.

This approach is representative of adding synthetic turbulence to an under-resolved
LES simulation and recovering the “missing noise”, but in this case, the added noise is
quantifiable and comparable to the “missing noise” because the “missing noise” has been
removed by a filter with known frequency properties. The excellent agreement that was
previously demonstrated [22] between the NS and LEE pressure makes this is a valid
comparison for all three methods.

For the computation, a non-dimensional time-step size of 8.01× 10−4 was used, which
equates to a CFL of 0.13. This was required for stability of the Adams–Bashforth time-
marching algorithm. Obtaining all three results from one simulation is only performed for
comparison purposes in this investigation.

In this evaluation of the CLST method, 8000 eddies were inserted into the shear
layer. Preliminary results revealed that adding 8000 eddies formed a reasonable balance
between increased computational cost and additional high-frequency noise in this sim-
ulation. A fourth-order filter was applied to the LES field twice for every time step to
obtain the CLES field. The average minimum grid spacing in the source region was
∆xmin = 5.546 ×10−2. All other CLST parameters can be found in the methods section.

A qualitative comparison of the jet turbulence and near-field pressure spectra are
shown in Figure 10 at the same instance in the simulation. Contours of vorticity (shown as
non-dimensional quantities scaled by Dj/Uj) are shown for a range of y = ±2Dj. Pressure
field contours are shown in units of non-dimensional pressure (scaled by 1

ρ∞a∞
2 ). LES

results in Figure 10a reveal the developing turbulent jet, the merging of the potential core
around x = 5Dj, and the slow dissipation of turbulence downstream past 15Dj.

(a) (b)

(c)

Figure 10. Contours of Vorticity in the Shear Layer and Pressure in Near-Field for LES, CLES,
and CLST. Vorticy contours levels range from 0 to 4 ωDj/a∞ and pressure contours range from
−0.0015 to 0.0015 p/ρ∞a2

∞: (a) LES. (b) CLES. (c) CLST.
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The pressure field displays several expected noise phenomena: large-scale waves radi-
ating at 30◦, large-scale pressure fluctuations, and smaller, spherical waves radiating from
the early shear layer. The CLES results in Figure 10b reveal that filtering removes the fine-
scale turbulence while leaving large-scale turbulent structures untouched. The large-scale
pressure fluctuations are still evident in the CLES pressure field, but damping is observed
and small-amplitude pressure fluctuations are not observed, especially upstream of the
potential core. In Figure 10c, with the synthetic turbulence added to the CLES flow field,
there is a nearly-negligible increase in the intensity of turbulent velocities within the first
5–7 nozzle diameters. However, additional small-scale pressure waves are discernible in
Figure 10c, indicating that the synthetic eddies from CLST are generating additional noise.
Note the angling of the large-scale pressure waves toward the downstream, indicating the
expected directivity of the most significant noise. Slight visualization artifacts are present
in the flow field in Figures 10a,c, but these do not contaminate the pressure spectra.

Pressure data was recorded from the CLST simulation every 15 time-steps over a
total of 140,000 iterations. The probe locations are given in Table 2. The noise spectra from
the pressure histories were obtained by a Fast Fourier Transform (FFT). The spectra for
probe locations P1 through P4 in Table 2 are shown in Figure 11. Spectra from LES, CLES,
and CLST are compared. Frequencies from St = 0.2 to St = 5 are present in the LES noise
spectra. The noise produced by CLES filtering shows strong high frequency at roll-off
starting at frequencies of St = 1 to St = 2. At St = 2, CLES is around 10 dB below LES for all
four points. The CLES filtering also reduces portions of the low-frequency noise spectrum
by up to 5 dB in places, potentially indicating that the filter influences a wider range of
frequencies than intended. For all four probes, the addition of synthetic turbulence leads to
the recovery of the filtered frequencies in the range St = 1 to St = 5. Several small differences
(less than 5 dB) are observed between the LES and CLST spectra at various points. Notably,
at point P1 (Figure 11a), there is an over-prediction around St = 2. Overall, at all four
locations along the line y = 5Dj, the shape and level of the LES spectra is modeled well
with CLST.

(a) (b)

(c) (d)

Figure 11. SPL Spectra for CLST along the Line y = 5Dj: (a) Point P1 (x = 1Dj). (b) Point P2 (x = 2Dj).
(c) Point P3 (x = 3Dj). (d) Point P4 (x = 4Dj).
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The spectra from points P5 and P6 are shown in Figure 12. Again, filtering removes
frequencies above St = 1. Some evidence of roll-off from grid resolution can be observed
above St = 4 for both probe locations. Again, the noise from CLST recovers the missing
spectra and matches LES spectra. Point P5 shows slight over-prediction around St = 2.

(a) (b)

Figure 12. SPL Spectra for CLST along the Line y = 7.5Dj: (a) Point P5 (x = 0Dj). (b) Point P6
(x = 10Dj).

In two of the probe locations directly to the sideline of the nozzle, Point P1 (Figure 11a)
and Point P5 (Figure 12a), an over-prediction of 3–5 dB was observed around St = 2–3. It
is possible that excess noise is generated from the synthetic eddies at these frequencies,
but the exact cause of these slight differences is unclear.

The intensity of the synthetic eddies was tuned to match the amplitude of the pressure
waves, not the LES velocity fluctuations. The synthetic velocities were combined with
the CLES velocity fluctuations in post processing, but these results are not presented here
because the the synthetic velocities did not make a visibly discernible difference in the
CLES velocity field. This is an indication that the synthetic turbulence field generates more
noise than expected, which could be the result of inserting unrealistic eddies into the flow.
Alternatively, the distortion of eddies due to sweeping and straining could violate the
divergence-free condition and generate additional noise.

Ideally, matching the turbulent flow field first would provide an anchor point for
further applications of the CLST method, eliminating the need to re-tune the amplitudes of
the synthetic eddies to match the pressure waves for each simulation. It may be difficult
to match both turbulent flow properties and the noise spectra. Hirai et al. [32], who also
employed a synthetic turbulence model for jet noise predictions, had a similar issue with
over-predicting the noise levels when first tuning their model to match turbulent statistics.
However, given that the noise results match well in the previous section and meet the
primary goal of the CLST method, the differences in the turbulent flow field are acceptable
for the current stage of CLST development.

4. Discussion

In the CLST framework, synthetic turbulence is used to supplement an under-resolved
jet noise spectra. Even with a moderate number of synthetic eddies, the present simulation
results demonstrate the effectiveness of this approach for a high subsonic jet. For all
recorded probe locations in the Mach 0.9 jet simulation, the CLST method recovered
the high-frequency noise removed by filtering. Despite small differences in the noise
spectra, it is clear that CLST can supplement the missing noise spectra from under-resolved
turbulence and capture the correct noise spectra curves for near-field observer locations.

Previous applications of synthetic turbulence to jet noise predictions (Fukushima [31]
and Hirai et al. [32]) demonstrated the effectiveness of synthetic turbulence models (in-
cluding synthetic eddies) for jet noise predictions. However, both of these approaches use
steady RANS simulations to solve for the mean background flow, which means that the
influence of convecting, large-scale anisotropic turbulent structures cannot be modeled
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properly. Hirai et al. [32] partially account for this with a time decorrelation process that
models the influence of the shear from the mean background flow on the synthetic tur-
bulence. This approach is still limited since the background flow is obtained from steady
RANS. A more physically-accurate model would include localized, time-varying influences
on the synthetic turbulence from the background flow, such as the effect of large-scale
convected eddies. Recall that large-scale turbulent structures are significant to jet noise
production [10,14,15,17,18], and therefore, their influence on the flowfield must be properly
accounted for.

The CLST method advances the synthetic turbulence modeling approach by directly
simulating the large anisotropic turbulence scales in the mean flow and using their motions
to account for sweeping of the synthetic turbulence, including additional key physics in
the jet noise modeling. Overall, this introduces a new framework for modeling the missing
high-frequency content in jet noise simulations.

The primary drawback of the CLST method is that the eddies appear to generate more
noise than anticipated when the intensity of the synthetic turbulent field is matched to the
LES turbulence intensity. This led to reducing the amplitude of velocity fluctuations to the
point that the combined resolved and synthetic velocity fluctuations from CLST did not
approach the levels of resolved velocity fluctuations observed in the LES solution. A major
focus of future investigations will therefore be to match the turbulent flow quantities of
LES without over-predicting the noise, as well as fine-tuning and generalizing the synthetic
eddy parameters. The extra synthetic eddy noise could result from inserting unrealistic
synthetic eddies into the flow. Additionally, distortion of the eddies due to sweeping and
stretching may violate the divergence-free condition, leading to extra noise.

A second drawback of the CLST method was that the cost was higher than expected
due to a large memory overhead. The extra numerical cost incurred by calculating CLST
with 8000 eddies was approximately 8-fold that of the LES + LEE solvers. With optimization,
it is estimated that CLST would only cost 1.5 or 2-fold more than a baseline LES + LEE
solution. It would be desirable to use more eddies (upwards of 50,000 were used by
Hirai et al. [32]), so future work will also focus on a more efficient code optimization to
reduce the high-memory cost of the current implementation of CLST.

It is recognized that significant cost savings could be realized by using a coarser LEE
grid since the resolution requirements are lower for LEE than for a scale-resolving NS
solution, although for this study all grids were kept the same for simplicity. Even so,
the computational cost increase for CLST vs. CLES was moderate in the Mach 0.9 jet
simulation. In contrast, halving the grid spacing for a LES + LEE simulation may lead to
a 16-fold increase (8x for LES, 8x for LEE) in computing time if the same grid is used for
LEE as LES. In this light, the added cost of CLST is still cheaper than simply increasing
the grid resolution of the LES solver to achieve a similar noise spectra with high-frequency
spectral content.

5. Conclusions

The main idea of CLST is to resolve large-scale turbulent fluctuations with LES (or
CLES) and to model small-scale turbulent fluctuations via a synthetic turbulence method
(SNGR or SEM). Since fine-scale turbulence gives rise to the highest frequencies of the
jet noise spectra, the synthetic turbulence serves as a model for the high-frequency noise
that is often under-predicted by LES. Given that synthetic turbulence methods are com-
putationally inexpensive, the CLST method models the high-frequency noise spectra at a
reduced computational cost compared to resolving the same frequencies with LES. In CLST,
the noise field is predicted using a formulation of the linearized Euler equations (LEE),
where the acoustic waves are generated by source terms from combining the fluctuations
from CLES and the stochastic fields.

The CLST method was applied to a Mach 0.9 jet, and the LEE solver was validated
against the LES noise field with excellent agreement. For the moderately high Reynolds
number jet (Re = 100,000), the computational setup was shown to match LES results by
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Bogey and Marsden [53]. The CLST method was evaluated by using a filter to produce an
under-resolved CLES flow field. Synthetic fluctuations generated by CLST were added to
the CLES flowfield. A comparison with LES revealed that the CLST method works well in
supplementing the high-frequency noise spectra for under-resolved LES jet simulations.
A slight over-prediction of high frequencies was observed at some sideline probe locations
for the SEM-based method.

Although additional testing and development are needed, this initial application of
the SEM-based CLST method shows promise for a novel approach to modeling a more-
complete jet noise spectra with only a moderate increase in cost.
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Nomenclature

A eddy amplitude
a, b, c random values for eddy orientation
a∞ speed of sound, m/s
Dj jet diameter, m
E von Kármán–Pao energy spectrum
f frequency, Hz
G Gaussian shape function
gn cut-off function for nth eddy
kn nth wave number, 1/m
ke wave number for maximum energy, 1/m
kη wave number for Kolmogorov scale, 1/m
kRANS RANS turbulent kinetic energy
Le wavelength of maximum energy, m
N total number of eddies
p pressure, N/m2

rj jet radius, m
Si ith-component of LEE source term
St Strouhal number, f Dj/Vj

t0 initial eddy insert time, s
tL eddy life time, s
ui’, uj’ fluctuating velocities, m/s
un, vn, wn synthetic velocity components for the nth eddy, m/s
uc, vc, wc components of the eddy convection velocity, m/s
u′

s synthetic velocity field, m/s
Vj jet core exit velocity, m/s
xmin, xmax minimum/maximum x for source region
x0, y0, z0 initial location of eddy center
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xp, yp, zp directional components of the Gaussian function
αs, βs inner and outer source cone angles, circ

β scaling parameter for LEE source terms
βamp SEM amplification factor
βc SEM cut-off parameter
∆xmin minimum average grid spacing, m
δσ eddy bin ratio
ǫ turbulent dissipation rate, m2/s3

θs azimuthal angle around jet, circ

λc filter cut-off wavelength, m
ν kinematic viscosity, m2/s
ρ density, kg/m3

σn nth eddy size, m
σmin, σmax minimum/maximum eddy size, m
σn

t nth eddy time ramp width
ξc filter cut-off wavelength
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Abstract: Multiple competing factors are forcing aircraft designers to reconsider the underwing

engine pod configuration typically seen on most modern commercial aircraft. One notable concern

is increasing environmental regulations on noise emitted by aircraft. In an attempt to satisfy these

constraints while maintaining or improving vehicle performance, engineers have been experimenting

with some innovative aircraft designs which place the engines above the wings or embedded in the

fuselage. In one configuration, a blended wing concept vehicle utilizes rectangular jet exhaust ports

exiting from above the wing ahead of the trailing edge. While intuitively one would think that this

design would reduce the noise levels transmitted to the ground due to the shielding provided by

the wing, experimental studies have shown that this design can actually increase noise levels due to

interactions of the jet exhaust with the aft wing surface and flat trailing edge. In this work, we take

another look at this rectangular exhaust port configuration with some notional modifications to the

geometry of the trailing edge to determine if the emitted noise levels due to jet interactions can be

reduced with respect to a baseline configuration. We consider various horizontal and vertical offsets

of the jet exit with respect to a flat plate standing in for the aft wing surface. We then introduce a

series of sinusoidal deformations to the trailing edge of the plate of varying amplitude and wave

number. Our results show that the emitted sound levels due to the jet–surface interactions can be

significantly altered by the proposed geometry modifications. While sound levels remained fairly

consistent over many configurations, there were some that showed both increased and decreased

sound levels in specific directions. We present results here for the simulated configurations which

showed the greatest decrease in overall sound levels with respect to the baseline. These results

provide strong indications that such geometry modifications can potentially be tailored to optimize

for further reductions in sound levels.

Keywords: large eddy simulations; jet noise; jet–surface interaction

1. Introduction

Methods to reduce the noise generated by aircraft propulsion systems have long been
a topic of research within the aerospace community. There have been many challenges
faced by designers attempting to solve these types of problems due to the complexity of
the flow phenomena as well as the costs involved with testing potential solutions. In some
cases, noise reductions have only come at the expense of aircraft performance in other
metrics (e.g., weight, cost).

Jet–surface interaction noise is usually associated with an increase in low frequency
noise as a result of the interaction between a turbulent jet and a flat surface that is parallel
to the jet axis. Jet noise is generally considered to be the result of two sources: scrubbing
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noise and trailing edge scattering noise (Brown and Wernet [1]). Scrubbing is generated
by pressure fluctuations in the turbulent boundary layer impinging on a flat surface.
Trailing edge scattering, which is the dominant noise source at low frequency (Brown [2],
Podboy [3]), is produced when the hydrodynamic component of the upstream turbulence is
scattered into acoustic waves after interacting with the trailing edge. The total installation
noise can propagate upstream or downstream of the trailing edge.

High-speed jet exhausts interacting with nearby surfaces can generate flow distortions
that significantly increase the overall noise emitted. In one such example, an aircraft engine
placed on top of the wing in an attempt to shield the jet noise that would propagate to the
ground while also improving aircraft performance actually resulted in an overall increase
in sound levels. Another example of note is the tremendous noise generated by the jet
exhausts of military aircraft interacting with the various surfaces of an aircraft carrier deck
during take-off and landing operations.

Considerable research has been conducted on axisymmetric jets (Bridges [4], Brown
and Bridges [5]), but, since the 1980s, a number of studies have shifted their focus to
non-circular jet engine exit designs as potential passive flow control devices (Gutmark
and Grinstein [6]). Geometric corrugations applied at the nozzle exit plane (e.g., tabbed
studied by Gao et al. [7], cruciform by El Hassan et al. [8], and chevrons by Violato et al. [9])
have been observed to break down the large-scale structures present in the jet exhaust flow.
This subsequently reduces the mixing between the jet and ambient-fluid. It was noted that
these effects were most pronounced for larger wetted perimeters of the jet exit (Shakouchi
and Iryama [10]) and an increased number of corners/sides (Gutmark and Grinstein [6]).
The effect of external expansion ramps on supersonic flow emitted from high-aspect-ratio
rectangular nozzles was analyzed by Malla et al. [11] to determine if the ramps could be
used to reduce noise. Research conducted by Mancinelli et al. [12] and Proenca et al. [13]
show further results regarding the interaction of rectangular jets with flat plates. Other
aircraft propulsion concepts have utilized acoustically treated engine parts (inlet ducts,
exhaust ducts, and inner walls), but this type of treatment tends to have a negative overall
impact due to additional cost and weight.

While static chevron configurations at the jet exit have been shown to provide a
significant reduction in noise without noticeable loss in thrust, some researchers have been
looking into potential acoustic benefits that could be gained by exciting the chevrons with
piezoelectric actuators. Mechanical perturbations of the flow by the actuated chevrons are
believed to increase the production of small-scale disturbances while diminishing the large-
scale turbulent structures thought to be responsible for the dominant portion of jet mixing
noise. Mohan et al. [14] introduced piezoelectric actuators to chevrons in an attempt to
modify the growth rate of the mixing layer. Butler and Calkins [15] examined four different
types of nozzles that exist: round, faceted, faceted with static chevrons, and faceted with
active chevrons. Their results demonstrated a 2 to 4 dB reduction in noise with the static
chevrons, and an additional 2 dB reduction with the actuated chevron configurations.

Zaman [16] studied the integration of microjets near the engine exhaust port and
found that a clear noise reduction was observed as the microjet pressure increased. The
results showed that turbulent mixing noise reduction, as monitored by the overall sound
pressure level at a shallow angle, correlated with the ratio of the microjet to the primary
jet driving pressures (normalized by the ratio of the corresponding diameters). Semlitsch
et al. [17] used implicit large eddy simulation to analyze the relationship between screech
tone frequency and fluidic injection pressure of the microjets.

Rego et al. [18] utilized a Lattice–Boltzmann Method (LBM) to carry out numerical
simulations of a flat plate placed in an irrotational hydrodynamic field of a jet with a round
nozzle. Three cases were investigated with input flow characteristics determined from
NASA wind tunnel experiments (see Brown [19]). Heated and cooled jets were analyzed at
different Mach numbers, and the far-field noise was computed using the Ffowcs-Williams
and Hawkings equation. Far-field spectral results showed a large noise increase for low
to mid frequencies due to upstream hydrodynamic waves in the jet that propagate along
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the plate, ’scrubbing’ over the surface, until it reaches the trailing edge of the plate. (This
is referred to as the ’gust solution’ in Afsar et al. [20]). As these waves interact with the
trailing edge and the downstream turbulent mixing layer, they are scattered in the far-field
as noise. A noticeable change in the far-field noise was observed when the trailing edge
location was changed relative to the fixed nozzle. As the length of the plate was increased,
the trailing edge was positioned in a region dominated by large-scale structures and a
greater degree of low-frequency amplification was observed. When the plate was moved
closer to the jet in the radial direction, the sound levels at lower frequencies increased.

Behrouzi and McGuirk [21] conducted experiments at the Loughborough University
high-pressure nozzle test facility on a rectangular nozzle exhausting over a rectangular
plate acting as an aft-deck. (A configuration similar to the one used in the current study.)
The focus of the experiment was to study the effect of the rectangular plate on flow
field development and to determine if any acoustic benefits could be obtained from the
shielding effect that the aft-deck might produce. Schlieren imaging, pneumatic Pitot
probes, and nonintrusive Laser Doppler Anemometry measurements were used to capture
detailed information on the flow structures. The data revealed that the aft-deck created an
asymmetry in the entrainment characteristics of the shear layers, inducing a net transverse
pressure force on the plume by changing the inviscid shock cell structure. The presence of
the aft-deck altered the net pressure force exerted on the flow which led to a transverse
deflection of the jet. The aft-deck configuration produced a dramatic effect on the plume
development, extending the potential core length slightly and reducing turbulence levels
in the plume near field.

Bridges [22] further investigated this configuration by studying whether beveled
edges on the rectangular nozzle would make a difference in the sound generated when
compared to an aft-deck being added to the propulsion configuration (see also Zaman [23]
and Zaman et al. [24]). Nozzles were fabricated with different aspect ratios of 2:1, 4:1,
and 8:1. For each aspect ratio, three nozzle designs were tried: one basic nozzle with no
extension and two beveled variants with bevel lengths of 1.3 and 2.7 inches. A rectangular
nozzle with an aft-deck surface was also considered in which the rectangular nozzles had
plates fitted to them such that when the plate surface was even with the inner lip of the
nozzle, the surface and nozzle were effectively one piece. Five aft-deck lengths were tested:
1.3, 2.7, 4, 8, and 12 inches long. When the beveled nozzle was analyzed, it was found that
the noise levels decreased in both azimuthal planes as the aspect ratio was increased, with
much more dramatic reductions in the nozzle’s major axis plane. These reductions in noise
were lost when one lip of the nozzle was extended to make an aft deck. Low and high
frequencies were examined with the aft deck extensions. For low frequencies, the sound
levels were roughly the same on both sides of the plate. However, there were noticeable
differences in the sound levels for higher frequencies on each side of the plate. This is
due to the effect of the noise being shielded and reflected. The shielding effect seemed
to increase as the length of the aft deck increased, but this was not the case for reflection.
In addition, it is important to note that, for the largest plate lengths, the low-frequency
amplification above the baseline jet noise was not dependent on the aspect ratio.

Seiner and Manning [25] considered the interaction between a supersonic jet and a
flat plate from a rectangular nozzle. They showed that the distance between the nozzle exit
and flat surface was an important parameter which can impact the screech noise. Ibrahim
et al. [26] studied the effect of turbulence characteristics of jet flows on the radiated jet noise.
Berland et al. [27] used compressible large eddy simulations to investigate the generation
of screech tones from an under-expanded jet with a three-dimensional planar geometry.

In the present work, we aim to extend these results by examining the effect of sinu-
soidal surface deformations added to the trailing edge of the aft-deck plate. To this end, a
suite of large eddy simulations have been performed, each targeting different geometrical
configurations and flow conditions. Sound levels in the farfield were then computed to
determine whether these deformations could potentially reduce the total noise emitted by
the installed configuration. In these simulations, we consider a high aspect ratio rectangular
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jet. To simplify the nozzle geometry, we used a spanwise slice of width four times the
height of the nozzle with periodic boundary conditions applied in the spanwise direction.
Flow disturbances were imposed at the inflow boundaries to introduce three-dimensional
flow structures into the jet flow. A high-order accurate solver was used to discretize the
unsteady, compressible, conservative form of the filtered Navier–Stokes equations. The
mean flow was determined using Reynolds Averaged Navier–Stokes (RANS) equations
via a SST k − ω turbulence model (Menter [28]). The farfield noise radiation was evaluated
using Ffowcs-Williams and a Hawkings acoustic analogy method.

We provide further details of the numerical formulation in Section 2, and present our
results in Section 3.

2. Problem Formulation and Numerical Algorithms

2.1. Scalings

The governing equations considered here are expressed in terms of a generalized
curvilinear coordinate system, subject to the following transformations:

ξ = ξ(x, y, z), η = η(x, y, z), ζ = ζ(x, y, z),

where ξ, η, and ζ are the body-aligned curvilinear coordinates corresponding to the
streamwise, wall-normal, and spanwise directions, respectively, and x, y, and z are the
(non-dimensional) global Cartesian coordinates of physical space. All dimensional spatial
coordinates (x∗, y∗, z∗) are normalized by the reference length, Dj, the height of the nozzle
(See Figure 1)

(x, y, z) =
(x∗, y∗, z∗)

Dj
, (1)

(a)

(b) (c)

Figure 1. (a) The geometry of the nozzle and the plate; (b,c) two examples of trailing edge deforma-
tions of different wavenumbers.

The fluid velocity values are scaled by the jet velocity, Vj.

(u, v, w) =
(u∗, v∗, w∗)

Vj
, (2)

Pressure values are scaled by the dynamic pressure, ρ∞V2
j , and temperature values by

the freestream temperature, T∞. Reynolds number, Mach number, and Prandtl number are
defined as:
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Re =
ρ∞VjDj

µ∞
, Ma =

Vj

a∗∞
, Pr =

µ∞Cp

k∞
(3)

where µ∞, a∞, and k∞ are the freestream dynamic viscosity, speed of sound, and thermal
conductivity, respectively. Cp is the specific heat at constant pressure. For all simulations,
these values are initialized for air as an ideal gas.

2.2. Governing Equations

The filtered Navier–Stokes equations can be expressed in conservative form as:

Qt + Fξ + Gη + Hζ = S. (4)

Here, the subscripts denote partial derivatives with respect to time and the curvilinear
coordinates. Q is the vector of conserved quantities:

Q =
1
J
{ρ, ρ~u, E}T , (5)

ρ = ρ∗/ρ∞ is the non-dimensional density of the fluid, ~u = (u, v, w) is the non-dimensional
velocity vector in physical space, and E is the total energy. The flux vectors, F, G and H,
are given by:

F =
1
J







ρU
ρ~uU + ξxi

(p + τi1)
EU + pŨ + ξxi

Θi







,

G =
1
J







ρV
ρ~uV + ηxi

(p + τi2)
EV + pṼ + ηxi

Θi







,

H =
1
J







ρW
ρ~uW + ζxi

(p + τi3)
EW + pW̃ + ζxi

Θi







,

Here, the repeated indices indicate Einstein summation convention over i ∈ 1, 2, 3.
U, V, W are the contravariant velocity components,

U = ξxu + ξyv + ξzw, (6)

V = ηxu + ηyv + ηzw, (7)

W = ζxu + ζyv + ζzw, (8)

τ is the shear stress tensor,

τij =
µ

Re

[(

∂ξk

∂xj

∂ui

∂ξk
+

∂ξk

∂xi

∂uj

∂ξk

)

− 2
3

δij
∂ξl

∂xk

∂uk

∂ξl

]

, (9)

and Θ is the heat flux,

Θi = ujτij +
µ

(γ − 1)M2
∞RePr

∂ξl

∂xi

∂T

∂ξl
(10)

Again, repeated indices (that are not present on the left-hand side) indicate summation.
The Jacobian of the curvilinear transformation from the physical space to computational
space is denoted by J, and S is a vector of prescribed source terms. Pressure, temperature,
and density are related by the ideal gas equation of state:
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p =
ρT

γM2
∞

(11)

The dynamic viscosity and thermal conductivity k are related to temperature using
the Sutherland’s equations in dimensionless form:

µ = T3/2 1 + C1/T∞

T + C1/T∞
; k = T3/2 1 + C2/T∞

T + C2/T∞
, (12)

For air at sea level, C1 = 110.4 K, and C2 = 194 K.
There are no explicit subgrid scale turbulence terms in Equation (4) (see Grinstein

et al. [29]). Instead, the compressible Navier–Stokes equations are solved within the
framework of an implicit large eddy simulation, where numerical filtering is applied to
account for the missing sub-grid scale energy. The numerical solver uses high-order finite
difference approximations for the spatial derivatives and explicit time marching. The time
integration is performed using a second order Adams–Bashforth method [30]:

Qn+1 = Qn + k

[

K

∑
ν=0

βνL(Qn−ν)

]

(13)

Here, the constants βν are chosen to give either the maximum order of accuracy [30]
or the lowest dispersion and dissipation. L(Q) is the residual.

The spatial derivatives are discretized using the dispersion-relation-preserving schemes
of Tam and Webb [31] or a high-resolution 9-point dispersion-relation-preserving optimized
scheme of Bogey and Bailly [32]. To damp out the unwanted high wavenumber waves from
the solution, high-order spatial filters, as developed by Kennedy and Carpenter [33], are
used. No slip boundary conditions for velocity and adiabatic conditions for temperature
are imposed at the solid surfaces. Sponge layers are imposed near the far-field boundaries
in regions that are outside the flow domain of interest. The sponge layers combined with
grid stretching act to damp-out unwanted waves returning from the farfield boundaries.
For the LES simulations, the flow in proximity to the wall is modeled using the Werner–
Wengler model (Werner and Wengle [34]), so some small turbulent flow structures may
not captured adequately. At the inflow boundary, a constant mean flow in the core region
is combined with a hyperbolic tangent function in the shear region, and disturbances in
the form of a superposition of Fourier modes with random amplitudes, frequencies, and
wavenumbers. These disturbances introduce three-dimensional flow variations into the
jet flow.

The mean flows used to initialize the LES are obtained from RANS simulations, where
a classical SST k − ω turbulence model (Menter [28]) is applied to account for missing
fluctuations. This model was found to perform well for jet applications (see Mihaescu
et al. [35])

In the present work, high-order, central-difference schemes are used to achieve in-
creased resolution of the propagating disturbances. A shock-capturing technique suitable
for simulations involving central differences in space is required to avoid unwanted os-
cillations that may propagate from discontinuities arising in supersonic flows. Shock
capturing techniques are employed based on the general explicit filtering framework, a
straightforward approach which introduces sufficient numerical viscosity in the area of the
discontinuities, and negligible artificial viscosity in the rest of the domain. The technique of
Bogey et al. [36] introduces selective filtering at each grid vertex to minimize numerical os-
cillations, and shock-capturing in the areas where discontinuities are present. This method
has been proven to work efficiently for high-order accurate, nonlinear computations.
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2.3. Ffowcs-Williams Hawkings Acoustic Analogy Method

The Ffowcs-Williams and Hawkings (FW-H) equation [37,38] is an inhomogeneous
wave equation that can be derived by manipulating the continuity equation and the Navier–
Stokes equations for a compressible fluid. The FW–H equation can be written as:

1
a2

0

∂2 p′

∂t2 −∇2 p′ =
∂2

∂xi∂xj
{TijH( f )}

− ∂

∂xi
{
[

Pijnj + ρui(un − vn)
]

δ( f )}

+
∂

∂t
{[ρ0vn + ρ(un − vn)]δ( f )} (14)

where ui is the fluid velocity component in the xi direction, un is the fluid velocity com-
ponent normal to the surface at f = 0, vi is the surface velocity components in the xi

direction, vn is the surface velocity component normal to the surface, δ( f ) is Dirac delta
function, H( f )is Heaviside function, and p′ = p − p0 is the magnitude of the sound
pressure disturbance at the far field.

The acoustic pressure in the farfield at a location,~x, can be determined from:

p′(~x, t) = p′T(~x, t) + p′L(~x, t) + p′Q(~x, t) (15)

where

p′T(~x, t) =
1

4π

∂

∂t

∫

S

[

ρ0Un

r

]

ret

dS (16)

p′L(~x, t) =
1

4πa0

∂

∂t

∫

S

[

Lr

r

]

ret

dS +
1

4π

∫

S

[

Lr

r2

]

ret

dS (17)

Given a point, ~y, in the near-field acoustic source on surface S, r = |~r| = |~x −~y| is
the distance from the surface source location to the farfield position ~x; Un is the scalar
product of ~U = ρ~u/ρ0 and the unit normal to the surface S at~y; Lr is the scalar product
of Li = Pijni + ρuiun and the unit vector in the direction from~y to~x; Pij = −τij + pδij ; τij

is the viscous stress; ρ is the instantaneous density; and ρ0 and a0 are the ambient density
and sound speed, respectively.

In Equation (15), p′Q(~x, t) is the contribution from the quadrupole, but it is neglected
here. The integrals in (16) and (17) are calculated at the emission time τ = t − r/a, where
a is the speed of sound and t is the reception time. The flow variables at τ must be
interpolated from the flow data at multiple time iterations, t, due to its dependency on~y,
which varies over the surface S surrounding the jet.

For the numerical implementation of the FW-H method, a conical surface that includes
the entire jet is considered. The primitive variables and viscous stresses are interpolated
from the flow domain to the surface at every b time steps (the value of b depends on the de-
sired time resolution) and written out to a large number of files for post-processing. Given
a reception time t, the emission time τ is calculated for every small surface element ∆S on
the conical surface. Within a specific surface element ∆S on the surface, an interpolation
is necessary to obtain the flow data at the emission time τ, which is needed to calculate
the integrals in (16) and (17). Next, we determine the time derivatives of Un and Lr and
evaluate the integrals in Equations (16) and (17). The acoustic pressure then is calculated
from Equation (15).

3. Results and Discussion

Results are reported and discussed in this section for a high aspect ratio rectangular
jet exhausting over a flat surface located underneath the jet flow. Because the aspect ratio
of the nozzle exit is high, we simplify the problem by considering only a portion from the
nozzle along the spanwise direction. This simplification is based on the assumption that
the flow is statistically two-dimensional (an assumption also considered by [24]). Thus, the
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spanwise length of the flow domain is set to be four times the height of the nozzle, and
periodic boundary conditions are imposed in the lateral direction.

The layout of the configuration is illustrated schematically in Figure 1a. The flat
plate is oriented parallel to the jet axis and located beneath the jet exit. The vertical
separation of the plate from the jet axis (d) and the distance from the jet exit to the trailing
edge of the plate (L) were both varied in this study. These distances are specified below
and in Table 1 in terms of multiples of the nozzle height (Dj). The vertical separation
considered were 0.65, 0.75, and 1 times the nozzle height, while the horizontal distances
to the trailing edge considered were 4, 5, and 6 times the nozzle height. A 3D view of the
geometry of the nozzle and the plate with deformed trailing edge are shown in Figure 1.
The deformations in the spanwise direction are prescribed as a sine function while the
amplitude is modulated by a hyperbolic tangent function in the streamwise direction. Two
combinations of wavenumbers and amplitudes are shown in Figure 1b,c.

The Reynolds number, based on the jet velocity and the height of the nozzle, is 500,000,
and the acoustic Mach number is 0.8. The amplitude of velocity disturbances imposed at
the nozzle exit are restricted to less than 3% of the jet velocity.

Table 1. Position of the plate with respect to the nozzle (see also Figure 1).

Case Vertical Stand-Off Dist. (d) Streamwise Dist. from the Nozzle Exit (L)

1 0.75 Dj 4 Dj

2 0.75 Dj 5 Dj

3 0.75 Dj 6 Dj

4 1.0 Dj 5 Dj

5 0.65 Dj 5 Dj

3.1. RANS Results

The mean flow and turbulent kinetic energy (TKE) used to initialize the LES are
obtained from separate two-dimensional RANS simulations using a κ − ω turbulence
model. The RANS results shown in Figures 2–6 are reported first to demonstrate the effect
of the plate location on the jet mean flow and TKE. Plots of mean velocity magnitude
(left) and turbulent kinetic energy (right) are shown in Figure 2 for two selected cases,
corresponding to the largest and the smallest offset distance of the plate from the jet axis.
These color plots indicate that there is a visible effect from the plate on both the mean flow
and the turbulent kinetic energy. For the first configuration (d = 1.0Dj, L = 5Dj), which
corresponds to the largest distance d from the center of the nozzle, the jet is significantly
deviated downward by the plate (resembling the ’Coanda’ effect). This deviation is also
present in other cases, but they do not appear to be as significant as it is for this case. The
smallest deviation from the jet axis occurs for the configuration (d = 0.65Dj, L = 5Dj),
which corresponds to the smallest offset distance, d.

From the plots of TKE shown on the right side of Figure 2, there appears to be an
attenuation of the TKE in the bottom shear layer of the jet as a result of the interaction with
the plate boundary layer. This is potentially due to the viscous dissipation in the boundary
layer that is developing on the surface of the plate. Further downstream of the plate trailing
edge, the magnitude of the TKE appears to recover somewhat as the two shear layers show
similar intensities. This is further revealed by the profiles of TKE across the jet shown in
Figure 6.
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(a) (b)

(c) (d)

Figure 2. Mean velocity magnitude (left) and turbulent kinetic energy (right) distributions from
RANS simulations of two cases. Top (a,b): d = 1.0Dj, L = 5Dj; Bottom (c,d): d = 0.65Dj, L = 5Dj.

(a) (b)

Figure 3. Mean streamwise velocity along the jet centerline from RANS: (a) x from 0 to 45; (b) details
in the core region with x from 0 to 12.

(a) (b)

Figure 4. Turbulent kinetic energy along the jet centerline from RANS: (a) x from 0 to 45; (b) details
in the core region with x from 0 to 12.

Center-line mean velocity distributions are plotted in Figure 3 for several tested
configurations along with the results obtained from the baseline free jet (no plate). The
presence of the plate seems to slow down the flow inside the potential core as seen in the
zoomed-in plot shown in Figure 3b. While all curves seem to follow the same trend in
the downstream region, there is a slight acceleration for the cases that include the plate.
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This does seem to depend on the distance of the jet axis to the plate, d; the smaller this
distance, the higher the acceleration. TKE distributions along the jet center line that are
plotted in Figure 4 reveal a decrease of TKE in the downstream region for the cases that
involve the plate. This decrease is more significant for the configurations with the smallest
d and smallest L (yellow and red curves in Figure 4).

In Figures 5 and 6, we compare cross-flow vertical profiles of mean velocity magnitude
and turbulent kinetic energy among the five configurations, at four axial locations, x = 4Dj;,
x = 10Dj, x = 25Dj, and x = 45Dj; the results from the free jet case are also included.
They all show that the largest deviation of the jet from the original position occurs for
d = 1.0Dj and L = 5Dj, corresponding to the largest distance of the plate from the jet (this
was also observed in the contour plots of the mean velocity and TKE). Figure 6 shows that
the reduction of the TKE in the lower shear layer is more significant for the configuration
with the smallest distance from the trailing edge. Figures 5d and 6d indicate that the jet
flow becomes more symmetric further downstream for all normalized profiles, except the
case corresponding to d = 1.0Dj, L = 5Dj.

(a) (b)

(c) (d)

Figure 5. Streamwise velocity profiles along vertical direction, for different configurations:
(a) x = 4Dj; (b) x = 10Dj; (c) x = 25Dj; (d) x = 45Dj.
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(a) (b)

(c) (d)

Figure 6. Turbulent kinetic energy profiles along vertical direction, for different configurations:
(a) x = 4Dj; (b) x = 10Dj; (c) x = 25Dj; (d) x = 45Dj.

3.2. LES Results

A suite of LES runs were carried out corresponding to the geometrical configurations
given in Table 1, and the trailing edge deformations characterized by the function

g(x, z) = 0.5A((1 + tanh(σx(x + x0))) ∗ sin(2π(wz)z/Lz) (18)

where x0 = −1.2 is the streamwise location on the plate where the deformation begins
to gradually increase from zero to the maximum amplitude at the trailing edge location;
σx = 2 is a parameter controlling the ’thickness’ of the tangent hyperbolic function; and
Lz is the spanwise width of the plate. The amplitude, A, and wavenumber, k, are varied
as given in Table 2. (See also Figure 1 for a visual representation of the trailing edge
deformations.) As mentioned previously, the spanwise length of the flow domain is four
times the height of the nozzle, and periodic boundary conditions are imposed in the
lateral direction with the assumption that the aspect ratio of the rectangular nozzle is
very high. This lateral dimension of 4Dj was selected to ensure that all relevant turbulent
flow structures are captured accurately in the spanwise direction. The mesh consists of
approximately 10 millions grid points, clustered mostly in proximity to the jet region. Grid
stretching is used in the farfield along with an imposed sponge layer condition at the
outflow boundary to ensure that the fluctuations are gradually dissipated while they leave
the flow domain.

Figure 7 shows iso-surfaces of Q-criterion colored by the streamwise velocity compo-
nent. (Q = 1/2[|Ω|2 − |S|2], where S = 1/2[∇v + (∇v)T ] is the rate-of-strain tensor, and
Ω = 1/2[∇v − (∇v)T ] is the vorticity tensor.) Acoustic waves radiating from the jet are
plotted in gray contours. (The white lines are caused by gaps between blocks from the MPI
decomposition). The attenuation of acoustic waves propagating from the jet underneath
the plate can be observed. This is a result of the shielding provided by the plate causing
the waves to not be as intense in this region.
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Table 2. Amplitudes and wavenumbers of the trailing edge.

Treatment Amplitude, A Wavenumber, wz

1 0.04 Dj 10
2 0.06 Dj 8
3 0.08 Dj 6
4 0.12 Dj 5
5 0.14 Dj 4
6 0.16 Dj 3

Figure 7. Iso-surfaces of Q-criterion colored by the streamwise velocity and pressure contours in gray.

The mean centerline velocity distributions are compared against RANS results in
Figure 8. While there are some slight differences between the two in the potential core region,
overall the agreement is good, showing similar decay in the downstream flow. (The LES
profiles show some fluctuations from insufficient time spans used for the time averaging).

(a) (b) (c)

(d) (e) (f)

Figure 8. Mean streamwise velocity along the jet centerline: (a) d = 0.65Dj, L = 5Dj; (b) d = 0.75Dj,
L = 4Dj; (c) d = 0.75Dj, L = 5Dj; (d) d = 0.75Dj, L = 6Dj; (e) d = 1.0Dj, L = 5Dj; (f) no plate.
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Acoustic spectra have been calculated at three probe locations relatively close to the
jet (in the nearfield). These probes are located at large angles with respect to the jet axis
since it was observed that jet surface interaction noise dominates at large polar angles
(see [39] for a study of AR8 nozzle and [20] where various rectangular nozzle jets were
considered). The Ffowcs-Williams Hawkins surface is shown in Figure 9. The vertical
side in the downstream was placed at 30 nozzle diameters from the nozzle exit plane.
(Varying this distance did not affect the results significantly.) Two probes are located above
the jet while the third is located underneath the jet (see Figure 9). The coordinates of the
probes are listed in Table 3. A fourth probe was placed in the far field at 100 equivalent
diameters and 50 deg angle with respect to the jet axis to compare the numerical results
with experimental results collected by Bridges et al. [40] (see also Bridges [22]). Results
were analyzed by using the sound pressure level and overall sound pressure level plots.
The Strouhal number, Ste, was computed by the formula:

Ste =
f Dj

Vj
(19)

where f is the frequency, Dj is nozzle height, and Vj is the jet velocity.

Figure 9. Locations of the three Probes, and the Ffowcs-Williams integration surface.

Figure 10 shows the comparison between our acoustic spectrum and the spectrum
obtained from measurements (Bridges et al. [40]). Bridges et al. [40] conducted an extensive
set of measurements to acquire acoustic data on single-flow convergent rectangular nozzles
of aspect ratios 2:1, 4:1, and 8:1, at Mach numbers 0.7 and 0.9. Our comparison is for the
largest aspect ratio 8:1 and Mach number 0.9. The agreement in Figure 10 is fairly good
in the low frequency range of the spectrum. For the high frequency range the spectrum
curve obtained from numerical simulations is slightly lower, which is most likely due to
the mesh resolution of the LES not being sufficient to fully resolve the smallest flow scales
that are responsible for the highest frequency noise.

Table 3. Probe locations.

Probe X-Location Y-Location

1 0 5
2 1 5.3
3 1 −3
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Figure 10. Comparison between numerical results and measurements (Bridges et al. [40]).

In general, the effect of trailing edge deformation on the radiated noise was small.
We noticed both an increase and a decrease in noise, depending on the combination of
amplitudes and wavenumbers characterizing the deformations. A visible reduction in
noise was achieved for treatment 5 given in Table 2 (wz = 4, A = 0.14). The acoustic spectra
at the three probe points are plotted for this case in Figure 11a–c.

(a) (b)

(c)

Figure 11. Typical acoustic spectra that show a reduction: (a) Probe 1; (b) Probe 2; (c) Probe 3.

The overall sound pressure levels (OASPL) observed at the probe points are plotted
in Figures 12 and 13. In Figure 12, the OASPL’s are plotted for the five configurations
that do not involve trailing edge deformations. For the probes that are located above the
jet, there is a significant increase in the radiated noise for the case corresponding to the
smallest distance from the nozzle center (d = 0.65Dj, L = 5Dj). This is to be expected
for this case since the end of the potential core is the closest to the trailing edge of the
plate. For the probe located under the jet, there is an increase in the radiated noise for
the case corresponding to the shortest plate length. This is an indication of a reduced
shielding effect.
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Figure 13 displays the OASPL results at all three probe locations for each of the tested
configurations and prescribed trailing edge deformations. Each plot displays the results
for all of the treatments given in Table 2 at one of the fixed plate configurations given in
Table 1. When the data are broken down by each plate placement location, there were two
apparent plate configurations that yielded a noticeable reduction in sound levels at the
probe locations. We will look further into these configurations to determine if the trailing
edge deformations provide an additional positive effect.

(a) (b)

(c)

Figure 12. Level of reduction of the overall sound pressure level for all probes compared to no edge
deformations: (a) Probe 1; (b) Probe 2; (c) Probe 3.

There appeared to be an overall reduction in noise for most of the treatments in case 1
(d = 0.75Dj L = 4Dj). The average overall sound pressure level for the no deformation
case was 121.367 dB. For the wz = 10 A = 0.04 treatment, the average was 120.467 dB, and,
for the wz = 6 A = 0.08 case, the average was 120.4 dB. The results for the Overall Sound
Pressure Level data can be seen in Table 4. Although there was a reduction in noise for
all of the deformations at this plate placement location, the two deformations mentioned
above demonstrated the greatest reduction in noise.

Table 4. Overall Sound Pressure Level results for the probes corresponding to the plate placement of
d = 0.75 Dj L = 4 Dj.

Probe No Def. wz = 10 A = 0.04 wz = 6 A = 0.08

1 121.5 120.7 120.8
2 122.1 121.0 121.6
3 120.5 119.7 118.8

For case 5 (d = 0.65Dj L = 5Dj), there was also a reduction in noise for all of the
deformations applied to the trailing edge of the plate. The average overall sound pressure
level for the probes for the no deformation case was 122.067 dB. For the wz = 10 A = 0.04
treatment, the average was 120.633 dB, and for the wz = 4 A = 0.14 treatment the average
was 121.133 dB. The Overall Sound Pressure Level results for this plate placement location
can be seen in Table 5.
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(a) (b)

(c) (d)

(e)

Figure 13. Overall sound pressure level for trailing edge deformations: (a) Case 1; (b) Case 2;
(c) Case 3; (d) Case 4; (e) Case 5.

Table 5. Overall Sound Pressure Level results for the probes corresponding to the plate placement of
d = 0.65 Dj L = 5 Dj.

Probe No Def. wz = 10 A = 0.04 wz = 4 A = 0.14

1 124.2 123.2 122.9
2 123.7 121.3 122.6
3 118.3 117.4 117.9

The OASPL results from these configurations yielded the best results for overall noise
reduction among those tested. It would be worthwhile to consider other deformations
that are close to these treatments as well as other nearby plate placements to determine if
further noise reduction could be achieved.

4. Conclusions

In this work, jet flow over various surface deformations at the trailing edge of a
plate installed under a high aspect ratio rectangular jet were simulated to determine the
effect of the jet-surface interaction on the noise radiated to the farfield. RANS calculations
and a suite of LES simulations were performed with a high-order accurate flow solver.
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Numerous configurations and flow conditions were investigated, and the emitted noise
from the jet-surface interactions calculated using Ffowcs-Williams and the Hawkings
acoustic analogy method.

The RANS results, consisting of centerline velocity distributions, showed that the
presence of the plate appeared to slow down the flow inside the potential core. For some of
the tested cases, a slight acceleration of the flow further in the downstream was observed.
The amount of acceleration appears to depend on the offset distance of the plate from
the center of the jet, d. TKE distributions along the jet centerline revealed a decrease in
TKE magnitude in the downstream region, which was expected. This decrease was more
significant for the configuration with the smallest d and smallest L. Cross-flow profiles of
mean velocity magnitude and turbulent kinetic energy at different axial locations showed a
clear deviation of the jet from the axis of symmetry near the trailing edge. The TKE profiles
indicated that the jet is slightly skewed around the trailing edge of the plate in a manner
resembling the Coanda effect. Despite this deviation, the cross-flow profile becomes more
symmetric further downstream. A reduction of the TKE in the lower shear was observed
for all cases with the plate under the jet. This is most significant for the configurations with
the smallest distance to the trailing edge.

For the LES analysis, various results consisting of iso-surface of Q-criterion, centerline
velocity, acoustic spectra, and overall sound pressure levels were presented and discussed.
Overall, good agreement was found between the centerline velocities from RANS and LES,
with some small discrepancies in the potential core region. Acoustic spectra plotted for the
configurations without trailing edge deformations confirmed a reduction of the noise under
the plate from the shielding effect. For most cases involving the trailing edge deformations,
there did not appear to be a significant change to overall sound levels. However, some
cases did demonstrate a noticeable increase or decrease in emitted noise. In the best cases,
the overall sound pressure levels were decreased from 1 to 5 dB.

The results presented in this work provide evidence that further refinement of the con-
figurations described herein may yield additional noise reductions. Future research aimed
at analyzing the interactions of the jet flow with different types of surface deformations
(e.g., non-periodic and/or streamwise-oriented) may uncover a greater degree of noise
reduction, beyond what our results have shown.
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