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Abstract: This paper presents a comparative analysis of simplified and high-fidelity sonic boom
prediction methods to assess their applicability in the conceptual design of supersonic aircraft.
The high-fidelity approach combines Computational Fluid Dynamics (CFD) for near-field shock
analysis with ray-tracing and the Augmented Burgers Equation for far-field propagation through a
non-uniform atmosphere, whereas the simplified Carlson method uses analytical approximations
for rapid predictions. The comparison across selected climb, cruise, and descent conditions for a
supersonic reference aircraft shows that the Carlson method captures general trends in sonic boom
behavior, such as changes in peak overpressure and signal duration with varying Mach number
and altitude. However, significant deviations are noted under realistic atmospheric conditions,
highlighting limitations in the simplified model’s accuracy. Common psycho-acoustic metrics were
evaluated to assess the potential annoyance on the ground. The results demonstrate that while the
simplified method is effective for early-stage design assessments, the high-fidelity model is essential
for precise sonic boom characterization under realistic conditions, particularly for regulatory and
community impact evaluations.
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1. Introduction

A sonic boom is a phenomenon that occurs when an object travels through the air faster
than the local speed of sound, creating shock waves that propagate to the ground. These
shock waves result in a loud and sometimes disruptive noise, experienced as a “boom” or
“bang” by observers. In aviation, sonic booms have been associated with supersonic flight,
which became a significant topic of interest during the development of supersonic aircraft
like the Concorde and various military jets during the second half of the last century [1].

The importance of understanding sonic booms is driven by both their environmental
impact and the regulatory challenges they pose. When aircraft fly at supersonic speeds, the
sonic boom causes noise pollution, which has historically led to restrictions on supersonic
flight over land in many countries, including the United States and European countries [2].
This limitation has been a major hurdle for the development of commercial supersonic
travel [3].

With renewed interest in civil supersonic travel, especially with emerging aircraft
concepts [4-6], it has become crucial to accurately predict and mitigate the effects of
sonic booms on the community on the ground. Advances in computational methods
and atmospheric modeling have improved the ability to predict ground-level sonic boom
signatures under various flight conditions [7]. A clear comprehension of these predictions
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is crucial for the engineering of quieter supersonic aircraft, which could facilitate a broader
acceptance of supersonic travel or enable supersonic overland flight. From the standpoint
of regulatory authorities, these predictions also provide insights for the development of
future noise regulations pertaining to sonic booms.

Over the last decades, the National Aeronautics and Space Administration (NASA)
has put remarkable effort into the development of a low-boom aircraft demonstrator which
aims to minimize the nuisance caused by the sonic boom during supersonic flight. The
associated test campaign aims to provide reference measurements for the definition of
future international standards for sonic booms over land [8]. The definition of future
regulations relies on the definition of suitable acoustic metrics, that correlate with the
annoyance of sonic boom for the population on the ground, and on defining the acceptable
threshold values for the selected metrics [9]. Relevant metrics need to account for the
short, impulsive character of the sonic boom and should be robust against atmospheric
influences [10-12].

To provide insights to regulators and designers, a method for assessing the sonic boom
impact in a multidisciplinary optimization environment during the conceptual design
phase of aircraft is sought. In this context, efficient and fast methods to quantify sonic boom
effects are crucial. The authors build upon their experience with two methodologies for
predicting sonic booms, each offering distinct advantages.

The first method is a high-fidelity approach that involves two stages to model the sonic
boom phenomenon as shown in Figure 1. In the first stage, Computational Fluid Dynamics
(CFD) simulations are performed to analyze the near-field shock wave behavior, capturing
the generation of the shock wave caused by the supersonic velocity of an aircraft [13]. The
second stage involves far-field propagation, where ray tracing is employed to simulate
the propagation of the shock wave through a non-uniform atmosphere. This process
is governed by the Augmented Burgers Equation, a non-linear propagation model that
incorporates steepening effects for sound waves, as described by Cleveland [14] and applied
by Rallabhandi [15] to sonic boom prediction.
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Figure 1. Simulation domains for state-of-the-art sonic boom prediction. The near-field domain is
computed via CFD methods while the far-field domain accounts for the atmospheric variations and
is modeled with a combination of ray-tracing and a non-linear wave equation. Adapted from [16].

While this approach provides highly accurate predictions, it is computationally in-
tensive, requiring significant processing time for both the CFD simulations (ranging from
hours to days) and the non-linear far-field propagation (minutes to hours).

In contrast, the Carlson method [17] offers a simplified and rapid approach to sonic
boom assessment, providing results within seconds. This method approximates the key
characteristics of the typical sonic boom N-wave by neglecting some of the detailed atmo-
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spheric parameters accounted for in the higher-fidelity method. The trade-off between
accuracy and computational efficiency motivates a comparison of these two methods un-
der realistic flight and atmospheric conditions. The question is, to what extent can the
simplified Carlson method offer sufficient accuracy for use in the early stages of aircraft
design when integrated into a design tool, where quick assessments of sonic boom impact
are necessary for innovative supersonic configurations?

To effectively integrate analytical methods within a multidisciplinary framework, it
is essential to evaluate their validity under realistic flight conditions, extending beyond
the cruise phase. Thus, the aim of this paper is to quantify the order of deviation that a
simplified analytical sonic boom method like Carlson introduces when assessing a realistic
supersonic flight scenario, for which climb and descend flight phases are also considered.
Recent studies have shown interest in the evaluation of fast methods for predicting sonic
boom at the conceptual design stage [18-22].

Therefore, a Mach 2 supersonic Concorde-like configuration is evaluated under three
different flight states along the mission profile, for which the sonic boom impact is com-
puted by both, the higher-fidelity and simplified methods. This comparison aims at giving
useful insights for the development of a multi-disciplinary optimization framework for the
MORE&LESS project [23]. The project’s goal is to establish comprehensive environmental
assessments of future supersonic aircraft concepts with a new framework called “ESATTO”
(Environmentally Sustainable AircrafT Trajectory and Operations).

As the high-fidelity method is capable of accounting for several parameters of a
realistic flight scenario, such as different angles of attack, different atmospheric conditions,
and off-design flight states, in general, the results of the various high-fidelity simulations
will form a range of sonic boom estimations, which will be used as some kind of ground-
truth to assess the simplified method under such circumstances. As a side effect, the study
presents an extensive sonic boom characterization with a state-of-the-art methodology of
the supersonic vehicle under investigation.

The remainder of the paper is structured as follows: Section 2 presents the two
different modeling approaches in greater detail, showcases the reference aircraft for the
study and describes the atmospheric variations that will be an input for the high-fidelity
model. Section 3 presents the obtained results, which are then discussed in Sections 4 and 5,
highlighting the main findings of the work.

2. Materials and Methods

The prediction of the annoyance of sonic boom relies on estimating the shock wave
behavior caused by an aircraft at speeds higher than Mach 1. To simulate the shock
wave behavior, this paper uses an extensive bi-domain approach on the one hand, which
computes an acoustic pressure over time signal on the ground (Section 2.1), and a simplified
efficient calculation method on the other hand, which estimates the most relevant features
of the shock wave on the ground (Section 2.2). Both approaches allow for an assessment of
the acoustic properties of the computed sonic boom on ground by a transformation into
acoustic metrics (Section 2.3). To finalize the description of this study’s setup, the reference
aircraft and its operating conditions (Section 2.4) are introduced before the description of
the different atmospheric models (Section 2.5) that were used in this study.

2.1. High-Fidelity Sonic Boom Modeling Approach

The high-fidelity approach is separated into two modeling domains: (1) A near-field
domain to account for the three-dimensional fluid effects around the aircraft, which is
described in Section 2.1.1, and (2), a far-field domain, to account for the impact of the
non-uniform atmosphere, which is described in Section 2.1.2.
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2.1.1. CFD Near-Field Simulation

In the last decades, computational fluid dynamics (CFD) has undergone numerous
improvements in the correct computation of shock waves [24]. Since 2014, NASA has been
hosting the AIAA Sonic Boom Prediction Workshop which aims to establish state-of-the-art
numerical prediction methods for sonic boom [16,25-27]. The results of the four different
workshops held between 2014 and 2022 have defined the methodology for the correct
prediction of supersonic shock wave simulation in the near-field domain.

CFD techniques are widely used to study the supersonic flow around an object, due
to the strong non-linearity and 3D interactions that occur in the flow field. In the vicinity
of a supersonic aircraft, the versatile aerodynamic effects have a major contribution to the
shock wave formation. Refraction effects of a non-uniform and moving atmosphere gain
more relevance in the regions further away from the aircraft.

Within this work, the results obtained by Graziani et al. [13] are the input for the
far-field domain simulation. The near-field simulations were conducted utilizing both,
the commercial software ANSYS Fluent 2022 R1 and the open-source SU2 code [28]. Both
of these codes employ an unstructured finite-volume approach to solve the Reynolds
Average Navier Stokes (RANS) equations. Gradients are computed with a Green-Gauss
method [29]. The simulation was performed without a turbulence model, by solving
an inviscid Euler equation with an ideal gas assumption. Previously published works
indicate the possibility of using Euler equations to correctly evaluate the shock waves of a
supersonic configuration [30-33].

Different numerical schemes were used for the early-stage evaluation. The numerical
schemes play a key role in discretizing the governing physical equations. Fluent offers the
second-order upwind implicit ROE scheme with Flux-Difference Splitting [34] (ROE-FDS)
based on the Roe scheme that approximates a Riemann solver. ROE-FDS consistently splits
fluxes according to their corresponding flux method eigenvalues, making it especially
effective for capturing discontinuities such as shocks in the supersonic regime.

In Fluent, the Advection Upstream Splitting Method (AUSM) has also been used. It
was applied for sonic boom modeling in previously published works [35,36]. The method
breaks down the flux vector into a convective component and a pressure component to
accurately capture shock discontinuities without introducing numerical artifacts.

In SU2, the Harten-Lax—van Leer-Contact Riemann solver (HLLC) [37,38] was chosen.
It modifies the HLL scheme to restore missing contact and shear waves. The HLLC scheme
enables capturing the effects of velocity discontinuities in the transverse direction without
adding unnecessary diffusion in regions that have been characterized by turbulent diffusion
in the horizontal plane.

The computational mesh was composed of two different regions: an unstructured grid
in the proximity of the aircraft designed as a half cylinder, and a structured grid aligned
with the Mach angle p for the remainder part of the domain as visible in Figure 2. Figure 2a
highlights the difference between the unstructured and structured domain, while Figure 2b
shows the whole computational domain. The numerical elements are hexahedral in the
structured domain, tetrahedral in the unstructured zone, and pyramidal to connect the two
zones. The total number of elements for the configuration is slightly above 20 million.

As is common in CFD simulations, the ambient pressure field is homogeneous with
a constant initial condition for the free-stream pressure. The sonic boom signal, however,
which travels from an altitude of several kilometers towards the ground, is also affected by
the gradients of sound speed and wind during propagation in the atmosphere. To account
for these effects of a non-uniform medium, the far-field propagation is conducted with a
different modeling approach, which is described in the following section.
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(a) (b)
Figure 2. Details of the CFD computational domain. (a) Unstructured and structured region of the
CFD near-field mesh. (b) Computational domain of the CFD near-field simulation.

2.1.2. Non-Linear Far-Field Propagation

With increasing radial distance away from the supersonic vehicle, the three-dimensional
effects of the fluid motion weaken and the shock waves coming from the different edges
of the vehicle merge into one conical shock wave front. As the distance from the aircraft
increases, the resulting shock wave front approaches the shape of the Mach cone around
the aircraft. With that perspective, the propagation of this Mach cone’s shock wave front
can now be described with a ray-tracing method. This has the advantage that the refraction
of the shock waves due to sound speed and wind gradients can be modeled. While the
ray-tracing approach has the disadvantage of assuming locally planar waves (i.e., a far-field
assumption), its main advantage is to account for the refraction effects of the stratified
atmosphere, which are predominant effects in the far-field regime.

The previously described CFD near-field simulation predicts a pressure distribution
around the aircraft which is extracted in parallel to the aircraft’s center-line at a radial
distance R of one aircraft length L = 62 m and at azimuth angles of 0° up to 90° in 10° steps.
Symmetry for port and starboard is assumed and was proven by the full CFD simulation,
such that extracted pressure signals are mirrored to azimuth angles from —10° to —90°. For
the pressure signal extraction, it is more common to use a radial distance of three times
the aircraft length (R/L = 3), but earlier studies showed a very small impact on the sonic
boom predictions for using the lower radial distance of only one aircraft length (R/L = 1)
in this particular case [18].

The pressure signatures are interpolated on a two-dimensional grid of the location x
and the azimuth angle ¢, such that a smooth transition for azimuth angles between the
available input signals is possible. The near-field pressure signals are modified to focus
on the shock wave signal and remove unnecessary regions from the CFD solution. This is
conducted by transforming the signal from the spatial domain to the Mach cone-aligned
normalized variable T, where T = 0 represents the tip of the aircraft, and T = 1 represents
the back of the aircraft, regardless of the radial distance r. This is a common normalization
for near-field pressure signals in this field. The normalized spatial variable T also depends
on the characteristic length of the aircraft L, the spatial coordinate x, and the Mach angle
according to Equation (1) [39]:

1
T=1 (x—1pB) @
The normalized signal is first cut at Tgtart = —0.2 and Tepng = 1.7, before a linear fading
over the duration of T = 0.2 at the start and end of the signal is applied to guarantee
zero pressure at the signal borders. To make enough space for the non-linear shock wave
distortion, the pressure signal is zero-padded to cover the domain from Tgtart = —1 until
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Tend = 2.5. A similar procedure was used by Park for curating the results of the Second
Sonic Boom Prediction Workshop [25]. For the shock wave propagation, the normalized
pressure signal from a specific azimuth angle is transformed into the time domain with
respect to the aircraft’s velocity at each operating condition with a sampling rate of 200 kHz.

The azimuth angle also defines a ray’s initial position and orientation on the Mach
cone surface. The ray starts on the trajectory point, which is set above the origin of
the ground surface plane, with the height being defined by the aircraft’s altitude. The
orientation of a starting ray is always perpendicular to the Mach cone surface around the
aircraft’s velocity vector. In this study, the aircraft is always heading towards the east, with
a flight path inclination defined by the operating condition. The parameter of variation
for the ray tracing is the azimuth angle ¢. Its orientation is clockwise around the plane’s
centerline from the pilot’s view, with 0° being at the bottom of the aircraft. Thus, the positive
azimuth angles are defined towards the aircraft’s port side (i.e., left-hand side of the pilot’s
perspective), and the negative azimuth angles are located at starboard (i.e., right-hand side
of the pilot’s perspective) as is visualized in Figure 3.

180°

-150° 150°

Figure 3. Definition of the ray-tracing azimuth angles ¢ around an aircraft flying towards the
reader. Positive azimuth angles are defined towards port side, negative azimuth angles towards
starboard side.

As this study solely focuses on primary sonic boom carpets, azimuth angles with a
magnitude above 90° are not relevant, as these rays are assumed to only reach the ground
as secondary booms, e.g., after being refracted in the thermosphere.

The goal of the ray-tracing simulation is to determine where the shock wave front
generated by the aircraft will reach the ground. In a numerical sense, this means finding
the azimuth angle region, where rays will hit the ground directly, in contrast to the region
of azimuth angles where rays will bend upwards before reaching the ground. With this
procedure, the primary sonic boom carpet can be evaluated geometrically. The results are
limiting azimuth angles and the geometric position of the ground intersection for every ray.
Rays between azimuth angles of ¢ = —40° till ¢ = +40° are sent out in 10°-steps. Above
a magnitude of 40°, rays are sent out every 5°. In addition to this regular azimuth angle
array, the limiting azimuth angle is sought with an angle bisection method, and the limiting
azimuth angle is rounded to two decimal places. An additional intermediate ray with an
azimuth angle between the regular (5° or 10° step) array and the limiting value is analyzed
for the present study.

The governing equations for the ray-tracing including wind effects are two-fold. One
equation describes the shock wave front position and one equation describes the orientation
of the shock wave front normal vector. In a steady medium, i.e., an atmosphere without
winds, the orientation of the latter vector would always be perpendicular to the shock
wave front. The ray-tracing equations as derived by Onyeonwu [40] and written in a tensor
formulation by Yamamoto et al. [41] are as follows:
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Here, the variable R represents the position vector of the ray in space. The term
cp represents the ambient speed of sound, while N is the unit vector in the direction of
the ray’s propagation. The vector W refers to the wind velocity in the atmosphere, which
affects the propagation speed of the ray, I is the identity matrix, and the dyadic product
N ® N constructs a projection operator.

As the ray-tracing approach is a subdivision of geometrical acoustics and only de-
scribes the position of waves, but not the amplitude of the wave during propagation
itself, a non-linear, one-dimensional wave equation was derived, which accounts for the
attenuation and distortion of the shock waves during propagation along ray paths. This
equation is referred to as the Augmented Burgers Equation and is described in greater detail
in [14,15,41]. The equation is solved in the time domain and does not account for Doppler
shifts. However, it accounts for geometrical spreading, a non-uniform atmosphere, non-
linear steepening and classical attenuation as well as molecular relaxation. In a dimensional
form, the Augmented Burgers Equation can be written as follows [41]:

ax 2P0C8 Jt/  2A dx P 2p0pco  Ox P ZCS o2 ; C%

Tot' ) ot

The variable x represents the spatial coordinate along the propagation direction of the
wave. The pressure perturbation due to the sonic boom is denoted by p, representing the
acoustic pressure at a given point. The variable ' is a retarded time variable representing
the time coordinate in the frame moving with the shock wave, used to account for the
delayed arrival of sound due to finite propagation speed.

The parameter ¢( refers to the ambient speed of sound in the atmosphere, while
po is the ambient air density. The non-linearity coefficient 8 characterizes the strength
of nonlinear effects in the propagation of the shock wave. The term A represents the
cross-sectional area of the propagation path, which is driven by the geometric spreading.
It is modeled by a four-sided tube which is created with the help of three additional rays
with small variations in azimuth angle and source location on the flight trajectory [41].
Additionally, é represents the diffusivity of sound due to both viscosity and heat conduction.
The final summation term accounts for frequency-dependent attenuation and relaxation
effects in the medium, where (Ac); refers to changes in sound speed due to different
physical mechanisms, and 7; is the relaxation time constant for each mechanism.

Equation (3) is solved in the normalized form proposed by Rallabhandi [15] with a split-
step algorithm, that solves individual terms independently. The ray-tracing (Equation (2))
uses a first-order Euler method with a step size of At = 0.01s. This is also the limiting
maximum step size for the shock wave propagation, which uses a variable step size, set to
one-half of the local shock formation distance. The computation time for a ray including
shock wave propagation is in the order of a few minutes on a state-of-the-art notebook,
depending on the total length of the ray.

2.2. Simplified Sonic Boom Modeling Approach (Carlson Method)

Carlson developed a useful handbook procedure for the sonic boom calculation of
N-wave for a supersonic configuration [17]. The method can evaluate the value of bow
shock overpressure, time signature duration, and the extent of the primary carpet. Itis a
rapid computation method, intended for the early stages of the conceptual design phase.
Unlike other approaches, this methodology does not require a large amount of data or
needs high computational power, and is valid for all conventional slender supersonic
configurations in stationary flight or moderate climb/descent flight phases until 76 km
of altitude.
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The simplification of the methodology consists of the reformulation of the Whitham
F-function [42], which is estimated as a constant called aircraft shape factor Kg. It takes
into account the geometrical shape and flight condition of the reference aircraft. For some
configurations, there are dedicated charts that allow a rapid computation of the estimated
sonic boom characteristics and consist of a numerical representation of the shape factor
parameter Kg as a function of the flight conditions.

Besides this approximation, the methodology has numerous limitations for application
that go beyond the conceptual design stages; in fact, it is only valid for N-wave booms
with an initial compression followed by a linear expansion, and a second shock to return
the pressure value to the atmospheric one. Conventional supersonic aircraft have this
typology of sonic boom pressure signals on the ground, at least for the bow shock and
the positive portion of the signature. However, future civilian supersonic aircraft with
specific low-boom designs might have a different shock wave behavior in order to fly in a
supersonic regime over land [26,43]. The reference aircraft in the present study does not
fall into the low boom category, such that the simplified N-wave assumption is valid.

The first step of assessing the sonic boom generated by a supersonic configuration
with this simplified methodology is the evaluation of the equivalent cross-sectional area,
which corresponds to the cross-sectional area perpendicular to the Mach cone. A further
simplification is the consideration of just the cross-sectional area. This simplification
becomes inaccurate for high angles of attack. The area of the air stream tube that is entering
the engine inlet should be subtracted from the calculation if it is known.

The following step is the evaluation of the equivalent area due to lift, which can be
approximated as the lift planform distribution of the aircraft. It depends on the aircraft
weight, the flight path angle, the ray azimuth angle, the aircraft planform area and the local
span of the aircraft along the longitudinal axis. The lifting force, which influences the sonic
boom, is defined by an aircraft weight component that is normal to the flight path and
directed along the initial ray-path azimuth angle.

The third step consists of the combination of the two previously described contribu-
tions, to obtain the total effective area of the aircraft. With that, it is possible to evaluate key
parameters for the determination of the simplified shape factor constant.

The final terms for the evaluation of bow shock overpressure and time signature
duration are weather-related. The methodology includes two different factors for evaluating
the atmosphere and the ground, called the pressure amplification factor, which accounts
for nonuniform atmospheric effects, and the reflection factor, assumed to be 2.0.

The equations of Carlson’s methodology for the evaluation of shock overpressure and
time duration are as follows [17]:

1/8
APmax = KpKR\/ PuPg (M2 - 1) he_3/413/4KS (4)

At = K7 3‘42#;13/413/41@ (5)
ay ( M2 — 1) /8

Here, Apmax is the bow-shock overpressure and At the signature duration. The correc-
tion factors K, K account for different atmospheric and ground effects, K; is a correction
factor for the time duration, and Kg is the aircraft shape factor parameter. The characteristic
aircraft length is denoted as /, while M is the Mach number of the vehicle and /. denotes
the effective altitude of the vehicle. The ambient speed of sound is a, in Carlson’s notation

and py and pg are the atmospheric and ground pressure terms, respectively.

2.3. Acoustic Parameters and Metrics

As is common in acoustics, a pressure signal can be transformed into a single value,
which aims to quantify the annoyance or loudness of the audio event. As annoyance or
loudness are not physical quantities, this final transformation of the pressure signal relies
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on the knowledge about auditory perception. Findings from psycho-acoustics provide
standardized acoustic metrics to depict this final step of hearing [44,45].

As there is still ongoing research on the definition of suitable sonic boom metrics [11,46],
the study provides the ground impact of the simulated sonic booms with not only one but a
few relevant acoustic metrics, which have shown to correlate with sonic boom annoyance [9]
and might be considered for a yet-to-be-defined standard on sonic boom perception. A
widely used loudness metric for the sonic boom is Stevens’ Perceived Level of Noise Mk
VII (PL) [47] which is given in decibels (dB). The PL values in this paper are computed with
the open-source Python library PyLdB [48]. Sound Exposure Levels (SEL) with frequency
weightings (A, B, C, D) have been shown to correlate with sonic boom annoyance. They
are computed according to ISO 1996-1:2016 and are given in dB [49]. Indoor Sonic Boom
Annoyance Predictor (ISBAP) is a metric that was derived to correlate with sonic boom
annoyance inside buildings. It is a weighted combination of PL, SEL(A) and SEL(C) and is
given in dB [50].

The peak amplitude of a sonic boom shock wave is the difference from the highest
pressure value in the signal to the ambient pressure, which is also referred to as overpressure.
The signal duration of an N-wave, i.e., the typical sonic boom pressure signal on the ground,
is defined as the time difference between the signal maximum and minimum.

2.4. Reference Aircraft CS1

The supersonic aircraft represents a modernized version of the Concorde, which was
re-designed with a cruise speed of Mach 2 [51] at an altitude of around 18 km and is
referred to as “CS1”. A detailed description and analysis of the near-field simulations for
the reference aircraft can be found in [13]. To scale the vehicle, ASTRID-H was used, which
is an in-house design tool of Politecnico di Torino [52], for defining the configuration of
an aircraft. The main goal of the re-design was the use of biofuel as a propellant while
maintaining the cruise speed of Mach 2. The design process started from a set of design
constraints and operational requirements very similar to the reference Concorde aircraft.
The final characteristics of CS1 are shown in Table 1.

Table 1. CS1 main characteristics.

Aircraft Parameter Value
Overall Length [m] 61.7
Wingspan [m] 25.6
Payload Capacity [kg] 15,200
Reference Range [km] 6500
Max. Take Off Mass [kg] 179,850
Operating Empty Mass [kg] 79,460
Design Fuel Mass [kg] 85,289
Wing Surface [m?] 358

A geometry model of the supersonic aircraft is shown in Figure 4. The aerodynamic
behavior was analyzed extensively [51]. A mission analysis verified compliance with the
initial requirements. The effects given by the deflection of control surfaces and viscos-
ity were analyzed and validated with engineering equations. The propulsion database
was developed with the software tool EcoSimPro 6.4.0. [53] by studying on-design and
off-design conditions.

Based on the derived aerodynamic and propulsive database, it was possible to simulate
a mission profile that is coherent with the high-level requirements. The commercial software
ASTOS 9.0 has been used for the higher-fidelity mission profile [54].
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Figure 4. Geometry model of CS1.

The final aircraft concept is capable of covering a mission profile that falls within
the requirement imposed in the initial design phase for a generic long-haul flight with an
effective range of 6500 km as shown in Figure 5.

20 2.5 16
) 14
15 =12
g 15 s 10
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Figure 5. CS1 mission profile and associated Angle of Attack.

The mission connects the cities of Paris and New York. From this realistic flight
profile, three reference points were chosen for the sonic boom evaluation. They are labeled
“Climb”, “Cruise” and “Descent”. At those three reference points from the realistic flight
trajectory, the parameters Mach number, altitude, angle of attack, and flight path angle are
derived. The values are shown in Table 2 and define the test matrix for the subsequent
sonic boom analysis.

Table 2. Test Matrix for CS1.

Flight Path Angle

Operating . o

Condition Mach Altitude [m] ] Angle of Attack [°]
Climb 15 15,000 1.15 4.5
Cruise 2.0 18,500 0.02 3.5
Descent 15 17,500 -1.17 4.0

All sonic boom modeling approaches in this paper assume a steady state without
acceleration. This is an assumption worth noting, as especially during climb and descent,
the aircraft is in an accelerated state. For positive acceleration during the climb, focused
booms are expected, which would certainly increase the loudness of the generated sonic
boom [55]. During the descent phase, the opposite effect is expected. Modeling this focusing
or these focusing effects is not performed in this study. As acceleration rates are small at
the selected operating conditions, the pure impact of altitude, flight path angle, angle of
attack and velocity variation should still indicate meaningful trends, as the comparison of
the different operating conditions is the main goal.
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2.5. Reference Atmospheres

As the sonic boom is an acoustic phenomenon that occurs for aircraft-induced shock
waves traveling many kilometers through the earth’s atmosphere to the ground, its intensity
on the ground depends on the atmospheric characteristics. In aviation, a common approach
to simplifying and standardizing the manifold parameter variations of our atmosphere
is the International Standard Atmosphere (ISA) [56]. It defines a vertical temperature
profile and a pressure curve, assuming fixed heights and constant temperature gradients
for the different atmospheric layers, e.g., troposphere and stratosphere. This definition
is not just used to make aviation regulations comparable but also as a standardized lay-
ered atmospheric model to derive the formulas used in Carlson’s sonic boom prediction
approach [17]. Hence, the ISA definition of pressure and temperature was also used for
some of the analyses with the higher-fidelity approach.

As humidity has an impact on shock wave attenuation in air, the ISA definition was
extended with a standardized humidity profile, according to ANSI S1.26 Annex C [57]
as proposed by the organizers of the Sonic Boom Prediction Workshop. This humidity
profile is present in the following high-fidelity analyses, even when the atmospheric state
is labeled “ISA”, while humidity is neglected in the simplified approach.

The International Standard Atmosphere does not define winds, while especially verti-
cal winds can have a major impact on the spreading of the sonic boom shock wave front.
For this reason, two atmospheric profiles from measured weather data have been chosen
for the study. Choosing a representative atmosphere is a statistical exercise, which has been
conducted before. The choice fell on the atmospheric profiles provided for the participants
of the Third Sonic Boom Prediction Workshop (SBPW3). To assess sonic boom far-field
propagation methods, the organizers selected two atmospheric profiles with specific charac-
teristics from an array of real measured atmosphere profiles over the US [58]. The selected
profile used for the first case study of the workshop will be referred to as “SBPW3 Case 1”
and reflects on an atmospheric state that leads to a wide range of azimuth angles reaching
the ground for an eastward flying aircraft. The second selected profile will be referred to
as “SBPW3 Case 2” and refers to an atmospheric state that leads to a particular wide sonic
boom carpet for an eastward flying aircraft. For both atmospheres, altitude-dependent
temperature, pressure, relative humidity, and horizontal wind speeds are given in tabular
format [59,60]. For this study, the values are interpolated with cubic splines, to prevent
gradient discontinuities in the simulation domain. The atmospheric profiles are visible in
Figure 6. The ground at standard conditions is set to be at an altitude of 0.1 m, and due to
the definitions of the realistic profiles, at an altitude of 264.1 m for the SBPW3 cases.

To account for the reflection of the ground, which will also impact the audible event
for a listener on the ground, the sonic boom shock wave amplitude is multiplied by a
factor of 2. This differs from the definitions of SBPW 3 (which suggests a reflection factor
of 1.9) but is in line with the proposed factor by Carlson. However, employing a factor
of 2 assumes an ideal planar surface devoid of obstacles and optimal reflection behavior,
which simplifies the actual terrain. The influence of realistic topography [61] and the even
more pronounced impact of urban canyons [62] has been investigated in a two-dimensional
domain, indicating substantial effects on sonic boom perception, which is not considered in
this study.

Another important atmospheric mechanism that is neglected in this study is the role
of atmospheric turbulence in the planetary boundary layer. The turbulence can have a
large impact on the ground signature and introduces variance to the associated sonic boom
loudness [11,63].
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Figure 6. Properties of the three reference atmospheres for the current study. The pressure profiles of
both cases of SBPW3 are almost identical, such that the orange line is hidden by the green one in the
pressure plot. The wind velocities in both directions are zero for the windless ISA case.

3. Results

As the simplified method has fewer input parameters and results, the predictions of
the Carlson method are presented first. Afterward, the results of the higher-fidelity method
are showcased, and finally, the comparison of the results of both prediction methods
is presented.

3.1. Simplified Method Predictions (Carlson Method)

Applying Carlson’s method as described in Section 2.2 gives an array of peak ampli-
tudes and signal lengths for the predicted, idealized sonic boom N-wave on the ground.
The computed peak overpressures and signal duration are displayed in Table 3. The op-
erating condition describes the aircraft’s state during supersonic operation as defined in
Table 2. The N-wave parameters are computed for azimuth angles ¢, ranging from 0° to
50°. As winds are neglected in this procedure, the results can be mirrored to the opposite
lateral direction, i.e., negative azimuth angles.

During the climb, which is evaluated at the lowest altitude (15,000 m) of the three
operating conditions, the predicted N-waves on the ground have the highest amplitude
and the shortest signal duration in comparison to the other two, with an on-track peak
over-pressure of 104.5 Pascal for an N-wave signal of 194.1 milliseconds duration.

The lowest peak amplitudes (e.g., 79.7 Pa at an azimuth angle of 0°) are obtained during
cruising, which has the highest altitude (18,500 m) and the highest Mach number of the three
conditions. In comparison to the predictions for the descent case, the cruise N-wave signals
have a slightly shorter duration. With an on-track signal length of 201.8 ms, they are still
longer than those predicted for the lower and slower climb conditions. Regardless of the
operating condition, increasing the off-track angle always leads to decreasing amplitudes
and increasing signal duration.
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Table 3. Carlson method predictions for sonic boom N-wave parameters on ground for the three
previously described operating conditions and azimuth angles from 0° to 50°.

Operating Condition = Azimuth Angle [°] Peak Amplitude [Pa]  Signal Duration [s]

0 104.5 0.1941

10 102.3 0.1949

. 20 94.3 0.1962
Climb 30 85.5 0.1985
40 75.2 0.2035

50 61.1 0.2086

0 79.7 0.2018

10 78.1 0.2029

Cruise 20 722 0.2048
30 65.4 0.2084

40 56.6 0.2124

50 45.0 0.2188

0 85.6 0.2045

10 84.1 0.2056

Descent 20 779 0.2084
30 70.6 0.2114

40 61.2 0.2168

50 48.0 0.2234

3.2. Higher-Fidelity Predictions

Due to the two-domain separation of the far-field propagation method (Section 2.1)
it is possible to represent different stratified atmospheric profiles during sonic boom pre-
diction. For this reason, computation results are displayed for the International Standard
Atmosphere (ISA) definition, which aims to be close to the assumptions of the simplified
approach, as well as for two realistic atmospheric profiles from the Third Sonic Boom
Prediction Workshop (SBPW3). All three atmosphere models are described in Section 2.5.
The intention is to give an insight into the impact of realistic atmospheric conditions on
sonic boom behavior.

3.2.1. Near-Field Simulation

The distinct computational fluid dynamics (CFD) domain allows for a detailed analysis
of the supersonic flow mechanisms in the proximity of the aircraft, which enables the
analysis of variations in the angles of attack and more versatile modeling of different free
stream pressures and velocities. It also gives a detailed insight into the azimuth directivity
behavior of the shock waves generated in the supersonic flow. From the CFD solution,
pressure signals are extracted at different azimuth angles to be used as an input for the
non-linear far-field propagation and to link the two simulation domains of the higher-
fidelity sonic boom modeling approach. Some examples of the extracted pressure signals
are shown in Figure 7. The generation of the near-field results is described extensively
in [13], while this study focuses more on the far-field prediction results.

The left plot of Figure 7 depicts the pressure signature for the on-track condition
directly below the aircraft. The differences between the climb, cruise, and descent pressure
signals are solely introduced through the different angles of attack and the different free-
stream conditions in the CFD near-field simulation.

The first small peak of the pressure signals depicts the shock wave generated by the
nose of the aircraft, while the dominant peak can be associated with the shock waves
generated from the wing surface. After the overpressure shocks have passed the observer,
a relaxation leads to an area of negative acoustic pressure before the acoustic pressure
returns to zero. As both subplots show extracted pressure signals from below the aircraft,
the regions of positive overpressure predominate the signal due to the lift of the aircraft
generating an overpressure below the aircraft.
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Figure 7. Extracted near-field pressure signatures from the CFD solution at a radial distance of
R = 1L = 62m for the three operating conditions of CS1. The azimuth angle of ¢ = 0° shows the
extracted pressure signal below the aircraft (on-track). The right plot shows an exemplary pressure
signature extracted at off-track conditions for an azimuth angle of ¢ = 40°.

This also explains why at the climb condition, i.e., at the condition with the highest
angle of attack (and thus highest lift) plus a low altitude with the highest ambient pressure,
the highest amplitude for the three compared near-field shock waves occurs. The cruise
condition has the highest Mach number (Mach 2.0 for cruise vs. Mach 1.5 for climb and
descent) and results in the shortest signal duration, as the aircraft passes an observer with
higher speeds, and thus, the duration of the acoustic event is shorter for that observer. The
comparison of cruise and descent conditions, which are at similar altitudes and similar
angles of attack, reveals that the influence of velocity is mostly reflected in the signal
duration but barely in the peak amplitudes.

The same trends can be observed in the right-hand side plot, which shows the extracted
pressure signature at an azimuth angle of 40°. In general, the overall amplitudes are smaller
for all operating conditions at this off-track azimuth angle, as the lift created from the
wing surfaces is less present in this direction. Here, an influence of the higher velocity
during cruise can be seen, as the dominant peak has formed a full shock spike, while the
equivalent shock waves at climb and cruise have not yet merged completely into such a
sharp shock spike.

3.2.2. Ray Tracing

To simulate the sonic boom on the ground, the first step of the higher-fidelity far-
field approach is a ray tracing algorithm to account for the refraction of the non-uniform
atmosphere, as described in Section 2.1.2.

The geometric position of the sonic boom footprint for CS1 flying towards the east
in the different atmospheric models is plotted in Figure 8. The limiting azimuth angles
of the primary sonic boom carpet are labeled in the figure and printed in Table 4. For
the standard atmosphere without winds, the direction of the aircraft has no impact on
the lateral throw, but rounding errors due to different handling of signed floating point
numbers are observed in some cases. The windy atmospheric profiles of the Third Sonic
Boom Prediction Workshop were selected for an eastwards heading aircraft, such that we
stick to this definition to make use of the known properties of those two atmospheres. This
leads to the port-side lateral throw going towards the north and the starboard-side lateral
throw going towards the south.

The most obvious influence on the geometric behavior of the sonic boom carpet comes
from the higher Mach number of the cruise condition. Due to the higher Mach number, the
Mach cone is sharper and thus, the rays (starting perpendicular to the Mach cone) have a
lower degree towards the front of the aircraft. This results in a lower frontal throw and a
wider lateral throw for rays reaching the ground.
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Figure 8. Computed primary sonic boom footprint for CS1 flying towards east. The marks depict
the ground intersection points of the computed rays. The labels show the values of the limiting
azimuth angles ¢. ISA shows the footprint in the windless International Standard Atmosphere,
SBPW3 Case 1 for the realistic atmosphere from the Third Sonic Boom Prediction Workshop (SBPW3)
with a wide range of azimuth angles, and SBPW3 Case 2 the SBPW3 case for a realistic atmosphere
that is intended to result in a particular wide carpet.

Table 4. Geometric Parameters of the Sonic Boom Carpet for Different Atmospheres and Operat-
ing Conditions.

Starboard Port Side

Operatin Min. Max. Lateral Lateral Carpet  Frontal
Atmosphere Perating  aAzimuth  Azimuth Width  Throw
Condition Anele [°]  Anele [] Throw Throw [km] [km]

ngle ngle [lem] [lem] m m

Climb —46.65 46.65 30.3 -30.3 60.5 37.8

ISA Cruise —54.87 54.87 44.6 —44.5 89.1 31.4
Descent —49.44 49.44 344 —-344 68.8 39.8

SBPW3 Climb —71.69 78.61 94.3 —69.1 163.4 97.3
Case 1 Cruise —66.68 70.36 133.1 727 205.8 94.1
Descent —67.72 71.35 103.8 —749 178.7 109.6

SBPW3 Climb —72.56 68.76 93.6 —55.8 149.4 104.5
Case 2 Cruise —67.42 64.20 106.1 —65.0 171.1 82.6
Descent —69.68 62.73 89.7 —61.1 150.8 103.2

For the realistic atmospheres with winds, the geometric carpet of the aircraft flying
towards the east extends significantly. Towards the port side (i.e., towards the north)
the lateral throw in the windy atmosphere is around three times higher than that in the
standard atmosphere. It has to be highlighted once more that these are extreme cases from
a set of measured atmospheric profiles, to achieve a particularly wide range in azimuth
angles in case 1, and a particularly wide carpet width in case 2 (see Section 2.5). These
expected trends are visible in the obtained results, although in the present study, the first
case of the sonic boom prediction workshop leads to an even wider carpet than case 2. As
the flight altitude in the SBPW3 examples differs from the ones used here, atmospheric
winds can have a different effect on the ray paths. Thus, the intended behavior for the
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case studies of the Third Sonic Boom Prediction Workshop does not necessarily have to be
reproduced in the current study.

While the geometric sonic boom footprint during the climb is a little ahead of the
footprint at descent conditions in the standard atmosphere, the opposite behavior is ob-
served with the realistic atmospheric profiles. Except for the standard atmosphere, the
widest range of azimuth angles is always observed for the climb condition, although the
lateral throw of the descent condition is usually wider than the one of the climb. The only
exception for this behavior is the northward throw at SBPW3 Case 2. In this extreme case,
the rounding towards 2 decimal places might be too coarse as even smaller variations of
the azimuth angle have shown to have a great impact on the final lateral throw, specifically
in this atmosphere.

While this imposes a challenge for the definition of the geometric extent of the sonic
boom carpet, the following chapters will show that the sound intensity reaching these far
outside areas is negligible (see Section 3.2.4).This means that higher-resolution ray-tracing
steps are not necessary for the goal of defining an acoustic sonic boom carpet.

3.2.3. Pressure Signals on Ground

Along the analyzed and previously described rays, the near-field signatures from the
CFD solution are propagated toward the ground. The resulting signature for the on-track
ray at an azimuth angle of ¢ = 0° in the standard atmosphere is depicted in Figure 9,
alongside the ground signature of ¢ = 40°. This is, in a sense, the direct output of the
far-field propagation algorithm for the input near-field signatures from Figure 7 when
applying the International Standard Atmosphere. All the shocks have coalesced into one
overpressure shock at the beginning and one expansion shock at the end of the signal. This
observation due to the non-linear steepening of sonic boom is referred to with the label
“N-wave” of conventional sonic booms.

150
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Figure 9. Computed shock wave pressure signatures at ground level for the three operating conditions
of CS1 in the International Standard Atmosphere. The azimuth angle of ¢ = 0° shows the on-track
sonic boom and the right plot shows an exemplary off-track sonic boom, computed for an azimuth
angle of ¢ = 40°.

The amplitude of the first shock and the signal duration between the bow and aft shock
are the parameters that are also estimated by Carlson’s method. For the higher-fidelity
method, those parameters are evaluated from the computed signatures for the different
operating conditions, atmospheres and azimuth angles. The obtained values can be found
in Table 5.
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Figure 10 shows the results for the input pressure signals of Figure 7 when applying
the realistic atmosphere profiles from SBPW3. The differences in the predicted sonic boom
on the ground between the two realistic atmosphere profiles are marginal. The off-track
amplitudes and signal duration are usually smaller than the ones on-track. The peak
amplitudes of the N-waves in any of the measured SBPW3 atmosphere cases are generally
smaller than the predicted N-wave in the standard atmosphere (Figure 9), but the shape of
the shock wave also coalesced into an almost ideal N-wave.

150
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Case 1 : Cruise (¢ =0°) Case 2 Cruise (¢ =0°)
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Figure 10. Computed shock wave pressure signatures at ground level for the three operating
conditions of CS1 in the realistic atmospheres of the Third Sonic Boom Prediction Workshop (SBPW3).
The left plot depicts case 1 and the right plot depicts case 2. The azimuth angle of ¢ = 0° is plotted
with solid lines. Dash-dotted lines show an exemplary off-track sonic boom at an azimuth angle of
¢ = 40°.

3.2.4. Acoustic Sonic Boom Carpets

The final exercise of the higher-fidelity prediction is the transformation of the predicted
shock wave on the ground into an acoustic metric to quantify the annoyance or loudness
of the sonic boom for listeners in the region of the sonic boom carpet. As there is no
standardized sonic boom annoyance metric at the moment, a couple of promising metrics
are computed in parallel. Stevens” Mk VII Perceived Level of Noise (PL) is a widely used
loudness metric to describe sonic boom, which is selected as an example to showcase the
trends for acoustic levels.

As all simulations and computations are under the cruise assumption, which in this
case means the aircraft is in a steady state without acceleration during all its operating
conditions, the frontal throw has a low practical relevance. The exact time when the sonic
boom occurs does not really have an impact on its annoyance, and the supersonic aircraft
would sooner or later cause a sonic boom at all positions inside the lateral limits of the
sonic boom carpet when passing an observer on the ground. Thus, the definition of the
acoustic sonic boom carpet for a steadily fling aircraft relies only on the lateral throw
and the observed shock wave on the ground. Figure 11 depicts this lateral acoustic sonic
boom carpet.
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Figure 11. Computed acoustic sonic boom carpet as observed at ground level for the three operating
conditions of CS1 flying towards east (i.e., towards the reader) in the International Standard Atmo-
sphere. The left plot shows the distribution of peak amplitudes over the sonic boom carpet, and the
right plot shows the distribution of Stevens’ Perceived Level of Noise Mk VII.

The left subplot shows the peak amplitudes at the computed impact points (marked
with plus signs) over the lateral throw of a supersonic aircraft flying in the direction of
the reader. Its trajectory is located at the operation-specific altitude above the origin of the
x-axis. The plot shows, how the peak amplitude of the sonic boom changes, depending
on the lateral position below the trajectory. The result in this figure was computed for the
International Standard Atmosphere, and the (lateral) carpet width is the same as for the
ISA case in Figure 8. The new information in this plot is the quantification of the shock
wave on the ground, such that it shows the maximum peak amplitude (directly below the
trajectory), the minimum observed peak amplitude (at the edges of the primary sonic boom
carpet), and the distribution of peak amplitudes in between.

The right-hand side subplot shows the associated PL values of the computed ground
signals, such that the plotted curves correlate more with the human perception of the shock
wave. An overview of the values of the acoustic sonic boom carpet is shown in Table 5.
It is worth noting that the rounding errors are due to different floating point precision
handling in the positive and negative domain for the off-track angles. As there are no
winds present in this atmosphere model, full symmetry is otherwise expected. In both
plots, the most significant feature is the higher amplitude and loudness during the climb
phase. The maximum loudness is achieved directly below the trajectory, but is still on a
high level at off-track positions inside the carpet limits, as the PL values remain higher
than 90 dB over the full carpet width and under all conditions, which can be considered as
“loud” by all means.

Figure 12 shows the acoustic sonic boom carpet in the atmosphere from the first case
of SBPW3. It allows for assessing the acoustic properties of the sonic boom carpet in this
realistic atmosphere with winds. Also, in this case, the peak amplitude and loudness on the
ground are significantly higher during the climb phase compared to the other operating
phases. Even when just looking at impact points with a Perceived Level of Noise above
80 dB, the carpet in this windy atmosphere spreads wider than under standard conditions.
However, at the limiting azimuth angles, a significant decrease in the PL values is observed.
It is from around 60-70 dB at a lateral offset of around 75 km towards the south and around
20-30 dB in the northern cutoff region. For the northern spread, the cruise condition results
in a significantly wider lateral spread at even higher loudness values. While the climb
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and descent are cut off at around 100 km towards the north, the sonic boom of the cruise
condition cuts off at around 130 km.

Table 5. N-wave parameters at different azimuth angles for the three operating conditions in

ISA atmosphere.
. Lateral Peak Signal Perceived
Operating Condition Azimuth Throw Amplitude Duration Level of
P 8 Angle [°] Towards FPa] Is] Noise (PL)
North [km] [dB]
—46.65 -30.3 59.2 0.2706 101.6
—40.00 —17.0 75.8 0.2570 105.4
Climb 0.00 0 110.6 0.2582 111.1
40.00 17.0 75.8 0.2570 105.4
46.65 30.3 60.4 0.2709 101.9
—54.87 —44.5 35.1 0.2489 93.3
—40.00 —17.6 56.9 0.2348 101.7
Cruise 0.00 0.0 77.7 0.2403 106.6
40.00 17.6 56.9 0.2348 101.7
54.87 44.6 36.1 0.2498 93.7
—49.44 —34.4 444 0.2591 97.2
—40.00 —-17.5 60.4 0.2510 102.3
Descent 0.00 0.0 83.7 0.2630 107.5
40.00 17.5 60.4 0.2510 102.3
49.44 344 444 0.2590 97.2
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Figure 12. Computed sonic boom carpet at ground level for the three operating conditions of CS1

flying towards east in the first realistic atmosphere of SBPW3. The left plot shows the distribution of

peak amplitudes over the sonic boom carpet, and the right plot shows the distribution of Stevens

Perceived Level of Noise Mk VII.

The values of the plotted behavior can be found in Table 6.

’
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Table 6. N-wave parameters at different azimuth angles for the three operating conditions in SBPW3
Case 1 atmosphere.

Lateral . Perceived
. Peak Signal
Operating Condition Azimuth Throw Amplitude Duration Level of
Angle [°] Towards [Pa] Is] Noise (PL)

North [km] [dB]
—71.69 —69.1 44 0.2811 68.4
—40.00 —12.4 67.5 0.2560 101.9
Climb 0.00 0.2 94.1 0.2662 107.6
40.00 12.6 67.2 0.2570 101.6
78.61 943 0.7 0.2659 17.8
—66.68 —72.7 3.6 0.2529 68.1
—40.00 —15.8 47.0 0.2365 96.1
Cruise 0.00 0.2 65.2 0.2454 101.3
40.00 16.6 454 0.2363 95.5
70.36 133.1 0.7 0.2245 28.1
—67.72 —74.9 3.5 0.2708 61.1
—40.00 —14.7 48.9 0.2533 96.5
Descent 0.00 0.2 70.1 0.2703 102.4
40.00 15.1 48.2 0.2540 96.2
71.35 103.8 0.5 0.2627 14.0

For the third atmospheric model, the second defined case of SBPW3, the previously
described trends can be observed as well, as shown in Figure 13. The climb condition
results in the highest peak and loudness on the ground and the carpet width for this windy
condition is generally wider than for the standard atmosphere. The cruise condition results
in louder sonic booms near the edges of the carpet.
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Figure 13. Computed sonic boom carpet at ground level for the three operating conditions of
CS1 flying towards the east in the second realistic atmosphere of SBPW3. The left plot shows the
distribution of peak amplitudes over the sonic boom carpet, and the right plot shows the distribution
of Stevens’ Perceived Level of Noise Mk VII.

The most relevant values are printed in Table 7.
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Table 7. N-wave parameters at different azimuth angles for the three operating conditions in SBPW3
Case 2 atmosphere.

Lateral . Perceived
. Peak Signal
Operating Condition Azimuth Throw Amplitude Duration Level of
Angle [°] Towards [Pa] [s] Noise (PL)

North [km] [dB]
—72.56 —55.8 24 0.2757 64.2
—40.00 —121 66.1 0.2589 105.0
Climb 0.00 0.2 91.1 0.2689 109.5
40.00 13.0 62.4 0.2591 104.1
68.76 93.6 0.4 0.2551 29.1
—67.42 —65.0 22 0.2486 63.7
—40.00 —15.8 45.6 0.2361 99.7
Cruise 0.00 0.1 62.9 0.2446 104.5
40.00 16.9 422 0.2351 98.4
64.20 106.1 0.5 0.2020 28.9
—69.68 —61.1 2.6 0.2659 63.3
—40.00 —14.4 47.9 0.2535 100.4
Descent 0.00 0.1 67.3 0.2702 105.5
40.00 15.8 43.6 0.2531 98.8
62.73 89.7 0.8 0.2404 39.8

3.2.5. Sonic Boom Characterization with Different Acoustic Metrics

The values at an azimuth angle of ¢ = 0° have the shortest distance to the ground
associated with the highest near-field peak pressures. For windy atmospheres, this azimuth
angle can have an offset from the flight path position of a few hundred meters, which is
negligible in relation to the carpet widths in the order of more than 50 km. Therefore, it
seems reasonable to assume that the results for the 0° azimuth angle represent the maximum
peak pressure and the maximum loudness. With this assumption, an analysis of the upper
limits of the sonic boom carpet created by the reference aircraft is an easy task and might
give the most comprehensive characterization of the vehicle’s sonic boom carpet in the
form of an upper boundary for its predictions.

The expected maximum value for the aircraft under the studied conditions is shown
in Table 8. This table aims at providing additional results by providing different acoustic
metrics (see Section 2.3) and could be re-used if one of those metrics is selected for the
definition of future sonic boom regulations. Apart from that, a striking take-away for
readers without an acoustic background could be the fact that all the acoustic metrics are
given in dB, which is not a unit, but an indicator that the associated value is a (sometimes
acoustic) level with respect to some reference value. Stating any number with the “unit” dB
does not quantify the value without a statement on the metric or the reference value in use.

Table 8. Acoustic metrics for the maximum sonic boom on ground at an azimuth angle of ¢ = 0° for
the different atmospheres and operating conditions.

Operating PL  SEL(A) SEL(B) SEL(C) SEL(D) ISBAP , °K

Atmosphere ¢ jition [dB]  [dB]  [dB]  [dB]  [dB]  [dBI Amﬁ}:]“de
Climb 1111 959 1022 1096 1029 1168 1106
1SA Cruise 1066 922 988 1065 992 1126 777
Descent 1075 929 995 1072 999 1135 83.7
SBPW3 Climb 107.6 93.0 100.4 108.1 100.3 114.0 94.1
OPw: Cruise 1013 874 963 1047 960 1086 65.2

Descent 102.4 88.5 97.1 105.4 96.9 109.5 70.1
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Table 8. Cont.
. Peak
Atmosphere Operating PL SEL(A) SEL(B) SEL(C) SEL(D) ISBAP Amplitude
PRE® Condition [dBI ~ [dBl  [dBl  [dBl  [dBl  [dBI Pl
SBPW3 Climb 109.5 95.0 100.9 108.0 101.5 115.0 91.1
Case 2 Cruise 104.5 90.7 97.4 104.8 97.4 110.4 62.9
Descent 105.5 91.6 98.0 105.4 98.2 111.3 67.3

3.3. Comparison of the Prediction Methods

Finally, the predictions of the simplified method as presented in Table 3 and the
equivalent predictions of the higher-fidelity method as presented in the tables of the
previous section (Tables 5-7) are compared. To assess the validity of the Carlson method
for the different operating conditions and different atmospheres, the deviation of peak
pressure predictions and signal duration is computed according to Equations (6) and (7).

AP; = PCurlson - P (6)

and

ATi = TCarlson - Tt (7)

with Pegyison and Tegys0, being the predicted peak overpressure and signal duration by
Carlson, and P; and T; being the higher-fidelity’s peak pressure and signal duration pre-
dictions, respectively. The results are presented in Table 9 and provide a comprehensive
comparison of the differences between the simplified Carlson method and high-fidelity
sonic boom predictions for three atmospheric conditions: ISA, SBPW3 Case 1, and SBPW3
Case 2. The table highlights the deviations in peak amplitude and signal duration across a
range of azimuth angles for each operating condition (climb, cruise, and descent).

Table 9. Deviations of the Carlson predictions from the higher fidelity prediction. AP shows the
deviation in peak amplitude and AT shows the deviation in signal duration.

Operating Azimuth APjsq  ATisa  APsgpws,c1 ATsppws,c1 APsppws,c2 ATsppws,c2

Condition Angle[°] [Pa] [s] [Pa] [s] [Pa] [s]

0 —6.1 —0.0641 10.4 —0.0721 13.4 —0.0748

10 -50 —0.0630 10.7 —0.0709 14.0 —0.0734

Climb 20 —-58 —0.0601 8.8 —0.0667 12.7 —0.0688
30 —42 —0.0561 8.5 —0.0602 12.7 —0.0624

40 —-0.6  —0.0536 8.0 —0.0535 12.8 —0.0556

0 2.0 —0.0385 14.5 —0.0311 16.8 —0.0303

10 1.8 —0.0372 14.4 —0.0297 17.1 —0.0290

Cruise 20 -09 —0.0337 11.7 —0.0268 14.6 —0.0259
30 -1.7  —0.0301 10.8 —0.0243 13.9 —0.0232

40 —-03 —0.0225 11.2 —0.0160 14.4 —0.0148

50 1.7 —0.0200 8.9 —0.0082 8.9 —0.0072

0 1.9 —0.0585 15.5 —0.0658 18.3 —0.0657

10 3.9 —0.0494 17.3 —0.0565 204 —0.0562

Descent 20 2.4 —0.0442 155 —0.0508 19.0 —0.0502
30 1.3 —0.0387 14.4 —0.0442 18.4 —0.0434

40 0.8 —0.0342 13.0 —0.0372 17.6 —0.0363

For the ISA atmosphere, the simplified methodology generally under-predicts the
peak amplitudes during the climb, with percentage differences ranging from —5.5% at 0° to
—0.8% at 40°. This under-prediction is notably consistent, showing a systematic deviation
in amplitude estimation. The signature duration also shows significant discrepancies, with
reductions ranging from —24.8% at 0° to —20.8% at 40°. In contrast, for the cruise and



Aerospace 2024, 11, 962

23 of 29

descent conditions, the percentage deviations for peak amplitudes fluctuate, indicating
a less systematic trend. The signal duration differences remain negative throughout,
highlighting that the Carlson method consistently predicts shorter sonic boom durations
compared to the high-fidelity model.

In the SBPW3 Case 1 atmosphere, the Carlson method shows a notable over-prediction
of peak amplitudes across all azimuth angles and operating conditions. The peak ampli-
tude deviations are particularly pronounced during cruise and descent, with maximum
deviations reaching up to 25.9% and 27.0%, respectively. This suggests that the simplified
approach overestimates the effect of the atmospheric profile on the sonic boom intensity
for more complex atmospheric scenarios. Signal duration discrepancies are also significant,
ranging from —27.1% to —20.8% for climb and —24.3% to —14.6% for descent. This system-
atic underestimation indicates a consistent limitation of the Carlson method in accurately
capturing the signal duration when the atmospheric conditions deviate significantly from
the ISA standard.

The deviations for SBPW3 Case 2 further demonstrate the sensitivity of the simplified
methodology to atmospheric complexity. Peak amplitude differences during climb and
descent exhibit high positive deviations, reaching up to 20.5% and 40.4%, respectively,
indicating substantial over-predictions. The cruise condition follows a similar trend with
peak amplitude deviations increasing with azimuth angle. The signal duration deviations,
while smaller in magnitude compared to peak amplitudes, still range between —27.8% and
—21.5% for the climb and —24.3% and —14.3% for the descent. This consistent pattern
suggests that the simplified method’s inability to capture complex atmospheric effects is
amplified under more extreme scenarios like SBPW3 Case 2.

4. Discussion

The insights gained from comparing sonic boom predictions using both simplified and
high-fidelity methodologies highlight their respective strengths and limitations. The results
suggest that the Carlson method generally provides a reasonable first estimate of sonic
boom characteristics for the selected supersonic operating conditions, i.e., climb, cruise,
and descent (see Table 2). While high-fidelity modeling is required for precise and context-
specific evaluations, the simplified method effectively captures broad trends related to flight
phases and off-track sonic boom behavior. As shown in Table 10, deviations between the
simplified and high-fidelity methods remain within a manageable range in an International
Standard Atmosphere (ISA). Although the simplified methods fail in predicting sonic
boom under realistic atmospheric conditions including winds, the simplified predictions
provide at least a conservative over-prediction of peak amplitudes for those cases, as
the higher-fidelity method indicated lower peak amplitudes and loudness levels under
those conditions.

Table 10. Percentage deviations of peak amplitude and signal duration predictions of the simplified
Carlson method in comparison to the higher-fidelity predictions. AP is the difference in peak
amplitude and AT the difference in signal duration.

Operating

i APisqa  ATisp APsgpws,c1 ATsgpws,c1 APsgpws,c2  ATsppws,c2
Condition & o 1% po ) [%] [%] [%] [%]
Azimuth Angle

Climb: 0° —-5.5 —24.8 11.1 —27.1 14.7 —27.8
Climb: 40° —0.8 —20.8 11.9 —20.8 20.5 —21.5

Cruise: 0° 2.6 —16.0 22.2 —12.7 26.7 —12.4
Cruise: 40° —0.5 —9.6 24.7 —6.8 34.1 —6.3
Descent: 0° 2.3 —22.2 22.1 —24.3 27.2 —24.3

Descent: 40° 1.3 —13.6 27.0 —14.6 40.4 —14.3
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4.1. Differences Between Operating Conditions

The analysis revealed distinct sonic boom characteristics for the selected supersonic
operating conditions climb, cruise, and descent with both modeling approaches. Each flight
condition demonstrated unique behavior in terms of peak pressure and signal duration
and the Carlson method showed some capability in capturing these distinctions. The
sonic boom carpet width is not captured by the simplified method but showed significant
distinctions between the three atmospheric models used for the higher-fidelity simulations
as can be seen in Figure 8.

4.1.1. Climb Condition

The climb condition was picked at 15 km of altitude at Mach 1.5 and a flight path
angle of 1.15°. The associated angle of attack was 4.5°. This condition consistently showed
the highest sonic boom peak pressures and loudness levels on the ground. The larger angle
of attack during the climb, combined with lower flight altitudes, resulted in higher lift,
which resulted in the highest near-field shock wave amplitudes and the lowest distance to
the ground. The simplified method accurately predicted that the climb condition would
produce the highest peak amplitudes (see Table 3), although it does not account for the
angle of attack. This indicates that the low altitude of 15 km is the principal driver of
the increased sonic boom levels on the ground and not so much the higher shock wave
amplitudes due to lift.

The study does not take into account acceleration effects, which would supposedly lead
to focused booms and higher loudness levels on the ground during climb [55] and higher
variability due to atmospheric effects [64]. This indicates, that the climb and acceleration
phase from low altitudes and Mach numbers will impose the biggest challenge for future
supersonic operational procedures in terms of sonic boom mitigation.

4.1.2. Cruise Condition

The cruise condition was defined as a Mach 2 steady climb cruise with a flight path
angle of 0.02° at an altitude of 18.5 km and an angle of attack of 3.5°. The sonic boom
simulations resulted in the lowest peak amplitude and shortest signal duration, which
can be explained by the long distance to the ground and the high velocity, respectively.
The higher Mach number during cruising results in a sharper Mach cone, which leads
to a wider lateral spread of the sonic boom carpet (Figure 8). While the Carlson method
effectively captured the reduction in sonic boom intensity compared to the climb, it did
not predict the signal duration to be the shortest in that operating condition. This might
indicate, that the Mach number impact on signal duration is under-predicted in Carlson’s
formula, or that the opposing influence of altitude is over-predicted in this case.

4.1.3. Descent Condition

The descent condition produced results that fell between those of climb and cruise.
This seems reasonable, as the condition has the same Mach number as the climb (Mach 1.5)
while being at almost the altitude of the cruise condition (17.5 km). The flight path angle is
at —1.17° at an angle of attack of 4.0°. The higher altitude during descent apparently led to
a reduction in peak pressures compared to the climb, while the signal duration remained
relatively long due to the lower Mach number. The Carlson method captured this reduction
in amplitude reasonably well, as illustrated in Table 3.

4.2. Comparison of Modeling Methods

The simplified model effectively distinguishes between the flight phases under con-
sideration (i.e., climb, cruise, and descent) by indicating how changes in Mach number,
altitude, and flight path angle influence both the peak amplitude and signal duration of
sonic boom N-waves. For example, the method correctly predicted that the climb condition
would generate the strongest amplitudes. Studies in the literature compare analytical
methods with high-fidelity methods for the early stages of the conceptual design of new
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generations of supersonic aircraft. Graziani et al. [18] compared the same aircraft in a vali-
dation case study with unrealistic flight conditions. Scarselli in his previous works [21,22]
evaluates a sonic boom minimization approach by adopting the Carlson method and com-
pares the results with CFD results [20]. When comparing the simplified predictions to
the higher-fidelity predictions in the standard atmosphere, the simplified method over-
predicted peak pressure during descent while under-predicting it during climb. For the
signal duration, however, a general under-prediction of up to —27% was observed in com-
parison to the higher-fidelity results (see Table 10). This behavior was already described in
earlier comparative studies for a verified clean configuration of the reference aircraft [18].
The signal duration is a parameter, which is sometimes used to compute loudness values
from N-waves, which was not conducted in this study.

However, it is clear that the high-fidelity model provides more precision, particu-
larly in non-standard atmospheric conditions, such as those seen in the SBPW3 cases.
Neglecting the atmospheric effects significantly reduces the accuracy of sonic boom pre-
dictions [65]. Also, in our study the detailed analysis of the geometric extent of the sonic
boom carpet and the exact pressure wave-forms at different azimuth angles revealed com-
plexities that the Carlson method could not fully address, such as the influence of wind
and individual stratified atmospheric profiles which have been studied before in greater
detail [46,66,67]. In these scenarios, the high-fidelity model captured significant variations
in boom intensity and the extent of the carpet, which cannot be modeled with the simplified
prediction method.

4.3. Implications for Future Supersonic Design and Sonic Boom Modeling

The high-fidelity results for this conventional supersonic aircraft design showed
that the shock wave on the ground reached an almost ideal N-wave behavior under all
conditions. This means the Carlson method’s main assumption of N-wave behavior remains
valid for the reference aircraft. However, future low boom aircraft might change the shock
wave behavior, such that the assumption of an N-wave on the ground could be rejected.

In summary, the Carlson method remains a useful and effective tool for early assess-
ments of the sonic boom characteristics of conventional supersonic aircraft. It was also
proven useful in distinguishing between different flight conditions like climb, cruise, and
descent. It captures the broad trends in sonic boom intensity and, to a lesser extent, signal
duration across these conditions, providing a valuable initial method for evaluating sonic
boom of supersonic aircraft designs. The order of deviation observed when comparing the
Carlson predictions with high-fidelity results helps identify where more detailed modeling
is warranted, especially in complex atmospheric conditions or for low-boom configurations.

A combination of ray-tracing to predict geometric sonic boom carpet properties under
realistic conditions, coupled with a Carlson estimation of the maximum sonic boom peak
amplitude, could be an efficient medium-fidelity sonic boom prediction method, as CFD
shock wave simulation in the near-field, and non-linear dissipative shock wave propagation
in the far-field domain are by far the most complex and computationally intensive proce-
dures of the higher-fidelity approach. Additionally, a simplified method to model wind
effects on geometric sonic boom carpet spreading could improve the simplified predictions.

5. Conclusions

The study provided a detailed comparison between the bi-domain high-fidelity non-
linear propagation method and the simplified Carlson method for predicting sonic boom
characteristics across different supersonic flight conditions (climb, cruise, and descent),
which were selected from a realistic operation scenario of a Concorde-like supersonic
reference aircraft. The results indicate that the Carlson method is capable of capturing
general trends, including variations in peak amplitude and signal duration due to changes
in Mach number, altitude, and flight path angle. The influence of realistic weather scenarios
with winds is, however, not included in the modeling approach, such that their significant
impact on sonic boom carpet width and peak amplitude cannot be represented.
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The Carlson method effectively highlights differences between operating conditions,
making it a valuable tool during the early stages of conventional supersonic aircraft de-
sign. However, the high-fidelity model is essential for capturing the nuanced impacts of
atmospheric stratification and wind effects, which are crucial for regulatory compliance
and public acceptance of supersonic travel.

Future work should focus on refining the simplified method to account for more
atmospheric variables, potentially enhancing its applicability for more realistic flight sce-
narios. Additionally, incorporating acceleration effects during climb and descent could
provide a more comprehensive understanding of the sonic boom characteristics during
supersonic operation.
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