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ABSTRACT

This is an exciting time for aircraft design. New configurations, including small multi-rotor uncrewed aerial
systems, fixed- and tilt-wing distributed electric propulsion aircraft, high-speed rotorcraft, hybrid-electric
commercial transports, and low-boom supersonic transports, are being made possible through a host of
propulsion and airframe technology developments. The resulting noise signatures may be radically different,
both spectrally and temporally, than those of the current fleet. Noise certification metrics currently used in
aircraft design do not necessarily reflect these characteristics and therefore may not correlate well with human
response. Further, as operations and missions become less airport-centric, e.g., those associated with on-
demand mobility or package delivery, vehicles may operate in closer proximity to the population than ever
before. Fortunately, a new set of tools are available for assessing human perception during the design
process in order to affect the final design in a positive manner. The tool chain utilizes system noise
prediction methods coupled with auralization and psychoacoustic testing, making possible the inclusion of
human response to noise, along with performance criteria and certification requirements, into the aircraft
design process. Several case studies are considered to illustrate how this approach could be used to influence
the design of future aircraft.
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1. INTRODUCTION

Human response to aircraft community noise is a complex perception phenomenon that is a
function of both transportation-mode-specific acoustic (1) and non-acoustic factors (2). The aircraft
vehicle design process requires a multidisciplinary approach to achieve a set of design goals that
typically includes performance, emissions, fuel/energy consumption, and noise. Noise goals used in
aircraft design are usually specified in terms of certification metrics, which may not fully reflect
acoustic factors related to human response, nor are intended to reflect non-acoustic factors. The
International Civil Aviation Organization (ICAO) has adopted a set of noise certification requirements,
specified in Annex 16, Volume I (3), as part of a balanced approach to aircraft noise management (4),
with a focus on airport environments. In addition to noise certification requirements, other facets of
the balanced approach include land-use planning and management, noise abatement operational
procedures, and operating restrictions. The fourteen chapters in part II of ref. (3) deal with
certification of prior, current and future aircraft. Regulatory authorities in the member states
implement these requirements, e.g., the Federal Aviation Administration (FAA) in the U.S. has
implemented compatible noise certification requirements in Federal Aviation Regulation (FAR) Part
36 (5) and the European Aviation Safety Agency (EASA) through Regulation (EC) No. 216/2008
Article 6 (6), as amended by Commission Regulation (EU) 2016/4.

A common misconception is that the ICAO attempts to promote aircraft noise reduction through
increasingly stringent noise requirements. Noise requirements have never forced the development of
new technology, nor has a rule been put in place that required the use of unproven technology. This
philosophy is embodied in the ICAO balanced approach which strives to manage aircraft noise “in the
most cost-effective manner,” as well as by the FAA which stipulates in FAR 36 that “the noise levels
in this part have been determined to be as low as is economically reasonable, technologically
practicable, and appropriate to the type of aircraft to which they apply.” FAR 36 further states that
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“No determination is made, under this part, that these noise levels are or should be acceptable or
unacceptable for operation at, into, or out of, any airport.” In other words, current noise certification
regulations do not ensure that the noise exposure is, by any definition, acceptable. On the contrary,
it is the action of selected airport authorities, e.g., London Heathrow Airport (7), which have put in
place restrictions and tariffs to promote the use of the best equipment in response to community
opposition to noise. It is because of such economic pressure that operators insist on improved
technology from the aircraft manufacturers so that they may be allowed to profitably operate in these
critical localities. Over time, this changes what is considered to be economically reasonable and
technologically practicable. The fact that noise certification requirements have become more
stringent over time, e.g., for subsonic jet aircraft from chapter 2 to 3 to 4, and by 2017 and 2020, to
chapter 14, is therefore a reaction to the current technology, and the notion of preventing backsliding.
In this respect, vehicle noise design is mainly driven by stringent local noise requirements, to a lesser
extent by regulatory agencies, and even less so by averaged metrics used in land-use planning.

It is quite likely that aircraft noise design will continue to be based solely on acoustical factors for
the foreseeable future. However, given that the current certification requirements are not focused on
achieving low annoyance designs, it is worth considering how other acoustical factors contributing to
annoyance might be incorporated in the design process. In other words, is it possible to achieve
reduced community noise impact by simultaneously meeting noise certification and other design
requirements (e.g., fuel burn and emissions), along with other requirement(s), which directly address
human response, whether they be related to annoyance, sleep disturbance, speech interference,
audibility, etc., or some combination thereof? This paper puts forth the proposition that it is possible
to do so through a perception-influenced design approach.

Perception-influenced design (PID) for noise is the process by which the engineering design is
affected, in a positive manner, by human perception. In aircraft noise design, PID is made possible
through a new set of tools for system noise prediction, coupled with auralization and psychoacoustic
testing. In some cases, it may be that suitable noise metrics exist, in which case the design process
can be performed using that metric as a cost functional without the necessity for separate human
response testing. For example, it is not unreasonable to assume that low annoyance designs of
conventional turbofan-driven tube-and-wing commercial transports could be achieved, to a degree,
using the effective perceived noise level certification metric as a surrogate for a more direct annoyance
metric cost functional, since annoyance to such sounds are supposed to be reflected in the underlying
perceived noise level (8). However, new aircraft configurations, including small multi-rotor
uncrewed aerial systems (UAS), fixed- and tilt-wing distributed electric propulsion aircraft, high-
speed rotorcraft, hybrid-electric commercial transports, and low-boom supersonic transports, are now
on the drawing boards. These designs are being made possible through a host of propulsion and
airframe technology developments, and the resulting noise signatures may be radically different, both
spectrally and temporally, than aircraft comprising the current fleet. In these cases, current
certification metrics, which do not generally reflect these characteristics, may not correlate well with
human response. Further, as operations and missions become less airport-centric, e.g., those
associated with on-demand mobility or package delivery, vehicles may operate in closer proximity to
the population and for longer durations than ever before. Therefore, other psychoacoustic metrics,
which are known to correlate with the desired human response, may serve as the cost functional.
When such metrics do not exist, or when their correlation with the offending noise source is not known,
laboratory studies, based on auralization of system noise predictions, may be used to identify or
develop an appropriate metric or even use the response data directly in the absence of a metric. It is
in these ways that PID can move toward reduced aircraft community noise impact by affecting the
vehicle design.

In the remainder of this paper, the aircraft noise certification metrics currently employed for the
majority of flight vehicles are first reviewed. Next, the elements of PID are discussed in a general
sense, and its application is explored in case studies of four vehicles of interest; a large commercial
transport with a desired target sound, a distributed electric propulsion system employing a propeller-
driven high-lift system, a hybrid wing body which takes advantage of propulsion airframe
aeroacoustics and advanced noise reduction technology to achieve its noise reduction, and a low-boom
supersonic aircraft.



2. REVIEW OF AIRCRAFT NOISE CERTIFICATION METRICS

It is helpful to review the single-event aircraft noise certification metrics in use today as these
typically serve as the starting point in the design process. A compendium of aircraft noise metrics is
provided by Bennett and Pearsons (9).

21 Maximum A-Weighted Sound Pressure Level

The noise certification metric used for lightweight propeller-driven aircraft with a certified takeoff
mass not exceeding 8618 kg is the maximum A-weighted sound pressure level (SPL), slow response,
relative to 20puPa, designated by Lmax (dBA). Takeoff procedures are described in Chapter 10 (3).
The maximum allowable levels are a function of the maximum certificated takeoff mass. The
Chapter 10 noise requirements affect all propeller-driven aircraft below 8618 kg, irrespective of their
size, mass and use. At least two small uncrewed aerial systems have been certified in the United
States under FAR 36, Appendix G; the analog to Chapter 10.

The frequency weighting in L, adjusts the actual decibel level to a scale matching the level
perceived by the human ear, according to a single equal loudness contour, using the measurement
method prescribed in Appendix 6 (3). The duration of the event does not influence Lmax.

2.2 Sound Exposure Level

Another metric used for aircraft certification is the sound exposure level (SEL), designated by Lx
(dBA). This metric applies to lightweight helicopters not exceeding 3175 kg, and is applied to a
straight and level flyover flight test procedure at 150 m above ground level, as described in Chapter
11 (3). Maximum allowable levels for light helicopters are also a function of the maximum
certificated takeoff mass.

SEL takes into account both level and duration and in discrete form is given by
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in which Ty is the reference integration time of 1 s, L4(k) is the time-varying A-weighted SPL at the
k™ instant of time, At is the time increment between samples. When used for certification, kr and &
are the first and last increments of £ between the period when L4(k) first rises to 10 dBA below L 4max
and falls below the last value of 10 dBA below L.max, respectively. All else being equal, a doubling

of duration increases SEL by 3 dBA.

2.3 Effective Perceived Noise Level

The effective perceived noise level (EPNL) is used for certification of a host of other aircraft
configurations. New aircraft are certified according to:

e Chapter 4 — subsonic jet aircraft over 55000 kg (certification applied between 2006-17),
subsonic jet aircraft less than 55000 kg (certification applied between 2006-20), and
propeller-driven aircraft between 8618-55000 kg (certification applied between 2006-20),

e Chapter 7 — propeller-driven short takeoff and landing (STOL) aircraft over 5700 kg
(guidelines only)

e Chapter 8 — helicopters (lightweight helicopters under 3175 kg may certify under either
Chapter 8 or 11),

e Chapter 12 — supersonic aircraft after 1975 (not developed),

e Chapter 13 — tilt-rotors (certification applied after 2018),

Chapter 14 — subsonic jet and propeller-driven aircraft over 55000 kg (certification applied
after 2017), subsonic jet aircraft less than 55000 kg (certification applied after 2020), and
propeller-driven aircraft between 8618-55000 kg (certification applied after 2020).

Maximum allowable EPNL levels (EPNdB) are aircraft configuration-, weight-, and number of
engine- (Chapters 4 & 14) dependent. The reader is referred to Attachment A of ref. (3) for details.
For each of the aircraft configurations indicated above, three certification points are utilized. For
Chapter 4 and 14 aircraft, these are the approach, lateral (also called takeoff or sideline), and flyover
(also called cutback) conditions, as shown in Figure 1. Helicopters covered under Chapter 8 use
approach, takeoff, and overflight certification points (not shown).
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Figure 1 — Certification points for Chapters 4 and 14 aircraft.

The EPNL metric is calculated through a multi-step process summarized below. The reader is
referred to Appendix 2 of ref. (3) for details. The process starts with the measurement of one-third
octave band SPL spectra, in 24 bands from 50 Hz to 10 kHz, at a time increment Az of 0.5 s. At each
time interval k, the SPL spectrum is first converted to a perceived noisiness spectrum, expressed in
noy. A weighted sum is taken to obtain the perceived noise level at the k™ time increment, PNL(k),
expressed in PNdB. Next, a tone correction, based on the maximum difference between adjacent
one-third octave bands of SPL(k), is applied to PNL(k) to obtain the tone-corrected perceived noise
level PNLT(k), also expressed in PNdB. The tone-correction increases with level difference, and is
higher within the more sensitive human hearing range between 500 Hz and 5 kHz. EPNL is
calculated as the logarithmic sum of PNLT values over the event duration, e.g., approach, according
to
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in which T is a normalizing time constant of 10s, and d is the time interval to the nearest 0.5 s during
which PNLT (k) remains greater or equal to PNLTnax-10. In this manner, the EPNL metric takes into
account amplitude, duration, and spectral content.

2.4 Perceived Level

As indicated above, a certification metric for sonic boom of supersonic aircraft has yet to be
adopted. A noise metric which has proven to be useful, however, is the Perceived Level (PL), see
Section 4.4. There are no standards for computing PL for sonic booms. However, Shepherd and
Sullivan (10) adopted Stevens’ Mark VII loudness method (11), which extends equal loudness
contours to very low frequency (1 Hz), for the calculation of PL for sonic booms. Specifically, since
sonic booms are transient in nature, the authors developed an approach to convert the narrowband
energy spectral density of the boom signature to one-third octave band sound pressure levels, required
as input to Stevens’ method, using a procedure recommended by Johnson and Robinson (12) that
accounts for the critical time of the human auditory system. A change in PL of 9 dB represents a
halving, or doubling, of loudness.

3. DESIGN FOR NOISE

The notion of affecting aircraft design in a significant way to achieve low noise is not new. The
introduction of high bypass ratio turbofans in the 1970s is an example of how noise and fuel burn
considerations made a significant impact on aircraft design. The more aggressive the goal, the more
significant the design change. For example, the noise reduction goals of the National Aeronautics
and Space Administration (NASA) Quiet Aircraft Technology (QAT) project in the early 2000s was
to reduce by one half (10 EPNdB) the perceived community noise within ten years, and by three
quarters (20 EPNdB) within twenty-five years at each certification point (13). It was recognized at
that time that significant changes in the aircraft configuration, like the Hybrid Wing Body (HWB),
would be required to make this step change in aircraft noise. The ability to simultaneously design
for aggressive low noise, emissions, and fuel burn (14, 15), or introduce new vehicle classes and/or



operations, e.g., on-demand aviation (16), is even more challenging. It is one that not only requires
multidisciplinary design and optimization, but often necessitates methods development and
experimental databases when solutions extend beyond the knowledgebase. Two approaches to design
for noise are next discussed. The first describes a multidisciplinary process with noise reduction
goals expressed in terms of noise certification levels. The second complements the first and allows
the design to also be influenced by human perception beyond certification metrics.

3.1 Metrics-Driven Design Process

Low-noise aircraft design can be implemented at the subcomponent (e.g., low-noise rotor), the
component (e.g., propulsor architecture), and at the integrated system (e.g., aircraft configuration)
levels. Just as with any other product design, the required engineering toolset and level of fidelity
associated with tools in that toolset is dependent on the particular task at hand. Common elements
are depicted in Figure 2. In most cases, the starting point for the noise analysis is a description of the
isolated source noise at the component level, as shown in the leftmost block. For example, in the
design of a large commercial transport, these would include isolated engine (e.g., jet, fan tonal and
broadband, and core), and airframe (e.g., landing gear, flaps, and slats) subcomponent source noise
prediction models and/or data. Other aircraft types would use source noise component models/data
particular to their applications, e.g., main and tail rotor thickness and loading noise for helicopters,
tonal and broadband noise for propeller-driven aircraft, etc. Source noise reduction methods might
also be applied here, e.g., nacelle liners for fan inlet noise or chevrons for jet noise.

The effects of installation of the sources on the airframe are extremely important when considering
the noise of the aircraft system. These are represented by the second block and are referred to as
propulsion airframe aeroacoustics (PAA). PAA includes both aerodynamic effects, which modify the
source noise generation, e.g., the effect of a pylon on a pusher propeller design, and acoustic effects,
which modify the noise propagation, e.g., acoustic shielding of engine sources on a hybrid wing body
configuration. The isolated sources and installation effects are brought together in a system noise
prediction tool that, whether in an integrated fashion or not, propagates the noise from the source to
a ground receiver. Examples include NASA Aircraft Noise Prediction Program (ANOPP) (17) and
ANOPP2 (18), the German Aerospace Center (DLR) Parametric Aircraft Noise Analysis Module
(PANAM) (19), and the French Aerospace Agency (ONERA) CARMEN acoustic model (20), to name
a few.

Of course, other design factors, such as aerodynamic performance, fuel burn, emissions, safety,
etc. must be taken into account. These are represented by the multidisciplinary analysis and
optimization (MDAO) block in Figure 2. The MDAO process will optimize the vehicle design to
minimize cost functional(s) within the constraints of each of the constituent design elements, e.g.,
performance, emissions, acoustics, cost, etc. The cost functional for acoustics is typically taken as
the noise certification metric, which is computed from the predicted noise at the ground receiver under
the certification flight condition. The feedback loops between the system noise prediction to the PAA
and source noise models blocks represent iteration(s) required to close the design.

The metrics-driven design process described above works well for ensuring that new aircraft will
meet noise certification requirements. However, it sometimes falls short of achieving low
community noise impact. This is the case when the certification metrics don’t correlate well with
human response, or when the aircraft source noise signatures or their operations change in such a way
that the metrics were never intended to capture. Finally, there may be cases when there are no noise
certification metrics in place, e.g., sonic boom. In these cases, a perception-influenced design
approach may be beneficial.

3.2 Perception-Influenced Design

Perception-influenced design, or alternatively perception-based engineering (21), is the
incorporation of human perception into engineering design to achieve a more favorable product. In
general, human perception may be affected by sensory and non-sensory, e.g., societal, factors. In
acoustics, the idea of integrating human perception into product design is not new. Product sound
quality has been applied to different consumer products for many years (22), especially in the
automotive industry (23), and can also address both acoustic and non-acoustic factors. Application
of these ideas to aircraft design, however, is a recent development and is only beginning to be explored.
In the present context, perception-influenced design is meant to address only acoustic factors.

Because the focus is design of future aircraft not yet in service, stimuli for human response testing
must be, in some fashion, simulated. This could be accomplished through modification of a recording



from a similar aircraft in service, but such a process is made difficult as one is generally unable to
separate the sources. More commonly, the received sound at an observer on the ground is generated
through auralization of the system noise prediction, as shown in Figure 2. In this paper, auralization
refers to the process by which aircraft noise predictions at the source are transformed into pressure
time histories, or pseudo-recordings, at the observer. There are at least two approaches for
auralization. One approach entails propagating the source in the frequency domain, then synthesizing
the pressure time history at the observer. The second entails synthesizing the pressure time history
at the source, then propagating that in the time domain to the observer. Aircraft auralization methods
have advanced significantly in recent years, with applications including small UAS (24), propeller-
driven aircraft (25), rotorcraft (26), and large commercial transports (27-34). Many more examples
exist in the literature.
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Figure 2 — Components of metrics-driven (black) and perception-influenced (orange)
design approaches applied to low-noise aircraft design.

Through the appropriate means of sound reproduction, the auralizations can be used in whole or in
part to characterize human response in the form of annoyance, audibility, sleep disturbance, etc. The
data acquired from these tests may be used to determine the applicability of existing metrics or develop
new metrics, if needed. These metrics can serve as additional cost functionals in the MDAO process,
as indicated by the feedback loop from the human response and metrics block to the MDAO block in
Figure 2. From there on, the aircraft can be designed for low noise impact according to the metrics-
driven design process. In some cases, it may be more expedient to affect the design by providing
feedback directly to the source noise modeling and PAA blocks. A seldom mentioned benefit of this
tool chain is that it can also be used to identify modeling deficiencies when auralizations of aircraft
in the current fleet do not reflect real life experience.

4. CASE STUDIES

Four case studies of PID are next considered. The first case study was one of the first in which
researchers attempted to modify the aircraft design to achieve low annoyance. The second is for a
propeller-driven aircraft, which has noise signatures that differ substantially from other aircraft in that
class. The third is for a turbofan-driven large commercial aircraft, where a multidisciplinary design
was developed using its noise certification metric as one of the cost functionals. The last case is for
a low-boom supersonic aircraft for which a sonic boom certification metric does not yet exist.



4.1 SEFA/COSMA Projects

In the last twelve years, two European Commission framework projects have essentially been
devoted to low annoyance aircraft design. The 2004-07 FP6 project, Sound Engineering For Aircraft
(SEFA) (35), had as one of its objectives the identification of desirable sound attributes. Using these
as target sounds, a sound-matching-based cost functional was developed for use in a multidisciplinary
conceptual design optimization where the difference between a ‘weakly annoying’ target sound,
identified with a sound engineering method (36, 37), and the predicted sound was minimized (38, 39).
This novel approach was able to provide configurations with noise signatures that were the closest
possible to the target. However, because the procedure was performed on a 1/3-octave band basis
and lacked source noise separation of the target sound, the obtained configuration could be
inconsistent with the proper source noise mechanism. For example, in one case, high tonal fan noise
in the target sound was located within a 1/3-octave band where jet noise has its maximum energy.
The optimization process could not distinguish the contribution of the jet noise from the fan noise
when they were summed in the same 1/3-octave band, so it raised both components, instead of just
the fan, to match the target level in that band. Nevertheless, this effort was one of the first to
successfully demonstrate that it is possible to tailor the aircraft design in such a manner to achieve a
desired perceptual response. Following the SEFA project, the 2009-13 Community Oriented
Solutions to Minimize Aircraft Noise Annoyance (COSMA) (40) continued this type of work, but was
directed more toward low-noise operations than to vehicle design (41-43).

4.2 Distributed Electric Propulsion

Electric motors are being considered for use on small aircraft in place of internal combustion
engines, and on larger aircraft in place of turbofan engines. Among the many advantages of electric
propulsion is the ability to distribute motors in many locations on the vehicle, not just near the power
source. This feature has been dubbed distributed electric propulsion (DEP) (44). DEP opens up new
degrees-of-freedom in aircraft design, including aerodynamics, vehicle control, and acoustics, to name
a few. There are several DEP aircraft in various stages of design and development. A DEP concept,
called Leading Edge Asynchronous Propellers Technology (LEAPTech), has been a recent research
focus at NASA. LEAPTech is a high-lift system that utilizes a large number of low-speed propellers
mounted upstream of the wing leading edge for lift augmentation during low speed operations, see
Figure 3. During cruise, the high-lift propellers are folded against their nacelles. Two cruise
propellers provide thrust at cruise. Their placement at the wing tips helps reduce induced drag. The
most significant benefit of this design is that it allows the wing to be sized for cruise, where the
majority of the flight operation is performed. The high aspect ratio, low planform area wing provides
reduced cruise drag and improved ride quality (45). LEAPTech is a key technology for a NASA
flight demonstrator project called Scalable Convergent Electric Propulsion Technology Operations
Research (SCEPTOR), which will retrofit a Tecnam P2006T aircraft with a new, high aspect ratio
wing to demonstrate potential efficiency gains that could be realized through such a configuration.
An artist depiction of a SCEPTOR-like aircraft is shown in Figure 4.

Figure 3 — LEAPTech concept with Figure 4 — Artist depiction of SCEPTOR-like
8 high-lift propellers (46). aircraft with high-lift system active (47).



4.2.1 Analysis and Designh Methodology

The selection of the high-lift propeller system configuration for the SCEPTOR demonstrator is of
great importance (47). Fundamental to that is a determination of the number of propellers; a larger
number of small propellers versus a smaller number of larger propellers. This, and the manner in
which the system operates, affect many performance measures, including acoustics.

A series of high-lift propeller designs were made using the open-source propeller analysis and
design tool XROTOR (48). The diameters of the high-lift propellers were determined by the fixed
wing span and the number of propellers (NP). A different propeller design was derived depending
on propeller diameter. Additionally, for each number of propeller configuration, three-, five-, and
seven-blade designs were considered (47). Only the five-blade designs derived from XROTOR
served as the basis for this PID effort.

The propellers were designed to have a low tip-speed in an effort to minimize the total radiated
sound power, which is proportional to the fifth power of the tip speed (49). Because of solidity
considerations, which affect the ability of the propellers to fold against their nacelles, a tip-speed of
137 m/s was maintained across all designs considered. Consequently, the blade passage frequency
increased as the diameter decreased. The LEAPTech architecture allows for a change in propeller
RPM of up to + 5% off nominal, without significantly impacting performance. The intentional
application of a frequency step (DF) between propellers is referred to as a spread-frequency design,
and can significantly alter the sound quality under certain conditions. Spread-frequency designs were
explored to determine how annoyance might be affected beyond what might be inferred on the basis
of the applicable certification metric Limax. Note that although the total radiated sound power is
largely unaffected by a spread-frequency design, the sound heard by an observer on the ground is
affected.

The prediction of noise generated by the high-lift system is not trivial. In addition to both
broadband and tonal propeller source noise, there are numerous installation effects including
propeller-propeller, propeller-nacelle, and propeller-wing interactions, and other noise sources
including electric motor and airframe noise, and wingtip cruise propeller noise. In this exploratory
effort, only the tonal component of isolated propeller source noise was included so that early guidance
on a spread-frequency design strategy might be provided in the absence of a validated annoyance
model. Therefore, the LEAPTech system noise was simulated as a superposition of NP of these
components. Efforts are underway, however, to incorporate the broadband component and
interaction effects, through a computational fluid dynamics (CFD) approach, to allow higher fidelity
simulations in the future.

The propeller noise prediction process is depicted in Figure 5. The propeller description from
XROTOR served as input to the Propeller Analysis System (PAS) module (50) of ANOPP, which
provided the propeller blade surface pressures. Using Farassat formulation F1A (51) in ANOPP2,
the radiated pressure on a hemisphere of discrete points was predicted, from which the pressure time
history was synthesized for a time-varying emission angle (46). When CFD results are later available,
formulation F1A will again be used as a basis for the synthesis, as indicated in the lower portion of
Figure 5.

PAS Propeller Analysis System — part of Anopp
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Figure 5 — Propeller noise prediction process (46).



Under ‘ideal’ operating conditions, Palumbo et al. (46) demonstrated that the synthesized pressure
at a ground observer contained very intense fluctuations for spread-frequency (DF = 0) designs. The
intense fluctuations were due to interference of the steady tonal noise generated by multiple propellers.
This is unlikely to occur in practice due to physical variances inherent in the electric motor controllers
and in the propagation path. Other operating conditions were therefore additionally considered: a
‘realistic’ condition that contained tight motor control (within 0.1% of set-point) and atmospheric
turbulence; a ‘randomDF’ condition that also had tight motor control and atmospheric turbulence, but
with a random spatial distribution of non-integer DF up to the maximum specified; and a ‘loose control’
condition that was like the ‘realistic’ condition, but with a larger (1%) motor controller error. In all
cases, the spatial distribution of spread-frequency designs was a mirror image between the port and
starboard sides of the vehicle. Except for the ‘randomDF’ condition, the nominal RPM condition
was specified at the midspan and the highest RPM located inboard. Flyover sounds for a straight and
level trajectory at an altitude of 300 m and flight speed of 31 m/s were generated for each of the above
operating conditions. Examples of the flyover sounds generated for DF = 1 Hz are shown in Figure
6 — Figure 9, and are available for download (52). It is seen that the temporal characteristics between
sounds vary markedly.

Amplitude
Amplitude

Figure 6 — ‘Ideal’ operating condition Figure 7 — ‘Realistic’ operating condition
with DF = 1 Hz (46). with DF = 1 Hz (46).
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Figure 8 — ‘Loose control’ operating condition Figure 9 — ‘RandomDF’ operating condition
with DF = 1 Hz (46). with a maximum DF = 1 Hz (46).

4.2.2 DEP Psychoacoustic Test

A psychoacoustic test was performed in the Exterior Effects Room (EER) (53) at the NASA
Langley Research Center to 1) determine the annoyance associated with different LEAPTech designs
as a direct feedback to the design (46), and 2) serve as a basis for annoyance model development (54).
The basic dimensions of the test matrix explored NP (6, 12 and 18), and DF (0, 1, 3, 5 Hz). The



blade-passage-frequencies were 161, 332 and 483 Hz for NP of 6, 12, and 18, respectively. Thirty-
two subjects rated sounds individually on a continuous rating scale with extreme values of “Not At
All” to “Extremely” annoyed, after having been familiarized with the type of sounds included in the
test. The test stimuli were 6 s in duration and taken about the overhead position. A brief summary
of test findings is next presented.

Annoyance ratings and their 90% confidence intervals are shown in Figure 10 for the ‘realistic’
operating condition, where “Not At All” annoyed corresponds to a value of 0, and “Extremely”
annoyed to a value of 1. The annoyance ratings follow the trends indicated in the L4ma. certification
metric, shown in Figure 11, confirming that subjects’ ratings are based largely on loudness.
Annoyance ratings do not follow the trend in unweighted levels, e.g., 54, 50, and 57 dB at DF = 0 for
NP = 6, 12 and 18, respectively.
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Figure 10 — Mean annoyance as a function of Figure 11 — L4max as a function of DF & NP
DF & NP under ‘realistic’ condition (46). under ‘realistic’ operating condition.

If there were no additional design considerations, the recommendation would be to employ a 6-
propeller (NP=6) design with a spread-frequency of 1 Hz. This, however, is not the case. There are
other sound types associated with ‘loose control’ and ‘randomDF’ conditions. Moreover, there are
other factors outside of acoustics that drive the design. Many of these factors drive the design to
higher NP (47). One of these is performance related, that is, the total power required, which directly
affects range. Figure 12 indicates there is a minimum power requirement at NP=12. Another factor
is safety related. Figure 13 shows that a fewer number of propellers raises the one motor out stall
speed (above the design stall speed of 55 KEAS) more than does a higher number of propellers. This
means that an aircraft with a fewer number of propellers has to fly at a higher flight speed in order to
maintain the same margin above stall.
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Shown in Figure 14 are annoyance ratings for NP=12. The ‘ideal’ condition is the most annoying
across DF with a peak at DF=3. Annoyance ratings for non-ideal conditions are more difficult to
interpret. Preliminary work in evaluating a multi-parameter annoyance model and developing a new
time-varying annoyance model applicable to these types of sounds indicate that loudness accounts for
83% of the variance in annoyance (54). Loudness exceeded 5% of the time, Ns, is shown in Figure
15. The plot of the certification metric Lmqx, not shown, looks very similar. As seen by the ‘ideal’
condition, loudness alone does not fully explain the differences in annoyance between operating
conditions. When fluctuation strength and prominence ratio were included, both models accounted
for 88% of the variance in annoyance. The fluctuation strength exceeded 5% of the time, FSs, is
shown in Figure 16, and resembles the tent-like distribution in annoyance with DF for the ‘ideal’ case.
Fluctuation strength is greatly diminished for the non-ideal conditions, and consequently, its
significance in practical applications may not be as great as indicated here. In the absence of
broadband noise components, tonal prominence values, provided in terms of the tone-to-noise ratio
(TNR), are exceedingly high, see Figure 17. According to the ECMA-74 standard (55), tones are
considered prominent if their TNR is > 8 dB. Below 1 kHz, the threshold of prominence is increased
by 2.5 dB/octave. The ‘randomDF’ and ‘loose control’ operating conditions are seen to significantly
reduce the peak TNR with increasing DF, while a high TNR is maintained across DF for the ‘ideal’
and ‘realistic’ conditions.
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The insight gained from these models aids in understanding the relationship between annoyance
and DEP physical design attributes. Counter to intuition, the data suggests that loose motor control,
which presumably comes at a lesser expense than tight motor control, is preferred over the other
operating conditions.



4.3 Hybrid Wing Body

The Hybrid Wing Body is an unconventional aircraft configuration that deviates from the
traditional tube-and-wing configuration by the installation of engines on top of a lifting body airframe.
This configuration offers unique advantages in terms of community noise as the airframe body
partially shields engine noise from the ground and airframe noise is reduced through the elimination
of high-lift flap systems. NASA started working on low noise HWB concepts in 2001, as a result of
aggressive noise goals associated with the QAT project (13). A subsequent NASA-funded conceptual
study at the Massachusetts Institute of Technology (MIT) (56) had the objectives of investigating the
requirements for an aircraft to be functionally silent, i.e., one with noise below the background noise
of a typical well-populated environment, assessing the potential of selected low-noise technologies
required for such an aircraft, and conceptualizing aircraft configurations and propulsion airframe
integration. In a separate, but related, study funded by the UK government, the Silent Aircraft
Initiative (57), Cambridge University partnered with MIT to develop a conceptual design that would
have noise imperceptible to the human ear on takeoff and landing in a well-populated area. Both of
the earlier MIT and Silent Aircraft Initiative studies identified a large array of advanced technologies
and operational changes that would be needed to achieve this aggressive noise goal.

From 2003-05, NASA conducted a pathfinding study to gain a basic understanding of the
differences in PAA effects between tube-and-wing and HWB configurations. It also aimed to
determine what level of noise reduction might be achievable with a 20-year horizon, along with
technologies that might be developed in that timeframe. This study was limited by the almost
complete lack of high quality acoustic data or prediction methods for many of the components and,
significantly, for the PAA effects, a common situation in that time period. It assessed the potential
cumulative (approach + lateral + cutback) noise reduction at 42 EPNdB below the Chapter 4 noise
certification requirement (58, 59). This level of noise reduction was clearly aggressive and
represented a step change in aircraft noise reduction. It served as the basis for the noise goal of the
NASA Environmentally Responsible Aviation (ERA) project. A rendering of one of the final HWB
configurations considered under the ERA project and the subject of this case study, a 301-passenger
version with two geared turbofan (GTF) like engines, is shown in Figure 18.

Figure 18 — Rendering of 301-passenger HWB aircraft with GTF-like engines.

4.3.1 Low-Noise Design of HWB Aircraft Concepts under ERA

Since its inception in 2009, the ERA project focused on developing and demonstrating selected
technologies for integrated aircraft systems that could meet simultaneously aggressive goals for fuel
burn, noise, and emissions (60). The fuel burn goal is for a reduction of 50% relative to a best-in-
class aircraft in 2005; the noise goal is 42 EPNdB cumulative below Chapter 4 requirements; and the
emissions goal is for a reduction of 75% in NOx below the ICAO Committee on Aviation
Environmental Protection (CAEP) 6 standard. The target date is 2020 for key technologies to be at
a technology readiness level (TRL) of 4-6 (system or subsystem prototype demonstrated in a relevant
environment). This timeline corresponds to a projected aircraft entry into service of 2025. These
goals with the timeframe are defined by NASA with the term N+2.

The 301-passenger HWB was one of several advanced aircraft concepts in the large twin aisle
(LTA) class studied in the ERA project. It was designed for a 13890 km (7500 nautical mile) mission
equivalent to the reference aircraft, a NASA model of the Boeing 777-200LR. An excellent account
of the progression in the HWB aircraft conceptual design and noise assessment process, over the
course of the ERA Phase 1 (2009-12) and Phase 11 (2012-15), is given by Thomas et al. (61). A very
brief summary follows.



The fidelity of the conceptual design evolved over the course of the project. From the noise
perspective, this was made possible through 1) improvements to system noise prediction models and
processes, including the use of extensive integrated system level experimental data for source noise
and PAA effects, and 2) design changes including development and integration of noise reduction
technologies and takeoff and landing flight path modeling. Another very important aspect was that
the design required a multidisciplinary approach in order to simultaneously meet the fuel burn, noise
and emissions goals.

The objectives of the next pathfinding study were to initiate the development of higher fidelity
data sets including flow and shielding effects needed for the examination of configuration-dependent
PAA integration impacts of a HWB concept, start the development of key noise reduction technologies
needed to achieve the N+2 goal, and perform a more rigorous system noise assessment than was
previously possible. One of the more difficult aspects was jet noise shielding. The system noise
assessment (62) was performed using ANOPP and was based upon the 2009 configuration developed
by Nickol and McCullers (63), which assumed a technology level consistent with an (earlier) 2020
entry-into-service date. Essential to that effort was an evaluation of the upstream engine placement
relative to the trailing edge, exploiting PAA effects of the pylon and chevrons to axially and
azimuthally redistribute the noise sources to enhance shielding by the airframe. This was made
possible by a high-quality experimental PAA dataset acquired under forward-flight conditions (64).
From this dataset, high-fidelity suppression functions were developed for the jet noise source, with
lower-fidelity suppression for the fan and core noise, particularly for the tonal components. Another
factor identified early on was the added noise associated with the HWB main landing gear which, in
its deployed position, is subjected to an airstream close to the free stream velocity. By comparison,
the main landing gear for the tube-and-wing reference vehicle is subject to about 80-85% of the free
stream velocity. As the landing gear noise source scales with the velocity to the fifth power,
subsequent efforts were made to better predict and mitigate the main landing gear noise. A
progression of configurations was studied, with the best ultimately evaluated at 42.4 EPNdB
cumulative noise reduction below Chapter 4.

During the ERA Phase II, annual noise assessments were performed in 2013 (initial), 2014
(updated), 2015 (final) (65), with a delta final assessment in 2016 (61). During this period, the
fidelity of the HWB predictions improved through the introduction of a wide range of N+2 engine and
airframe technologies developed by a number of Integrated Technology Demonstration (ITD) teams.
Ultra-high bypass ratio GTF-like engines replaced the earlier GE-90-like direct-drive engines. These
engines included a low pressure ratio fan with short inlet, swept and leaned fan exit stators, a highly
loaded high-pressure compressor, and a low NOx combustor. Through improved PAA design
processes based on high-fidelity CFD analyses (66), the engine integration now properly accounted
for aerodynamic performance. Consequently, the engines were moved closer to the trailing edge
(about one diameter upstream instead of two for the GE-90-like engine), impacting the noise shielding
benefit of the airframe. Airframe technologies included a lightweight damage-tolerant composite
structure, smaller vertical tails enabled by active flow control, and natural laminar flow nacelle and
wing using an advanced high-lift system with a Krueger leading edge having treatment to prevent
insect and debris accretion. A set of ITD noise reduction technologies, including soft stator vane
technology and a partial main gear fairing, were introduced in the design. A multi-degree-of-freedom
(MDOF) acoustic liner in the inlet, bypass duct and interstage region was also included. Additional
performance related design changes are detailed in refs. (60, 61, 65), with a chronology of key engine,
airframe, propulsion airframe integration, acoustic liner technologies, and other design parameters
provided in ref. (61).

The Phase II assessments were performed using the multi-fidelity ANOPP2 framework. Engine
source modeling was performed using the ANOPP ST2JET jet noise model with angle of attack
correction, the ANOPP GECOR core noise model, and processed experimental data (65) in lieu of a
fan noise model. Airframe source modeling was performed using a new Guo-LG (67) landing gear
prediction method, an ANOPP BAF-Slat model estimate of the Krueger leading edge flap noise
(replaced with a new Guo-Krueger method (68) for the 2016 delta assessment), and the ANOPP
FNKAFM trailing edge noise model. PAA effects were predicted as detailed in ref. (65), using the
best available experimental data (69-71) from tests conducted at the Boeing Low Speed Aeroacoustics
Facility and the NASA Langley 14x22 wind tunnel. Vehicle and engine modeling tools, discussed
further in ref. (60), include the NASA Flight Optimization System (FLOPS) (72), Modified Vortex
Latice (MVL) (73), Numerical Propulsion System Simulation (NPSS) (74), and Weight Analysis of



Gas Turbine Engines (WATE++) (75). A diagram of the process used for the final 2015 noise
assessment is shown in Figure 19.
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Figure 19 — Overview of the process used for the final 2015 ERA noise assessments (65).

The PNLT traces for the modeled noise components of the HWB301-GTF with ITD noise reduction
on approach and sideline are shown in shown in Figure 20 and Figure 21, respectively. These reflect
the engine and airframe source noise rankings used at the time of the 2015 final assessments. From
these plots, it is clear that the main gear and Krueger flap noise are dominant on approach, while the
fan, including PAA effects, is dominant on sideline. When the cutback condition (not shown) is
added, the cumulative reduction of 40.3 EPNdB below Chapter 4 nearly achieves the ERA noise goal.
Simultaneously, the vehicle exceeded the emissions goal and came close to the fuel burn goal (47%
vs the 50% reduction goal), see ref. (60). In the 2016 delta final noise assessment, an adjustment
was made to the engine source rankings, yielding nearly the same cumulative reduction of
40.2 EPNdB, but with more substantial changes at the three certification points (61).

_ HWB301-GTF - Approach _ HWB301-GTF - Sideline
I 5dB Total - 5dB ———— Total
- Fan + PAA - ————— Fan + PAA
Core + PAA F —— Core + PAA
= Jet + PAA — Jet+PAA
- Main Gear — — — Main Gear
I NoseGear £ S/ NN\ e Nose Gear
Krueger — — — Krueger
m - Trailing Edge o Trailing Edge
T ©
[y -
5 |
4 4
o o
-
| »
40 70 10 40

50 60 20 30
Reception Time (s) Reception Time (s)
Figure 20 — Noise components and total PNLT Figure 21 — Noise components and total PNLT

for HWB301-GTF on approach (65). for HWB301-GTF on sideline (65)



4.3.2 Psychoacoustic Test of HWB Aircraft Noise

The HWB configuration and its advanced aircraft technologies substantially differs from the tube-
and-wing designs constituting the current fleet. The question therefore arises: How well do the PNLT
and EPNL metrics, based on psychoacoustic studies conducted in the 1960s and 70s using measured
noise from tube-and-wing designs with low bypass ratio turbofan engines, reflect the human
annoyance of the HWB. A psychoacoustic test was designed, using auralizations of the LTA
reference aircraft and the HWB301-GTF aircraft, to answer the following questions:

1) Are there significant differences in annoyance ratings of sounds taken from similar points in
the flyover of different vehicles when presented at the same PNLT level? In other words, is
there a significant component of annoyance present in the auralizations that is not captured by
PNLT?

2) If so, is there a way to quantify these differences?

3) Can differences in PNLT be used to estimate a change in EPNL between the standard metric
value and perceived value?

The auralizations were generated under conditions similar to those used in the 2015 final
assessments. The process is detailed in ref. (27), and follows the approach used for auralizing the
first ERA noise assessments (31), with an adaptation of the method developed for open rotor noise
synthesis (32) applied to the synthesis of GTF fan noise. Pseudo-recordings at locations flush with
the ground, for approach and sideline conditions, served as the basis for test stimuli. In all cases,
PNLT and EPNL metrics computed from the pseudo-recordings were in very close agreement with
those obtained from the system noise predictions under the same conditions (27). Spectrograms of
the LTA reference aircraft and HWB301-GTF with ITD noise reduction are shown in Figure 22 at a
1.2 m. high microphone location.
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Figure 22 — Spectrograms of auralized flyover noise for LTA class aircraft on approach (a-b) and
sideline (c-d) conditions (27). A large dynamic SPL range was used to aid visualization.

The reductions of EPNL between the LTA reference and HWB301-GTF on approach (15.0 EPNdB)
and on sideline (7.6 EPNdB) are clearly apparent. Fan tones are clearly visible in the LTA reference
vehicle on sideline (¢) and to a lesser degree on approach (a), but not at all apparent in the HWB301-



GTF under either condition. Finally, PAA shielding effects are seen to shorten the duration of the
high amplitude portion of the HWB301-GTF spectrogram relative to that of the LTA reference.
Monaural pseudo-recordings coupled with animations are available for download (52).

The psychoacoustic test was subsequently conducted in the EER at the NASA Langley Research
Center. The test and its findings are summarized here; details are found in ref. (76). Short duration
signals were extracted from the pseudo-recordings at three points for each approach and sideline
condition: the maximum PNLT value, and at both -10 PNdB points defining the interval d in eqn. (2).
At each extraction point, the signals from the reference and HWB aircraft were presented in pairs (A-
B) at equal PNLT levels and subjects were asked to choose which was more annoying. In 4 of the 6
comparisons, subjects found one signal more annoying than the other (with p < 0.05), indicating that
something not captured by PNLT is likely causing differences in annoyance.

The differences were then quantified by presenting the signals at different levels relative to each
other to determine the level at which the two sounds were equally annoying. Figure 23 demonstrates
this for the LTA (A) — HWB (B) pair on approach at the maximum PNLT point, indicating that the
HWB (B) signal must be reduced by 2.1 dB to be equally annoying as the LTA (A) signal. With the
equal annoyance point defined at the three extraction points, it is possible to estimate the
psychoacoustic difference in EPNL between the two signals by estimating the equal annoyance PNLT
and recomputing EPNL, as depicted in Figure 24.

From the test data, it was found that the mean difference in EPNL values between the LTA reference
and the HWB301-GTF was decreased by 1.24 EPNdB on approach and 2.04 on sideline. To put these
numbers into perspective, these are on the order of the 1-2 EPNdB cumulative noise reduction
achieved through introduction of the ITD noise reduction technology and multiple degree-of-freedom
acoustic duct liners, when their contributions are assessed one-by-one (65). Further studies are
needed to determine if the differences are due to an underprediction of annoyance by PNLT and EPNL
for the HWB301-GTF, or an overprediction of annoyance of the reference aircraft. The estimated
noise reduction obtained in this test trend in the same direction as those obtained with the EPNL
metric, but differ significantly in magnitude. This indicates that a low-noise design, as expressed by
EPNL reduction, does not necessarily equate with a low-annoyance design. Further, it suggest that a
design incorporating more than just EPNL as the noise cost functional is worthy of consideration. It
may, for example, be worthwhile to consider a psychoacoustic metric that explicitly accounts for tonal
amplitude and spectral distribution as a means of influencing the design, as some of the sounds had
high TNRs, see ref. (76). The tone penalty used in the PNLT calculation, after all, is based upon
relative levels of adjacent 1/3-octave bands, not on the tonal amplitudes themselves.
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4.4 Low-Boom Supersonic Aircraft

There is considerable international interest in development of a commercial low-boom supersonic
aircraft. The current ban on supersonic commercial flight over land is due, in large part, to the high
levels of annoyance associated with far-field N-wave shaped sonic booms associated with supersonic
cruise. The transition focus boom as the aircraft accelerates from subsonic to supersonic speeds is
also a concern. Sonic boom is not just an issue on the aircraft ground track. The region of the



primary and secondary boom can extend tens of kilometers in width, see Figure 25, and is a factor
that must be taken into account for an effective low-boom design.
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Figure 25 — Schematic of sonic boom ground exposure (77).

It has been known since the mid-1960s that sonic booms can propagate to the ground without ever
reaching the far-field (78). These midfield booms have reduced overpressure and rise time compared
to far-field booms depicted in Figure 25 at cruise. Midfield booms result from atmospheric
absorption countering the steepening of the waveform due to nonlinear effects. Consequently, sound
propagation effects take on a more significant role in the design of low-boom aircraft than they do for
airport community noise. Much of the development of low-boom technology has been based on the
idea of shaping the aircraft in a way that does not allow an N-wave shaped boom to evolve and reach
the ground. An excellent overview of the influence of the atmosphere and techniques for boom
minimization through aircraft shaping can be found in chapters 2 and 5 of ref. (77), respectively.

44.1 Sonic Boom Analysis
The foundations for sonic boom theory were established by Whitham (79, 80) and Walkden (81),
who described the near-field overpressure, dp, distribution as

MZ
5p(1.0) =L F(1.0) 3)
N 287
in which M is the Mach number, p, is the ambient pressure, y is the ratio of specific heat, fis the
Prandtl-Glauert factor (VM? — 1), r and x are perpendicular and parallel to the flight path, respectively,
and lines of constant y =x— fr are perpendicular to the propagation path. The “F-function” is
given by

F(x,0) = ZLI AE0)+ /24, LG0)

T Vx—X

in which A is the volume contribution expressed in terms of the second derivative of the longitudinal

4

area distribution, and is determined by cross sections measured across cutting planes aligned with the
Mach angle, that is, along X. The term L'is the first derivative of the lift distribution, also taken
along the Mach cutting planes, and ¢ is the free stream dynamic pressure. The numerator of the

integral in eqn. (4), taken before differentiation, is referred to as the effective area and is given by
AE0) = AE0)+ L[ 15000 (5)
qao 0

Note that eqn. (3) is referred to as near-field because the distribution (shape) changes with distance
due to nonlinear effects. It is, however, a far-field radiating solution.

By ensuring 4. to be a smooth function of length, the F-function and consequently the near-field
pressure distribution are minimized. A low-boom design thus requires: a smooth volume distribution,
taking into account detailed features of the outer mold line (OML) from nose to tail, such as engine
installation; and a smooth lift distribution provided by highly swept wings designed for high speed



aerodynamic performance at cruise. Seebass and George subsequently provided the theoretical basis
for aerodynamic minimization of the sonic boom with analytic forms of the F-function (82, 83).
These days, use of analytic F-functions for minimization of sonic booms has been largely superseded
by CFD (84). However, because far-field solutions from CFD are computationally prohibitive,
alternative methods were developed to bridge the gap, e.g., obtaining the near-field CFD solution for
dp on a cylinder about the vehicle (85), then reconstituting the far-field radiating solution by the
method of George (86).

With the far-field radiating solution in hand, the sonic boom may be propagated to the ground
through geometrical ray tracing, taking into account nonlinearity, atmospheric absorption, and
spreading. Several computer codes are available for doing so, e.g., PCBoom (87) and sSBOOM (88).
An excellent, albeit somewhat dated, summary of sonic boom modeling is given by Plotkin (89).

Flight Test Validation

In 2003 and 2004, the United States Defense Advanced Research Projects Agency (DARPA)
Shaped Sonic Boom Demonstration (SSBD) Program and the NASA Shaped Sonic Boom Experiment
(SSBE) conducted a number of flight tests to validate CFD and propagation analyses that indicated it
was possible to generate a sonic boom with a tailored flat-top signature at the ground. Results from
near-field CFD analyses, like that shown in Figure 26, were used to design modifications to the OML
at the front of a Northrop Grumman F-5E to produce a strong bow shock with a relatively flat pressure
distribution back to the engine inlet. The modified aircraft used in the flight tests is shown in Figure
27. Near-field pressure measurements, taken in-flight by an instrumented F-15B aircraft flying
beneath and aft of the test aircraft, are compared with near-field CFD results in Figure 28. The F-
15B flight path is depicted by the dark trace in Figure 26. The resulting boom signature at the ground
relative to the baseline F-5E N-wave boom is shown in Figure 29. The excellent comparison of the
near-field pressures in Figure 28 and flat-top shape in Figure 29 serve to validate the tool chain.

Figure 26 — CFD-computed near-field pressure Figure 27 — Photograph of modified F-5E used
of modified F-5E (90). in SSBD and SSBE flight tests (91).

4.4.2 Psychoacoustic Tests

Considerable effort has gone into understanding human response to sonic boom, see chapter 8 in
ref. (77), in an effort to determine metric(s), which can be used for design and which might serve as
a scientific basis for possible future regulations permitting supersonic flight over land.

A series of laboratory studies were conducted in the sonic boom simulator (92) at the NASA
Langley Research Center in the early 1990s to quantify loudness and annoyance response to a wide
range of shaped sonic boom signatures. Summary findings are presented in ref. (93).
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Shepherd and Sullivan (10) showed that the PL of N-waves is controlled by the overpressure and
associated rise time. In contrast, the PL of shaped booms is dependent on characteristics of the initial
and aft shocks, and subtleties of the waveform shape. Consequently, the PL of shaped booms could
be significantly less than the PL of N-waves having the same peak overpressure. A psychoacoustic
test (94) was performed to determine if this was reflected in subjective loudness ratings. The results
indicated that front-shock-minimized (FSM) booms were rated quieter than N-waves with comparable
peak overpressures. For a given subjective loudness rating, the FSM waveforms (except for flat-top
waveforms) had much higher peak overpressures than the N-waves. This result suggests that
supersonic aircraft designed to minimize sonic booms, i.e., to have a lower PL, should have lower
subjective loudness ratings and therefore be more acceptable than those not designed in this manner.
Other studies discussed in ref. (93) further support the idea of using PL as a design metric. In one of
those studies, composite (direct plus simulated ground-reflected) N-waves and FSM waveforms were
presented. There, PL was found to correlate the highest with subjective loudness ratings.

Differences in response ratings between outdoor and indoor conditions were also studied using
unfiltered (outdoor) and filtered (indoor) N-waves and FSM waveforms. Two indoor conditions were
considered, representing transmission into a residential structure with and without the windows open.
For both outdoor and indoor booms, the preferred subjective response estimator describing loudness
and annoyance was PL. For outdoor booms, there was no significant difference in mean loudness
and annoyance ratings. For indoor booms, however, there was a difference, with annoyance
registering higher mean values than loudness for both windows-open and windows-closed conditions.
This means people indoors respond to factors beyond loudness when making annoyance judgments.
The subjective benefit derived from minimizing the boom shape was accounted for by PL for both
outdoor and indoor environments.

The topic of indoor versus outdoor annoyance to sonic boom is an area of active research. Recent
psychoacoustic tests in the Interior Effects Room (IER) (95) at the NASA Langley Research Center
and at other test facilities (96, 97) were aimed at understanding these differences. Earlier findings
showing PL as a good indicator of indoor and outdoor annoyance were first reproduced in the IER
(98). The effects of rattle were then studied (99-101) indicating that differences in annoyance not
accounted for by PL could be accounted for when PL was modified by the difference between C-
weighted and A-weighed SEL, that is, PL + (Lce -L4g). Additional studies are planned to continue
investigation of the effects of rattle and vibration, and their relative importance to overall perception
of sonic boom experienced indoors.

4.4.3 PID of Low-Boom Aircraft

PID of low-boom supersonic aircraft concepts has been enabled by incorporation of PL and other
psychoacoustic metrics as design constraints within MDAO design processes. An example is the
multi-fidelity design and analysis capability that has been built around the ModelCenter software
integration framework (102). Any such framework must take into account the mission (range,
payload, and speed), low- and high-speed aerodynamic and propulsive performance, structures, etc.,
in addition to sonic boom acceptability. As an aside, an additional factor in the design of supersonic
aircraft is the mitigation of community noise. Because the use of large high-bypass ratio engines



found on subsonic commercial aircraft is not practical due to their high drag at supersonic cruise,
smaller low-bypass ratio engines must be used, which increases jet noise. The Chapter 4 or 14 noise
certification rules would likely apply to airport community noise of any future commercial supersonic
aircraft.

Even more recent developments have focused on adjoint methods, which allow sensitivities of
ground-based cost functional(s) with respect to design features to be determined. An example of this
can be found by Rallabhandi et al. (103), where sensitivities of the L,z-based cost functional to the
aircraft OML were determined. Here, L4r was selected over PL because its calculation method was
more amenable to generating the required sensitivities. In Rallabhandi’s work, the optimization was
broken into two phases. In the “front shaping” phase, the forward fuselage and wing shapes of the
baseline geometry were optimized to minimize the cost functional. This baseline geometry itself was
the result of earlier optimization efforts. In the “optimum” phase, the aft fuselage and tail sections,
in addition to the forward fuselage and wing, were optimized. The optimized near-field pressure
waveforms shown in Figure 30 result from shock cancellation through relative placement of shock
and expansion regions, and wing shock structure redistribution. Small changes in the aft shock
structure are enough to make an additional 1 dBA reduction in the ground signature (on top of the
4.3 dBA reduction from the front shaping phase) relative to the baseline, as seen in Figure 31.
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Figure 30 — Baseline and optimized near-field Figure 31 — Comparison of ground signatures
pressure waveforms (103). (103).

As a result of 1) flight test validated methods for shaping the boom at the ground, 2) an
understanding of noise metrics which describe the human response to sonic booms, and 3) an aircraft
design capability which can be influenced by that knowledge, NASA recently awarded a contract to
the Lockheed Martin Aeronautics Company for the preliminary design of a low-boom flight
demonstration aircraft. The Quiet Supersonic Technology (QueSST) X-plane will be designed with
a low-boom goal of 75 dB, making it greater than 8 time less loud than the Concorde. In addition to
validating design methods for achieving this goal, the QueSST aircraft will be used to collect
community response data to assess the relationship between annoyance and noise exposure for real
airplanes and real communities. It will also allow investigations of cumulative exposure metrics not
possible in the laboratory environment. An artist’s depiction of the QueSST X-plane is shown in
Figure 32.

5. CONCLUSIONS

This paper puts forth the proposition that it is possible to influence the design of aircraft to
simultaneously meet noise certification and other design requirements, and achieve some desirable,
or less undesirable, noise attributes that are not reflected in the noise certification metrics. This has
been made possible by providing the means for human subject response to act as feedback to the
design process, either directly or through the use of metrics, which correlate with human response and
which can be used as additional cost functionals in design.

Four case studies were considered to demonstrate the perception-influenced design philosophy
using annoyance and loudness as measures of subjective response. The cases selected had more to
do with what was accessible to the author than any known limitations of the approach. The most
effective use of perception-influenced design is when the noise cost functional used in that design is
based on sounds that do not correlate well with the subjective response that one desires to minimize.



Figure 32 — Artist’s concept of the low boom flight demonstration QueSST X-plane.

Indeed, there are near-term research plans to apply this capability to two air vehicles, which many
people find annoying, yet certify under current regulations. In the first, the effectiveness of low-
noise rotor designs developed on the basis of the helicopter Lk certification metric will be assessed
for annoyance, with the objective of ultimately influencing the design. In the second, prediction tools
and subjective response data needed for design of low-annoyance sUAS, such as those proposed for
package delivery, will be explored. While not the focus of this paper, the use of perception-
influenced design for development of low noise operations, such as those investigated in the COSMA
project, has great future potential, particularly when considering vehicle operations that are not
concentrated around an airport. Additionally, the body of knowledge being generated on human
response to low-boom aircraft, using prediction-based signatures, will hopefully one day contribute
to the selection of a certification metric for supersonic passenger aircraft.

Finally, even though perception-influenced design has been shown to have the potential to
influence the design of future aircraft, its widespread use is not expected anytime soon. Indeed, the
operative word in the title of this paper is “toward.” Minimally, it will take further development of
tools and methods, and successful demonstration of the approach on vehicle noise issues that are
denying entry into markets, before it is accepted by those directly and indirectly involved in aircraft
design. This work is meant to be a step in that direction.
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