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Flight Procedural Noise Assessment of Blended-Wing—Body

Aircraft with Variable Thrust
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and
Jack Ahrens,! Franco Staub,Z Judy Gallman,X and John Vassbergk
JetZero, Long Beach, California 90808

https://doi.org/10.2514/1.C037984

Today’s commercial aviation industry centers on the tube-and-wing aircraft configuration with underwing-mounted
engines, possibly nearing convergence on optimal performance capabilities with acceptable community noise. A
potentially feasible breakthrough for obtaining lower noise levels for commercial aviation is the blended-wing-body
(BWB), which presents unique noise-reducing characteristics such as engine shielding and simplified high-lift devices.
The significance of characteristics unique to BWBs on overall aircraft noise is assessed through a study of a BWB
aircraft design representative of the JetZero vehicle. This paper presents a methodology capable of modeling the
aircraft’s propulsion system and corresponding performance capabilities necessary to assess the vehicle noise sources
and overall community noise impact. Analysis of Part 36 certification noise levels indicates that the vehicle’s margin to
Stage 5 standards is 35.8 effective perceived noise level (in EPNdB), and an additional 2.0 EPNdB is achievable with a
decreased maximum takeoff thrust engine variant. Community noise impacts of departure and arrival procedures are
studied through comparison of single-event noise contours. Significant contour area reductions were observed when
compared to conventional tube-and-wing aircraft of similar weight and range class. Further departure and approach

noise reductions were modeled through additional full-flight procedure variations.

Nomenclature
Liyax = ~maximum A-weighted sound pressure level
Vs = takeoff safety speed
VREF = reference speed

I. Introduction

HE steady growth and advancements of the aviation industry have

continued along with increasing concerns regarding aircraft noise
pollution and its impacts on communities surrounding airports [1].
Potential solutions to reducing aircraft-related community noise include
the design of advanced aircraft with low-noise features, as well as the
implementation of operational procedures for noise abatement [1]. The
blended-wing—body (BWB) is an example of an advanced aircraft
design with low-noise features. The design differs from the traditional
tube-and-wing configuration; the vehicle has overwing-mounted
engines that introduce shielding of engine noise, as well as simplified
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high-lift devices that reduce airframe noise. These factors allow for
potential noise reductions compared to traditional tube-and-wing air-
craft, which is conveyed in prior studies conducted by the German
Aerospace Center [2,3]. The concept of the BWB configuration has
been extensively studied by Boeing, NASA, Airbus, and more recently
JetZero, but has not yet found its way to the commercial sector [4-6].
BWRB aircraft concepts date back to the 1940s, which laid the foundation
for more advanced designs and iterations of BWB configurations. BWB
demonstrator vehicles constructed on these concepts include the XP-67
in the 1940s, the BWB-17 in the 1990s, and the X-48 in the 2000s [7,8].
An example of a modern BWB aircraft is the Airbus MAVERIC UAV
prototype, which flew in 2019, demonstrating the feasibility of a
contemporary BWB aircraft [9,10]. Moreover, NASA Langley has
analyzed the noise reduction and fuel efficiency of unconventional
aircraft designs through studies on the hybrid wing—body aircraft con-
cept and noise-reducing trajectories such as reduced approach speed
[11]. In addition, the Cambridge-MIT Institute Silent Aircraft Initiative
developed an optimized aircraft design approach based on noise abate-
ment, which demonstrated the high-lift and noise shielding benefits of
BWB configurations [12,13]. Different studies have consistently shown
additional benefits of BWB configurations beyond low noise emissions,
such as improved fuel efficiency and payload capacity [12,14,15].

Alongside the low-noise features, for a given aircraft design,
community noise levels around airports can be further reduced
through low-noise approach and departure procedures [16-18].
These community noise reductions can be achieved with adjustments
of the flight path via translation of the lateral and vertical track. Such
flight procedure modifications are highly coupled with the aircraft’s
performance, which is significantly influenced by the maximum
engine thrust [19].

The focus of this paper is to develop a methodology to assess the
noise impact of individual components of the BWB aircraft through the
design of propulsor systems and flight performance models, the gen-
eration of flight profiles, and modeling of the vehicle noise sources
based on propulsor characteristics of differing scales. The methodol-
ogy is then implemented to assess the vehicle’s noise, in terms of both
noise certification levels, which are evaluated against the Federal
Aviation Administration’s (FAA’s) Stage 5 noise standards [20], as
well as single-event noise contours and noise differences in areas
beyond the observer locations examined by the Stage 5 noise standards
to assess broader community impacts. These are compared to a
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Fig. 1 Representative JetZero BWB aircraft with low-noise features
highlighted [4].

reference tube-and-wing aircraft of similar weight and range class.
This methodology draws inspiration from BWB configuration acous-
tic modeling frameworks developed at NASA Langley, with an empha-
sis on propulsor characteristic variations and their effect on both
certification and community noise levels [11,21,22].

This study is performed on a representative BWB twin-engine
aircraft under development at JetZero, Inc., shown in Fig. 1 [4]. This
BWRB aircraft carries approximately 230 passengers. For this study,
the fuel load was determined such that the BWB aircraft matches the
4600 nmi range of the A321-XLR. The engines utilized in this study
are similar in class to that of the Pratt & Whitney 1100-series Geared
Turbofan Engine (PW1100G).

The paper also addresses the unique features of the JetZero BWB.
In particular, the low-noise BWB configuration does not include
slats, spoilers, or slotted flaps; simple sealed hinge flaperons are
deflected 15-25 deg at takeoff and landing conditions. The BWB
configuration also features over-centerbody, semiburied engines,
mounted aft of the cabin’s pressure bulkhead. While the engines
are closely coupled with the airframe, the airframe’s boundary layer
experiences flow diversion away from the engine inlet; hence, flow
diversion technology is assumed, with the engine not ingesting the
boundary layer. Placement of the engines provides significant shield-
ing of fan noise and partial shielding of aft fan noise. Lastly, this BWB
aircraft includes a novel pivoting landing gear, which has the poten-
tial to eliminate the need for thrust reversers upon landing. Such
characteristics deviate significantly from those of conventional tube-
and-wing transport aircraft; thus, this study performs a noise analysis
of this BWB aircraft’s features and procedure capabilities in com-
parison to baseline features from standard tube-and-wing aircraft to
provide an understanding of the capabilities that a BWB vehicle has
in reducing the community noise impact for the aviation industry.

The remainder of this paper is structured as follows: A breakdown of
the analysis methodology is described in Sec. III, with the framework
for the BWB aircraft performance model, noise model, and the details
of the noise assessment provided in Secs. IILA, IILB, and IIL.C,
respectively. The framework is applied to the conceptual BWB vehicle
in Sec. IV, where the noise contributions for individual characteristics
of the BWB aircraft and noise certification analysis are presented in
Sec. IV.A, and flight procedure noise performance and the comparison
to a conventional tube-and-wing aircraft are presented in Sec. IV.B.
Finally, a summary of the results is presented in Sec. V.

II. Methodology to Assess Flight Procedural Noise of a
BWB Aircraft with Variable Engine Thrust

The methodology for modeling the BWB aircraft noise according
to the designed approach and departure flight profiles and variable
engine thrust is presented in Fig. 2. The framework is composed of a
BWB Aircraft Performance Module and a BWB Aircraft Noise
Module, of which the details are explained in Secs. ILA and IILB,
respectively. The outputs of the framework include the 14 Code of
Federal Regulations (CFR) Part 36 certification noise levels, com-
munity noise contours of various flight procedures, and a comparison
of individual aircraft component noise sources with respect to each
other. The flight procedure modeling can be used to assess commu-
nity noise contours resulting from operational differences, such as
speed, configuration, thrust, and altitude. In addition, the methodol-
ogy can be used to compare the BWB vehicle against traditional tube-
and-wing aircraft, such as those with published certification noise
levels as well as those modeled in previous studies [19]. The details of
such applications and how they are used in this study are described in
Sec. II.C.

A. BWB Aircraft Performance Module

The BWB Aircraft Performance Module provides necessary data
about the aircraft and its performance characteristics required for the
detailed noise source models. This data includes details of the flight
profile, such as thrust, velocity, altitude, high-lift devices and landing
gear settings per flight phase, internal engine performance, and air-
craft geometry. The methods that are used within each module are
described below. Utilizing the BWB aircraft characteristics, such as
weight, airframe geometry, and flight performance, the Aircraft
Performance Module executes both a propulsor design model and
flight profile generation model, as depicted in Fig. 2.

The Propulsor Design Model of the modeling framework pre-
sented in Fig. 2 consists of an engine thrust model and a Kerrebrock
engine state model. The Kerrebrock engine state model [23] is
implemented through the use of the Transport Aircraft System Opti-
mization (TASOPT) program, which is a component-based thermo-
dynamic cycle analysis that is used to size the engine for cruise and
determine the engine performance at off-design conditions [24]. In
this framework, a baseline engine is sized according to the maximum
static takeoff thrust, bypass ratio, operating pressure ratio, turbine
inlet temperature, and gear ratio to obtain the internal operating states
necessary for the noise model. Various design conditions, such as the
turbine inlet temperature, can be modified, scaling the engine from
the baseline to generate a new propulsion system with a different
maximum thrust capability. From a sized propulsor, engine perfor-
mance states, such as temperatures and pressures, for off-design
thrust and Mach number conditions from the flight profile are deter-
mined and are outputted to the flight profile generation module and
noise model, as shown in the framework in Fig. 2. The engine
performance is necessary for determining modified departure and
arrival trajectories, which can alter the noise certification assessment
described in Sec. III.C.1 and the overall noise contour of a given flight
procedure constructed according to the methodology described in
Sec. III.C.2. Thus, as a part of this analysis, the tradeoffs of engine
design and flight procedure performance are assessed through noise
certification data and contour comparisons.

Fig. 2 Flight procedural noise modeling framework for BWB aircraft.
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The BWB aircraft flight profiles are generated using a 3-degree-of-
freedom, time-stepped approach that employs representative engine,
weight, and aerodynamic models. For takeoff trajectories, the engine
throttle is declared at each time step based on declared cutback or
climb gradient schedules, and a Newton—Raphson trimming algo-
rithm is used to zero out pitching moments [25]. A 5 s spool-up time is
applied at the start of the takeoff roll. The on-ground pitch rotation
rate does not exceed 3.5 deg per second, and once in the air, the angle-
of-attack rate is limited to 3 deg per second. Three seconds after
becoming airborne, the landing gear is retracted over a 7 s time
period, after which no further configuration changes are made. The
landing trajectory is calculated in a similar fashion. The approach
path determines thrust and trim deflections. After touchdown, no
thrust reversers are used in the low-noise procedure, which is possible
due to the increased braking power from the JetZero BWB aircraft
pivot landing gear described in Sec. IV.B.2.

B. BWB Aircraft Noise Model

The noise modeling method evaluates the component noise levels
for different airframe or propulsor geometries, flight trajectories, and
performance of the BWB aircraft at different operational settings.
The noise model employed in this methodology is based on the
framework for assessing community noise impacts due to tube-
and-wing aircraft, as outlined in [19,26]. This model is adapted to
assess both BWB performance parameters, relevant to flight proce-
dures, and BWB airframe assumptions, relevant to noise shielding.
Airframe geometry and engine states along the flight profile are
inputs to NASA’s Aircraft Noise Prediction Program (ANOPP)
[27] modules, which are used to assess engine and airframe noise
source components.

The engine noise components are assumed to be due to the fan,
core, turbine, and jet and vary with the engine state parameters such
as turbine inlet temperature and fan rotational speed, as these param-
eters vary with thrust and velocity along the flight profile. The Krejsa
fan noise method of ANOPP is used to assess fan noise [28] for high-
bypass-ratio turbofans along with a correction for fan inlet and exit
hard-wall acoustic treatment based on a procedure developed by
General Electric [29]. The core noise is modeled using the method
by Emmerling [30], turbine noise is modeled using the method of
Krejsa and Valerino [31], and jet noise with nozzle chevrons is
modeled using the Stone method [32].

Airframe noise varies with the flight velocity and high-lift device
and landing gear settings along the flight profile, which is determined
using the Fink method [33] for wing, vertical, and flap trailing edge
noise and Guo methods [34-36] for flap edge, slat, and gear noise,
each implemented in ANOPP.

To compare the features of the BWB configuration evaluated in
this study to those of standard tube-and-wing aircraft, as mentioned in
Sec. II, the modifications of high-lift devices are examined, including
slats and slotted flaps. These high-lift devices are modeled using the
Guo slat and flap edge models and Fink trailing edge models. Addi-
tionally, continuous mold line flaps, which have been shown to
reduce radiated flap noise [37], are modeled using the Fink flap
trailing edge model only. The landing gear geometry is assumed to
be that of the pivot gear of JetZero’s BWB aircraft referenced in Page
et al. [4]. Engine noise interactions with the airframe, including noise
shielding for overwing-mounted engines and noise reflections for
underwing-mounted engines, are assessed with the ANOPP WING
shielding method [38] based on Fresnel diffraction theory for a semi-
infinite barrier. The surface assumed to impact the engine noise
shielding is the fuselage centerbody, as shown in Fig. 3. A study
assessing the noise of a representative hybrid wing—body based on
the SUGAR Ray concept [39] found that predictions using the
ANOPP WING module showed flyover and sideline noise levels to
be 2.8 and 5.8 dB higher, respectively, than those predicted using
NASA’s Fast Scattering method to model the shielding effect [40].
The WING module allows for rapid yet conservative predictions for
BWB configuration noise. Given engine and airframe noise sources,
the total noise is propagated to the ground to determine community
noise effects at the desired observer locations. Aircraft noise source is

Fig. 3 Area assumed in modeling engine noise shielding by the BWB
aircraft centerbody (shaded in gray).

determined throughout the flight profile and is broken into emission
time elements. Given the aircraft altitude, the propagation of the
aircraft noise source to ground observers is modeled assuming
spherical spreading and acoustic impedance in the atmosphere using
the SAE ARP 866 atmospheric attenuation method [41]. Sound
intensity corrections due to destructive interference of reflecting
sound waves when the aircraft is near the ground [42], as well as
lateral attenuation due to engine installation, absorption of the ground
surface, and refraction and scattering of sound waves when the air-
craftis near the ground using the SAE AIR 5662 method [43], are also
applied. Noise levels at the ground in various metrics, such as the
maximum A-weighted sound pressure level (L4 1), tone-corrected
perceived noise level (PNLT), and effective perceived noise level
(EPNL), can be determined.

C. Output Noise Assessments

The performance and noise modeling methodologies presented in
Secs. IIILA and II.B are implemented to assess the impacts that
various BWB configuration characteristics have on certification
noise levels and to generate noise contours used to assess operational
impacts on noise performance. These results will be compared to
conventional tube-and-wing aircraft of similar weight class, as
described in Sec. II.

1. Certification Noise Level Comparisons

The FAA noise certification requirements that are provided in the
14 CFR Part 36 [44] are applied to the various BWB aircraft designs.
The certification process includes noise level points from three
reference points for three specific flight procedures that are summa-
rized in Fig. 4.

The certification noise levels consist of measurements at the fly-
over, lateral, and approach reference points depicted in Fig. 4. The
measurements for these reference points are obtained during three
distinct certification tests, including two departure procedures, all of
which are required to be flown at maximum takeoff weight, with
high-lift devices in the takeoff setting, at a speed of 10 knots over the
takeoff safety speed (V,), and with the landing gear up. The departure
procedures begin operation at maximum thrust, with the flyover
reference point requiring a thrust cutback to maintain a 4% climb
gradient, or alternatively, a thrust cutback no lower than the one
engine inoperative steady flight thrust level, whichever is greater,

Flight profile

Lateral generation
(Sideline)
Reference

Approach
Reference

Flyover
(Cutback)
Refere‘rj Ee.. et

Fig.4 Certification locations and flight procedure assessed for the BWB
aircraft.
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performed at an altitude of 300 m. The noise is measured at 6500 m
ground track from the start of the takeoff roll. The noise for the lateral
reference point is the maximum noise level 450 m lateral to the
takeoff track. The approach reference point is measured 2000 m
before touchdown on a 3 deg glideslope with the aircraft at maximum
landing weight, with high-lift devices in the landing setting, at a speed
of Vrgr + 10 knots, and landing gear down. In addition to assessing
the certification points, the cumulative EPNLs relative to the FAA
Stage 5 noise standards [20] are determined. The lateral, flyover,
approach, and cumulative noise levels and margins relative to the
FAA Stage 5 standards [20] or, equivalently, the International Civil
Aviation Administration’s Chapter 14 standards [45] are compared to
publicly available noise certification data of a common tube-and-
wing aircraft, where the margin is the amount of decibels below the
limit for the number of engines and aircraft weight.

2. Community Noise Contours on Approach and Departure Comparisons

The standard procedures described in Sec. III.C.1 are valuable for
certification guidelines but fall short in the assessment of full com-
munity noise impacts. For example, on departure, noise levels for
operational changes beyond 6500 m from the runway cannot be
measured with the certification flyover point. In addition, noise levels
for operations near the runway on final approach, such as the removal
of thrust reversers, cannot be assessed with the certification approach
point. In order to examine the community noise impacts of acomplete
approach or departure procedure and variations in the procedure
design, observer noise levels at regions beyond the certification

Flight profile
design iterations

Notional initial
community noise
contours of BWB
aircraft

Notlonal community
noise contours of
tube-and-wing
aircraft comparison

Fig.5 Conceptual visualization of flight procedure noise contour com-
parisons.

Tablel Reference and modeled effective perceived noise levels of the
reference tube-and-wing, 2000s technology configuration

Flyover  Lateral Approach

Aircraft (EPNdB) (EPNdB) (EPNdB)
Boeing 737-800 (2000s Technology [51]) 86.7 93.1 96.8
Modeled Boeing 737-800 89.2 94.0 98.0

locations must be considered. With the noise source of a given aircraft
and the flight profile generated according to the framework presented
in Fig. 2, propagation of noise is modeled from the source to the
ground observer over the entire flight profile. The resulting noise
contours provide insight as to how the observer noise changes
throughout the full range of operating conditions in a given pro-
cedure. By displaying noise contours or differences in noise levels
over aerial maps of areas surrounding airports, the community noise
impact for the aircraft configuration and flight procedure can be
assessed. In addition, noise levels can also be compared to represen-
tative tube-and-wing aircraft, such as presented in Fig. 5.

In this study, reference tube-and-wing aircraft noise levels are
referenced from approach and departure noise levels of year 2000
technology, Boeing 737-800 with CFM56-7B/26 engines. This con-
figuration was chosen for comparison because it is a market-
dominating vehicle and is a reference for industry goals being
recommended by agencies such as the NASA N+3 goals [46] and
the European Union Advisory Council for Aviation Research’s Flight
Path 2050 initiative [47]. For the results shown in this paper, the drag
performance of the reference tube-and-wing aircraft for different
configurations is obtained from [48], while takeoff safety speed
(V,) and reference speed (Vygp) are obtained from the Boeing 737-
800 operations manual [49]. The CFM56-7B/26 engine states were
modeled using the same Kerrebrock engine state model as described
in Sec. lII.A, while the noise levels were determined using the same
noise models as those described in Sec. IIL.B with the exception of the
fan noise, which was modeled using the Heidmann large fan method
[50] (as it was developed incorporating CFMS56 engine data). Results
of the modeling method for the Boeing 737-800 flying the 14 CFR
Part 36 procedures were compared to publicly available noise certif-
ication data [51] and are shown in Table 1. The modeled noise levels
are between 0.9 and 2.5 EPNdB louder than the published noise
levels, indicating fair agreement for the modeling method.

III. Demonstration of Methodology on Example BWB
Aircraft

The flight procedure design and noise analysis methodology sum-
marized in Sec. III is implemented on a BWB, representative of the
JetZero vehicle (see Sec. Il and Fig. 1) [4]. To analyze the impact that
individual aircraft characteristics have on the noise of the vehicle,
multiple variations of the BWB vehicle are studied against the noise
certification analysis described in Sec. III.C.1 and the noise contours
described in Sec. III.C.2. A summary of the features that are being
studied is presented in Fig. 6.

The noise certification analysis is performed on a baseline aircraft
featuring the BWB airframe with underwing-mounted engines and
high-lift devices, including slats and flaps with side edges, as well as
modified BWB aircraft with engine shielding, flow diversion, and
simplified high-lift devices. The results of these comparisons are
included in Sec. IV.A. The lowest noise variation of the BWB
configuration with engine shielding, flow diversion, and high-lift
device modifications is then compared with PW1100G class engines
resized in the Propulsor Design Model with varied maximum thrust

Baseline Configuration

Reverse
Thrust Gear
Brakes

i I s A e des

Engine Shielding and
Placement

Flow Diversion

High Lift Device
Modifications

Engine Thrust and Elimination of Comparison to

Procedure Thrust Reversers ~ Reference
Modifications Tube and Wing
Aircraft

Fig. 6 Assessment criteria for noise of individual characteristics of BWB aircraft design and procedure.
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capabilities in Sec. IV.A.2. Additionally, a comparison of the
BWB aircraft takeoff and landing performance and single-event
community noise contours is provided and compared to a reference
tube-and-wing aircraft, the Boeing 737-800. This also includes a
demonstration of the aircraft’s landing gear braking capabilities and
the corresponding noise reduction compared to the use of thrust
reversers in Sec. IV.B.2.

A. Noise Contributions for Individual Characteristics of BWB Air-
craft Configuration

To assess the individual contributions to the 14 CFR Part 36 [44]
noise certification requirements, three BWB aircraft flight proce-
dures were constructed according to the methodology described in
Sec. IIL.A that follow the noise certification procedures described in
Sec. III.C.1. The three profiles presented in Figs. 7a-7c demonstrate
the procedures necessary to provide the flyover, lateral, and approach
noise assessments, respectively.

1. Noise Certification Results for Engine Shielding, Flow Diversion, and
High-Lift Devices

The noise certification analysis described in Sec. III.C.1 is per-
formed on a baseline configuration of the BWB, including slats,
slotted flaps, and underwing engine installation similar to conven-
tional commercial transports. The potential contribution to the noise
levels of boundary-layer ingestion (BLI) is also evaluated. The same
analysis is then performed on modified configurations that include
engine shielding, flow diversion, and high-lift device modifications
as presented in Fig. 6. In doing so, this demonstrates the noise
reduction capabilities of each characteristic of the BWB vehicle.

Altitude

With the established performance capabilities of the aircraft, noise
analysis of the given configuration is done according to the methods
presented in Sec. IILB. First, the baseline configuration that is most
comparable to a traditional tube-and-wing aircraft is assessed at the
certification points to provide baseline results to compare the
improved BWB vehicle characteristics against. This baseline con-
figuration was assumed to have underwing-mounted engines
exposed to the freestream, from which the engine noise is reflected
from the underside of the wing, and complex high-lift devices.

The analysis is then performed on a series of changes until con-
verging on the nominal BWB configuration, resembling that of the
JetZero configuration presented in Fig. 1. Figure 8 shows the tone-
corrected perceived noise levels for the baseline configuration of the
BWRB aircraft evaluated at the certification locations described in
Sec. III.C.1, including a flyover, lateral, and approach point. Shown
in Fig. 9 is EPNL distribution for each certification point. Of note, the
lateral noise measurement was maximum when the aircraft reached
an altitude of approximately 170 feet. The results indicate that base-
line aircraft noise is dominated by the fan in the flyover and lateral
certification points. In addition, the slat noise is dominant on
approach.

To examine engine positioning that resembles the JetZero BWB
configuration, the engines are modified to an overwing mounting.
This also implies that the engine noise will be shielded, which is
included in the noise model as described in Sec. IIL.B. Shielding is
applied using the ANOPP wing shielding method, where attenuation
is applied to sound waves from the engine that intersect with the
aircraft body before radiating to the observer, assuming the shielding
surface represented in Fig. 3.

Velocity

Throttle Setting

L L L )

1 2 30 1
Ground-Track Distance (nmi)

o

a) Flyover noise assessment

Ground-Track Distance (nmi)

b) Lateral noise assessment

2 3-2 R 0 4
Ground-Track Distance (nmi)

¢) Approach noise assessment

Fig. 7 Flight profiles of BWB aircraft noise certification analysis.
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Fig.8 Tone-corrected perceived noise levels during flyover, lateral, and approach for baseline configuration, including underwing engines and complex

high-lift devices.
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Fig. 9 Effective perceived noise level distribution during flyover, lat-
eral, and approach for underwing engine shielding and complex high-lift
devices.

As described in Sec. 11, a feature of the JetZero BWB aircraft in this
overwing-mounting configuration is the implementation of flow
diversion of the boundary layer that develops over the top surface
of the aircraft body as opposed to BLI into the engines. To estimate
the impacts due to BLI, if implemented, the relative contribution to
the overall noise due to the fan is evaluated in comparison to the other
noise source levels. BLI at the inlet of an aircraft’s engine is known to
increase broadband and tonal fan noise as a result of uneven loading
of the fan blades. Estimations of the impacts of BLI on fan noise and
resulting certification noise levels for aircraft have been studied
previously, such as in the work of Clark et al. [52], which presents
an acoustic model that shows increases in both broadband and tonal
noise sources due to turbulence ingestion into the fan. In the model
proposed by Clark et al. [52], tonal fan noise levels were shown to
increase by around 5-14 dB, depending on the polar angle fore and
aft of the engine, with the inclusion of BLI, while broadband noise
levels were shown to increase between 0 and 8 dB. From this work,
for demonstration, a reference average increase in noise level of 7 dB
above modeled peak fan noise source levels determined from the
Kreja model is used to estimate the potential effects due to BLI. This
effect would be significant in cases where the fan noise is a domi-
nating noise component.

The resulting noise distributions, assuming shielding as well as
flow diversion instead of BLI, are presented in Figs. 10 and 11, with
the same vertical scales as the baseline results in Figs. 8§ and 9. The
resulting noise levels suggest that the BWB aircraft with overwing
engines has a notable decrease in engine noise source levels at each
of the certification points. The fan noise continues to be the domi-
nating noise source in the lateral certification point, while the slat
noise becomes the dominant noise source during the flyover and
remains dominant during the approach. The effects of flow diver-
sion rather than ingesting the boundary layer can be discerned from
the noise results. Examining the noise source distributions, because
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Fig. 11 Effective perceived noise level distribution during flyover, lat-
eral, and approach for overwing engine shielding, flow diversion, and
complex high-lift devices, including comparison to the baseline.

of the high fan noise source levels in comparison to other sources,
noise due to BLI would be expected to still contribute significantly
to the flyover and lateral points even with attenuation due to engine
noise shielding.

The final noise reduction characteristic assessed in this noise
certification analysis is the simplification of high-lift devices. The
sealed flaperons of the BWB aircraft reduce the noise sources of the
airframe by eliminating gaps and edges. The baseline configuration,
of which noise certification results are presented in Figs. 8 and 9,
includes conventional slats and flap edge noise that are eliminated to
result in the complete low-noise BWB configuration. The tone-
corrected perceived noise levels and EPNLs for the low-noise
BWaB configuration with simplified high-lift devices, flow diversion,
and overwing-mounted engines are presented in Figs. 12 and 13,
respectively. As the BWB vehicle does not have slats and relies
entirely on the sealed flaperons for control, the slat noise is eliminated
entirely. The sealed flaperons provided flap noise reductions at each
of the flyover, lateral, and approach certification points, respectively.
It should be noted that the 8.0 TPNdB reduction of the peak flap noise
and removal of slat noise on the lateral certification point resulted in
negligible reductions of total noise, as it is not the primary noise
source. However, a more significant reduction was noted for the
flyover and approach points because airframe noise was previously
the dominant noise source.

The results in Fig. 13 are those of the final configuration of the
BWB. The elimination of slat noise results in fan noise being
the dominant noise source for the flyover and lateral certification
points, while the flap noise is the dominant noise source for the
approach point. The total EPNLs have decreased by a minimum total
of 12.0, 6.3, and 9.5 EPNdB for the flyover, lateral, and approach
certification points from the original baseline configuration results in
Fig. 9, with the effect expected to be greater for the flyover and lateral
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Fig.10 Tone-corrected perceived noise levels during flyover, lateral, and approach for baseline configuration, including overwing engine shielding, flow

diversion, and complex high-lift devices.
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Fig. 13 Effective perceived noise level distribution during flyover, lat-
eral, and approach for overwing engine shielding, flow diversion, and
simplified high-lift devices, including comparison to the baseline.

certification points if BLI was assumed as opposed to flow diversion.
The cumulative EPNLSs of the final BWB configuration modeled are
summarized in comparison to the published levels of the Boeing 737-
800 with CFM56-7B engines, relative to Stage 5, in Table 2. The
margin to Stage 5 shown in Table 2 is determined according to the
certification process as described in Sec. III.C.1.

Relative to Stage 5, or equivalently 17 EPNdB below Stage 3 of the
FAA standards [20], the Boeing 737-800 with CFM56-7B engines is
4.0 EPNdB above the standard according to published certification
noise levels, whereas the BWB configuration studied is 35.8 EPNdB
below the standards. It should be noted that part of the difference can be
attributed to the Boeing 737-800 featuring engines with year 2000
technology. Thus, this BWB configuration is quieter than the present-
day equivalent transport vehicle and greatly satisfies the most relevant
noise standards. These results are consistent with trends observed in
assessments by both NASA and the German Aerospace Center, which
demonstrates the significant advantages of BWB aircraft over tube-and-
wing designs, even when integrating different engines into the BWB
aircraft model [11] [3]. The findings additionally complement the
recent NASA study on noise reduction via alternative aircraft configu-
rations, which supports that, given current technology development, the
hybrid wing—body aircraft type is the most viable option for achieving

the long-term noise goals outlined in the Aeronautics Research Mission
Directorate’s 2019 Strategic Implementation Plan [40].

2. Noise Certification Results for Variable Engine Maximum Thrust Study

The low-noise BWB configuration, with the results presented in
Fig. 13, is compared against different variations of the vehicle with
PW1100G-class engines. The baseline engine design turbine inlet
temperatures were adjusted to result in engines with the same fan
diameter but with different maximum thrust capabilities: one with an
increased takeoff thrust compared to the baseline and one with a
decreased thrust compared to the baseline. Off-design engine maps
for each design were obtained to determine the propulsor performance
states for the flight profiles and engine component noise levels. By
modifying the design of the baseline engine using the methodology
described in Sec. III.A, the overall takeoff performance of the vehicle
changes. Increasing the maximum takeoff thrust increases the climb
rate and increases engine noise. Therefore, this tradeoff may result in
variations in the noise certification results. The certification procedures
were modeled for both the increased and decreased takeoff thrust case
using the method described in Sec. III.C.1, and the component noise
breakdown was assessed in the same manner as the previous section.
Figure 14 presents the flight profiles of the noise certification proce-
dures for the different engine variants.

As seen in Fig. 14, the different maximum takeoff thrust ratings of
the engines result in different climb rates for the two takeoff proce-
dures, and thus there are different cutback locations for the flyover
noise assessment procedure. Note that the approach noise assessment
procedure remains unchanged, as this procedure relies on the
required thrust to maintain the 3 deg descent angle. The resulting
EPNL: for the modified engine variants are summarized in Table 3,
where the baseline is the final BWB configuration of Sec. IV.A, the
results of which are presented in Fig. 13 and Table 2.

The results indicate that the cumulative total EPNL is reduced by
2.0 EPNdB with the decreased engine rating and increased by 1.6
EPNdB when the engine rating is increased. The best margin to Stage
5 is with the decreased maximum takeoff thrust engine at 37.8
EPNdB below the standards.

B. Departure and Arrival Procedure Comparison

The design of a given aircraft and the procedure flight go hand in
hand with respect to the overall community noise impact of an aircraft.
Thus, various studies were executed to understand the capabilities of the
BWRB aircraft, and the resulting noise impacts of different procedures
are shown and compared to conventional tube-and-wing aircraft for

Table2 Effective perceived noise level margins of the BWB low-noise configuration compared to reference tube-
and-wing configuration

Flyover Lateral Approach Cumulative total Margin to Stage 5
Aircraft (EPNdB) (EPNdB)  (EPNdB) (EPNdB) (EPNdB)
Boeing 737-800 (2000 Technology) 5.2 39 39 13.0 -4.0
BWB low-noise configuration 19.4 11.6 21.8 52.8 35.8
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Fig. 14 Flight profiles of noise certification procedures for engine sizing study.

Table 3 Effective perceived noise level margins of the BWB low-noise configuration for
various engines of the PW1100 class

Eneine variant Flyover Lateral Approach ~ Cumulativetotal =~ Margin to Stage 5
£ (EPNdB)  (EPNdB) (EPNdB) (EPNdB) (EPNdB)
Decreased 19.8 13.2 54.8 37.8
Baseline 19.4 11.6 52.8 35.8
Increased 19.1 10.3 51.2 34.2

departure and arrival procedures in Secs. IV.B.1 and IV.B.2, respec-
tively, using the framework described in Secs. IILB, IIL.B, and II1.C for
both the BWB aircraft and the baseline tube-and-wing aircraft. The
sound level contour analysis for these cases is focused on the exami-
nation of the 60 dB L 4 ...« level, where aggregate procedures align with
community annoyance for concentrated flight tracks [53]. Lastly, in
Sec. IV.B.2, the novel pivoting landing gear of the JetZero BWB, which
can potentially eliminate the need for thrust reversers, is examined to
understand the noise reduction impact of this component of the vehicle.

1. Comparison of Example Departure Procedures to Conventional Tube-
and-Wing Aircraft

Observer noise is not only a function of an aircraft’s performance
and airframe characteristics but is also dependent on the flight
trajectory of the vehicle. However, the impact that procedural
changes have on the observer noise is not fully represented by the
certification data studied in Sec. IV.A alone. This is because the
procedural changes typically occur at larger distances from the air-
port than what is conveyed by the certification points. Thus, although
the certification noise results of Sec. IV.A show that the BWB vehicle
is significantly quieter than the conventional tube-and-wing aircraft
as well as the most recent certification standards, the BWB vehicle
can be further examined to understand what low-noise procedures for
BWB vehicles look like and how quietly the vehicle can operate.

To build an understanding of the impact that operational changes
have on observer noise of the BWB vehicle, a study comparing single-
event noise contours is performed on a sweep of cutback departure
procedures. The results are compared against each other, and a sample
procedure is compared to a reference tube-and-wing aircraft, the
Boeing 737-800, operating at 85% MTOW. The BWB vehicle per-
forms a maximum thrust departure at 85% MTOW, following a similar
takeoff weight percentage to that of the Boeing 737-800 procedure. A
thrust cutback is performed at 300 m to different percent maximum
thrusts, as displayed in Fig. 15a. As indicated in the figure, the
increased cutback percentage indicates, for example, that maintaining
100% is considered a 0% cutback, whereas increasing the cutback

percentage by 20% would result in operating at 80% throttle. The level
at which the cutback is performed alters the climb rate of the vehicle, as
well as the acceleration rate, as shown in Fig. 15a. However, although a
higher throttle setting results in a higher climb rate, the engine is
operating at a higher setting, which typically results in more engine
noise source. Thus, these tradeoffs are studied by comparing the
resulting 60 dB L, ,,x single-event noise contours, as presented in
Fig. 15b with the aircraft departing from Seattle Tacoma International
Airport (KSEA). It should be noted in these examples that the SAE
AIR5662 lateral attenuation correction is not applied for the L .«
levels, resulting in potentially higher predicted sound levels for observ-
ers when the aircraft is closer to the ground. These resulting noise
contours indicate that performing cutback procedures is beneficial for
BWaB aircraft noise, as a general trend of decreasing contour area with
increasing cutback percentage can be seen in Fig. 15b. Thus, imple-
menting flight procedures with an increased cutback percentage can
have lower noise levels on takeoff for the BWB vehicle studied.

A representative BWB vehicle departure procedure from Fig. 15 is
compared to a standard Boeing 737-800 departure procedure. In the
Boeing 737-800 departure procedure, the thrust was modeled such that
the aircraft’s climb angles matched mean departure from flight radar
data presented in [19]. Aside from the initial higher throttle setting, the
modeled BWB aircraft cutback procedure presented in this study
mimics the Boeing 737-800 procedure, as shown in Fig. 16a. In
comparison, the BWB vehicle procedure has a shorter takeoff field
length, and the thrust cutback occurs approximately 0.5 nmi earlier.
However, the Boeing 737-800 reaches climb velocity sooner and
maintains a lower throttle setting through the remaining procedure.
The resulting 60 dB L ,,,, single-event noise contours, presented in
Fig. 16b, indicate that the overall area and extent of the BWB aircraft
contour are significantly smaller than that of the Boeing 737-800.

2. Comparison of Example Arrival Procedures to Conventional Tube-
and-Wing Aircraft

Similar to the previous section on departure procedures, the single-
event noise contour of an arrival procedure is compared to a reference
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Fig. 16 Flight performance and noise comparison for a BWB aircraft departure compared to the Boeing 737-800.

tube-and-wing aircraft, the Boeing 737-800, following a 3° descent
procedure resembling flight radar approach data as referenced in
[19]. In this case, both the Boeing 737-800 and BWB aircraft are
operating at their respective maximum landing weights. The flight
profile for each of the procedures and the corresponding contours are
displayed in Figs. 17a and 17b, respectively.

In this case, the two vehicles perform similar flight profiles, but due
to the BWB aircraft’s ability to operate at a lower velocity due to its
lower wing loading along with the simplified high-lift devices, ithas a
drastically reduced single-event noise contour at less than 1/4 the
along-track distance. The slats, slotted flaps, and flap edge noise that
are present in the Boeing 737-800 high-lift configurations and their
early deployment of them, based on the flight radar data studied in
[19], result in a significant difference in the 60 dB single-event noise
contours of the two aircraft while performing similar procedures.
Additionally, the Boeing 737-800 is required to operate at a higher
throttle setting and at a higher velocity, which respectively increases
engine and airframe noise. The same 3 deg angle arrival procedure of
the BWB vehicle is performed at John Wayne International Airport
(KSNA), and the 60 dB L4 ..., single-event noise contour is plotted in

Fig. 18. This difference is expected to be less dominant in a time-
based single-event metric such as sound exposure level; however, the
differences are in agreement with the differences observed in the
EPNL results from Sec. IV.A.1.

Lastly, the JetZero BWB vehicle’s novel pivoting landing gear,
illustrated in Fig. 19, yields an additional braking force due to the
position of the center of gravity and the resulting load distribution on
all three landing gears compared to a traditional tricycle configura-
tion. This eliminates the need for thrust reversers upon landing [4].

The resulting impacts of this feature are not observable in the noise
certification results of Sec. IV.A. Thus, in order to demonstrate the
noise level impacts that this system has on the overall noise of the
vehicle, a landing procedure is performed both with and without
the use of thrust reversers (see Fig. 20a). The resulting reduction in
L 4 max NOise at two sideline locations when the aircraft performs its
landing roll on the runway is shown in Fig. 20b.

As shown in Fig. 20b, replacing the need for thrust reversers
through the use of the pivot gear braking system results in a reduction
of the noise contour during the ground roll on the runway that extends
to the sideline. This indicates the possibility for not only a quiet final
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Fig. 18 The 60 dB single-event noise contour of BWB aircraft during a
3 deg descent arrival at KSNA.

Fig. 19 Illustration of JetZero pivot gear technology [4].

approach but also minimal noise impacts when the BWB aircraft has
landed for both onboard passengers and local communities or busi-
nesses residing close to the airport.

IV. Conclusions

The investigation discussed in this paper presents the opportunity
to reduce noise pollution in communities surrounding BWB aircraft.

The analysis in this study uses methods for modeling noise source
assessments and noise contours based on flight performance data
generated by models of engine operations and flight profile character-
istics. The propulsion design model enables the evaluation of the
effects of maximum thrust capability on the aircraft, as well as the
engine performance at off-design conditions. The flight profile model
allows the analysis of flight procedure conditions, focusing on take-
off and landing trajectories as they are significant to community
noise. To assess the noise pollution corresponding to a conventional
tube-and-wing aircraft and various operational settings of the BWB
configuration, the noise model integrates data generated in both the
engine and flight profile models.

The noise analysis framework assesses engine and airframe noise
source components, including characteristics unique to the BWB
vehicle. The application of such models generates noise data for both
the 14 CFR Part 36 certification points and the aerial community noise
contours around airports, supporting the requirements necessary and
considering a more informed view beyond those reference points. The
component breakdown shows that engine noise is an important factor
for the lateral condition, whereas airframe noise is the most pertinent
factor for approach conditions. Significant noise reduction is observed
by engine noise shielding and the implementation of flow diversion,
while simplified high-lift devices result in considerable reductions of
airframe noise, which is particularly noticeable during the approach.
The engine noise and shielding characteristics identified in this study
are consistent with the results previously reported by the German
Aerospace Center, reinforcing the potential for BWB aircraft to sig-
nificantly reduce noise impact. Taking into account the BWB low-
noise configuration, the model is compared to a Boeing 737-800 in
departure and landing trajectories at KSEA and KSNA, respectively.
Examination of the community noise contours shows a significant
decrease in the affected area for the BWB configuration in comparison
to a conventional aircraft configuration, while further reductions in the
contour area are observable through additional modifications to the
standard departure and arrival procedure operations. These results
align with relevant NASA studies previously referenced, which also
utilize ANOPP for noise assessment and observe noise footprint area
reductions with BWB aircraft takeoff and approach flight paths.

This study establishes a foundation for further advancement in noise
reduction technology, particularly in consideration of the BWB aircraft.
Moreover, the noise analysis framework is adaptable to multidiscipli-
nary design optimization models, enabling further investigation of
noise-reducing strategies in the preliminary phases of the BWB aircraft
design process.
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