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The emergence of advanced air mobility and sustainable aviation concepts have revived the
interest in propeller-driven aircraft. A number of electric vertical take-off and landing (eVTOL)
aircraft have been developed to cater to the demands of urban air mobility (UAM) and significant
advancements have been made in unmanned aerial vehicles (UAV) equipped with vertical take-off
and landing capabilities. However, the community acceptance of these new aircraft configurations
highly depends on having a low noise footprint as they will operate in dense urban environments.
Propeller noise is considered the major source of noise in these aircraft with the introduction of
electric propulsion and it can significantly increase with the effects of installation and transient
propeller motions. This study aims to comprehend the complex aerodynamic interactions within
such aircraft that result from propeller installation and contribute to the generation of high noise
levels.

To understand the physics of propeller installation, a wingtip-mounted propeller was analyzed
at several angles of attack using computational fluid dynamics (CFD) based on Reynolds-averaged

Navier-Stokes (RANS) equations and computational aeroacoustics based on the Ffowcs Williams



—Hawkings equation. The aeroacoustic implications of the propeller axis inclination and the
propeller-wing aerodynamic interaction were studied in-depth. The propeller-wing interaction
leads to a significant increase in propeller noise (20 to 30 dB increase along the rotational
axis) and causes the wing to generate a loading noise in the same order of magnitude as the
propeller noise. To extrapolate the understanding of installation effects to a full aircraft, the
aeroacoustic characteristics of a quadrotor biplane tailsitter were analyzed in both hover and
forward flight focusing on the rotor-rotor and rotor-airframe aerodynamic interaction. The rotor-
rotor interaction was found to be a significant source of loading noise in hover but having the
fuselage as a physical barrier between the rotors largely reduces its effect. The airframe loading
noise and rotor broadband noise are equally dominant as the rotor tonal noise when the aircraft
is in forward flight. Moreover, the study evaluated the effectiveness of rotor synchrophasing in
reducing the aircraft noise footprint and it showed promising results in hover, causing a reduction
of aircraft noise by more than 10 dB.

An efficient computational aeroacoustics framework was developed to facilitate the computations,
ensuring optimal utilization of the computational resources. The CPU and GPU parallelization
and other optimization techniques were able to achieve a 98% reduction in computation time
for an isolated propeller case. This enabled the rapid aeroacoustic computations of periodic
and non-periodic problems. This was used to analyze the aeroacoustics of an isolated propeller
undergoing a transition from hover to forward flight. The aerodynamic and acoustic results of the
unsteady case were compared with quasi-steady cases performed at intermediate tilt angles. The
quasi-steady CFD simulations predicted the unsteady transition aeroacoustics with reasonable
accuracy. A tilting quasi-steady approach was proposed to better capture the aerodynamics and

acoustics of the unsteady transition.
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Chapter 1: Introduction

1.1 Evolution of Propeller Driven Aircraft

Propellers were the primary source of propulsion in the aviation industry during the early
20" century. The earlier aircraft were powered by piston engines and were limited in cruise speed
and range [1]. During the 1950s and 1960s, which is called the “jet age”, these propeller-driven
aircraft were replaced by jet-powered aircraft to achieve higher cruise speed, range, ight ceiling,
and larger aircraft sizes [2]. Jetliners were better suited for long-haul ights and were quieter
than propeller-driven aircraft. The early jet age was ruled by the race for speed and by the early
1970s, dreams were that the future would be supersonic. But supersonic ight did not succeed
due to poor fuel economy and unacceptable noise levels [1]. The turbojet engines were replaced
by more economical and quieter turbofan engines.

The fuel crisis in 1973 [3] made the aviation industry rethink its plans for the future.
Aircraft manufacturers were focused on improving fuel economy at the expense of cruise speed.
As a result, the propfan engine was introduced to boost fuel ef ciency [4]. General Electric
developed the Unducted Fan (UDF) engine with contra-rotating open rotors (CROR) and performed
extensive ight tests to introduce it to commercial aircraft. Several studies were performed to
investigate the noise emissions of the propfan engine and pylon blowing was suggested as a noise
reduction mechanism [5]. New regional twin-engine turboprop aircraft also started to emerge
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[1] and the industry was heading towards having more dependence on propeller-driven aircraft to
become more economical, especially in the short- to medium-range sector. But the re-emergence
of propeller-driven aircraft and the introduction of the propfan engine failed to nd traction as
the fuel prices dropped after the crisis. One of the main reasons behind this was the high noise

emissions of the propeller [6].

(a) Pratt & Whitney-Allison 578-DX engine (b) General Electric GE36 engine

Figure 1.1: Propfan Engines [7]

Inthe 2F' century, there is a renewed interest in propeller-driven aircraft with the development
of electric propulsion and growing concerns over the sustainability of the aviation industry due to
the possible fossil fuel outage. Commercial aviation accounts for approximately 2.6% of annual
global carbon dioxide (C& emissions from fossil fuel combustion [8]. Therefore, extensive
research is conducted to reduce the carbon emissions of the aviation industry by developing
more fuel-ef cient open-rotor engines. The European Commission launched the Open Rotor
demonstration program together with Safran, targeting to reduce fuel consumption and associated
CO, emissions by 30% compared with the current turbofans [1]. CFM International has launched

its new engine demonstrator program, RISE (Revolutionary Innovation for Sustainable Engines),



with the aim of developing an open-fan architecture for a new narrowbody engine to enter service

in 2035, targeting a 20% fuel-burn saving [9].

(a) Open Rotor prototype by Safran [1] (b) RISE open-fan demonstrator by CFM [9]

Figure 1.2: Open Rotor technology demonstrators

Hybrid-electric propulsion is another new concept that has emerged in recent decades
with the enhancement of battery technology [10]. Several ongoing programs are developing
hybrid-electric propeller-driven aircraft targeting the regional transportation sector. EcoPulse is
a distributed propulsion hybrid aircraft demonstrator developed by Daher, Safran, and Airbus. It
has six wing-mounted propellers, each of which is driven by a 45 kW electric engine powered
by batteries of a 100 kW auxiliary power plant [11]. The Clean Aviation research program has
launched several projects aimed at developing a low-emission hybrid-electric airliner to enter

service in the mid-2030s.

(a) EcoPulse technology demonstrator [11] (b) Clean Sky 2 technology demonstrator [12]

Figure 1.3: Hybrid-electric technology demonstrators



The growth of advanced air mobility (AAM) in the past decades has made a paradigm
shift in the transportation industry. It has opened new areas for research and development in
both manned and unmanned aircraft sectors. Small unmanned aerial vehicles (UAVs) based on
electric propulsion have become immensely popular in both military and civilian applications.
The history of UAVs dates back to World War-1 when they were used for reconnaissance, supply,
communications, and aerial re support[13]. Currently, they are used for other military applications
including intelligence and surveillance [14]. Their civilian applications include package delivery,
agriculture, infrastructure inspection, and aerial mapping [15]. Companies such as Amazon,

Walmart, and Zipline have developed their own multi-rotor drones for package delivery.

(a) Amazon Prime Air (b) Walmart delivery drone (c) Zipline drone

Figure 1.4: Unmanned aerial vehicles

The emergence of urban air mobility (UAM) as a branch of AAM has led to a surge in the
development of electric vertical take-off and landing (eVTOL) aircraft targeting short to medium-
distance passenger transportation in urban environments. Joby and Archer are two of the leading
manufacturers in this sector and their aircraft are expected to start commercial operations in 2025
[16]. eVTOLs are typically designed with multiple propellers mounted on wings to produce
thrust and lift, and in most of these designs, the propellers transition between hover and forward
ight modes.

The role of propellers in future aircraft has been rede ned with these new developments.



(a) Joby S4 (b) Archer Maker

Figure 1.5: eVTOL aircraft in development

Propellers are again seen as the primary source of propulsion for eVTOLs, UAVs, and regional
aircraft. But their community acceptance depends on the noise footprint of these aircraft [17].
Electric propulsion has eliminated the engine noise making propellers the main source of aircraft
noise [18]. The tonality of the propeller noise makes it more undesirable to the human ear
compared to white noise. As these new eVTOL aircraft and UAVs are expected to operate in
urban environments and residential neighborhoods, the consequent noise pollution has become
an alarming issue [19]. There have been numerous reports of community complaints regarding
noise levels of delivery drones that have started operations in residential areas [20, 21]. The UAV
sector is expected to grow rapidly over the next few decades with thousands of low-altitude high-
speed ights a day expected in metropolitan regions [15]. Therefore, aircraft noise reduction,
especially related to UAVs and eVTOLS, has become an important topic in the aviation industry.
Aircraft manufacturers have heavily invested in developing quieter aircraft, and this has become
an important selling point in many eVTOL designs. Extensive aeroacoustic research is conducted
to gain a deeper understanding of the noise sources of AAM aircraft and nd ways to reduce the

acoustic footprint.



1.2 AAM Aircraft Noise

AAM aircraft operate in the subsonic region and hence their noise sources are different
from those of a traditional helicopter. Most helicopter rotors operate in the transonic region,
and hence, high-speed impulsive (HSI) noise due to shock wave formation around the advancing
blade tip is a dominant noise source. With the absence of HSI noise in AAM aircraft, the more

dominant noise source becomes the propeller tonal and broadband noise.

1.2.1 Tonal (Harmonic) Noise

Tonal noise is the noise generated by the periodic disturbances caused by the rotors and
airframe on the surrounding air that causes sound radiation at the blade passing frequency (BPF)
or its harmonics. It is characterized by producing acoustic pressure uctuations at discrete
frequencies. It consists of two main components. The thickness noise is caused by the displacement
of air due to the thickness of an aerodynamic surface such as a rotor blade. The loading noise
is caused by accelerating aerodynamic forces exerted on air due to either a rotating loaded
aerodynamic surface or a non-rotating aerodynamic surface subjected to unsteady loading. Therefore,
a rotating propeller can generate both thickness and loading noise even when steadily loaded
but the airframe can only generate loading noise when the aerodynamic loading is unsteady.
Even though the airframe displaces air when moving forward, the lack of periodicity in the air
displacement causes negligible thickness noise. The tonal noise generated by a rotor is usually at
the lower end of the audible frequency range and it is dominant in the in-plane directions [22].

If a propeller is subjected to unsteady loading, its loading noise can increase signi cantly.

Blade vortex interaction (BVI) is a major source of unsteady loading in helicopter rotors. Itis the
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interaction of the tip vortex of a blade with the adjacent blades causing a spike in blade loading
and it is mostly seen in edgewise ight. In the case of AAM vehicles with multiple rotors, in
addition to BVI within the same rotor, there can be interactions between different rotors. During
forward ight, if the rotors are in propeller mode, there will be less BVI within the same rotor
due to the freestream pushing the wake downstream but there is a possibility of the wake from
front rotors interacting with the rear rotors depending on the rotor placement. Furthermore, the
front rotor wake may interact with the airframe, exerting unsteady loading on it. This will cause

the airframe to generate loading noise.

1.2.2 Broadband Noise

The noise emitted at a broad range of frequencies unrelated to the rotor BPF is known as
broadband noise. Broadband noise is dominant in the rotor out-of-plane directions [23]. This is
caused by the interaction of aerodynamic surfaces such as wings and rotor blades with air ow
turbulence. This exerts a randomly uctuating force eld on the surface that generates noise in
a frequency range that is usually higher than the BPF. Airfoil self-noise is a major source of
broadband noise and it is caused by the blade interacting with the turbulence produced by its own
boundary layer or near wake. At high Reynolds numbers (Re), turbulent boundary layers develop
over most of the airfoil, and noise is produced as this turbulence passes over the trailing edge.
At low Re, the boundary layer is mostly in the laminar region and its instabilities result in vortex
shedding and associated noise from the trailing edge.

Blade wake interaction (BWI) noise is another important form of broadband noise that is

emitted from the leading edge of the blades. This is caused by the leading edge of the blade



interacting with external turbulence produced by a preceding blade or an upstream rotor. The
incoming turbulence is associated with both tip vortices and inboard trailing vortex sheets. Tip
vortices were experimentally shown as the main contributors to BWI noise, where the turbulence
is within the vortex core radius [24, 25]. The broadband noise produced by the leading edge when
interacting with atmospheric turbulence is called turbulence ingestion noise.

In traditional helicopters, broadband noise is a negligible portion of the aircraft noise as
HSI, BVI, tonal, and engine noise are dominant. With electric propulsion and the scaling down
of rotors, HSI and engine noise are no longer important in AAM aircraft. The comparatively
lower tip speeds cause thickness noise to be low as well. Therefore, broadband noise has become
more important for eVTOLS, and especially for small-scale UAVs. BWI noise is dominant in
the low and mid frequencies for descending ight and airfoil self-noise is dominant in the high

frequencies for hover and forward ight [26].

1.2.3 Impact on the Community

Unlike commercial xed-wing aircraft, eVTOLs and UAVs are expected to cause noise
pollution in a broader area of the city [27] and it is becoming a public concern as the aircraft are
often operated in populated urban environments [19]. Both tonal and broadband noise components
have negative impacts on human health. Tonal noise can contribute to annoyance as the human
ear is sensitive to pitch characteristics [28]. The human auditory evoked response can be affected
by the broadband noise [29]. Studies have shown that noise emissions from UAVs can cause
cardiovascular and metabolic disease, sleep disturbance, depression, anxiety, and chronic stress

[30, 31, 32, 33]. UAV noise can also cause adverse effects on military applications and other



civilian usages [34].

1.3 Aircraft Noise Modeling

1.3.1 Development of the Computational Aeroacoustics

The earliest work on propeller noise calculation dates back to the end of World War-1 [35].
The rst successful prediction of the sound radiation of a stationary isolated propeller was done
by Gutin in 1936 [36]. He proposed a rotor noise model based on the dipole noise produced
by thrust and torque. Ernsthausen [37] and Deming [38] were among the rst researchers to
recognize the importance of noise generated due to the nite blade thickness. Ernsthausen
qualitatively explained the origin and characteristics of this noise and Deming correctly formulated
it with a theoretical basis. Deming also extended Gutin's theory by modeling loading noise
dipoles on the whole rotor disc [39]. His model obtained generally good agreement with experimental
data up to the highest test tip Mach number of about 0.7.

Garrick and Watkins [40] extended the work of Gutin to propellers in forward ight with
distributed acoustic sources on the entire propeller disk. However, they only considered the
loading noise in their analysis although their method could be used to extend Deming's thickness
noise analysis to the forward ight mode. They also considered the impact on retarded time due
to the distributed force sources. Arnoldi [41] obtained an expression for thickness noise in the
frequency domain with a correction for the non-linear thickness effect.

The development of a governing equation for rotor noise begins with Lighthill's acoustic
analogy in 1952 [42]. Curle then extended it to problems with static and moving boundaries and

studied the in uence of solid boundaries on the sound eld [43]. In 1969, Ffowcs-Williams and



Hawkings improved it further by extending it to include arbitrary convective motion [44]. Their
version is known as the Ffowcs Williams —Hawkings (FW-H) equation and it is considered today
as the governing equation of aeroacoustics. It is a rearrangement of the continuity equation and
the Navier—Stokes equations into the form of an inhomogeneous wave equation with two surface
source terms and a volume source term.

In 1983, Farassat developed an integral solution to the FW-H equation [45]. This is known
as Farassat's Formulation 1A and it is commonly used in computational aeroacoustics. It mainly
calculates the thickness and loading noise of an aerodynamic surface by discretizing the geometry
and calculating the acoustic pressure waves emitted by the elemental surface sources using geometric
and pressure data. Two approaches can be used to perform the integral calculation. The impermeable
approach is where the physical surface of the geometry is considered as the acoustic surface for
the calculation. Another approach is using a permeable surface that encompasses the geometry as
the acoustic surface but this results in the generation of spurious noise due to the impingement of
vortical structures. Therefore, the impermeable approach is the more commonly used formulation
in computational aeroacoustics. PSU-WOPWOP [46], ANOPP [47], and ACUM [48] are some of
the computational tools that use this formulation to predict aircraft noise. In addition to Farassat's
Formulation 1A, several other formulations of the FW-H equation were also developed at that

time but are not widely in use today [49].

1.3.2 Aerodynamic Simulation

The rst part of an aeroacoustic calculation is the aerodynamic simulation that determines

the surface pressure or force data of the source geometry. For an isolated rotor, a low- delity
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aerodynamic tool such as the blade element momentum theory (BEMT) can be used to calculate
the blade loads that can be fed to the acoustic calculation. For a complicated geometry such as a
wing-mounted propeller, a higher- delity tool such as computational uid dynamics (CFD) has

to be used to accurately capture the unsteady aerodynamic interactions. CFD simulations are also
capable of capturing blade vortex interactions and therefore, the resulting noise will include the
BVI noise. The downside of using high- delity tools for aeroacoustic calculations is the high
cost of computation. Due to limitations in computational power, tools with extremely high levels

of delity such as large eddy simulation (LES) and direct numerical simulation (DNS) cannot be
practically used to simulate aircraft or parts of aircraft that generate noise. Reynolds-averaged
Navier Stokes equations (RANS)-based CFD is a more practical tool to simulate such cases. The
Delayed Detached Eddy Simulation (DDES) model adds a degree of realism by using RANS
to resolve the boundary layer, where the turbulent length scale can be very small, and LES to
resolve outside the boundary layer, where the turbulent length scale is much larger [50]. On a
high-performance computer, this hybrid RANS-LES method can simulate the aerodynamics of

an aircraft or a part of it in a reasonable amount of time.

1.3.3 Broadband Noise Modeling

The interactions with turbulence cause uctuations in surface pressure in the high-frequency
range, which is the source of broadband noise. However, the RANS-based approach used to
resolve the boundary layer cannot capture these high-frequency uctuations in surface pressure
as it only calculates the Reynolds-averaged quantities. Therefore, RANS-based CFD simulations

are not capable of fully capturing broadband noise. An LES or DNS simulation would be able
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to capture these high-frequency pressure uctuations but they are too expensive to perform on a
propeller or any other aircraft component at high Reynolds numbers. Therefore, the broadband
noise is usually modeled. Brooks, Pope, and Marcolini (BPM) semi-empirical model [51] is
the tool of rst choice for self-noise prediction [52]. It estimates the trailing edge noise of any
rotor blade using a data set obtained by conducting wind tunnel experiments on the NACA0012
airfoil. Amiet's model is an analytical tool that predicts the trailing edge noise using the thin
airfoil theory approximation of a at plate. However, this model is valid for a limited range of
cases [52, 53]. The leading edge broadband noise resulting from BWI and turbulence ingestion is
dif cult to predict but there have been attempts to develop models that can capture this component

of broadband noise [54].

1.4 Installation Effects on Propeller Noise

Propellers are the main source of noise in an electric-powered propeller-driven aircraft.
However, the noise produced can vary with how they are installed on the aircraft. This section

discusses how the installation of a propeller changes the noise footprint of an aircraft.

1.4.1 Isolated Propeller in Axial Flow

Ideally, when a propeller is subjected to air ow along the axial direction and its loading is
not affected by the installation, it maintains steady loading along the azimuth, which produces
a steady loading noise. Steady loading noise is dominant in the plane of the propeller and it
reaches zero near the axis of rotation because of axial symmetry. An observer located at the

axis of rotation has a constant acoustic pressure value throughout the entire rotation of the rotor
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because the distance between the blade elements and the observer stays the same. An acoustic
pressure signal with a zero oscillation amplitude does not produce noise. This is the case for
both loading and thickness components of the propeller noise. But in reality, the blade loading

is not perfectly steady, and a small disturbance is enough to generate noise in the axial direction.
Therefore, the isolated propeller generates a low tonal noise in the axial direction if the blade
loading is suf ciently steady.

Another mechanism that reduces the tonal noise footprint of an isolated rotor is the destructive
interference of the acoustic pressure signals emitted by the blades. A steadily loaded propeller
causes blades to emit nearly sinusoidal pressure signals and when these are evenly phased in the
time axis, they cancel out each other resulting in a reduction in noise. The noise cancellation

usually increases with the blade count, resulting in lower noise emissions.

1.4.2 Propeller Shaft Inclination

When the propeller axis is not aligned with the freestream, it results in an advancing and a
retreating side of the propeller, which have differences in loading. As a result, the blade loading
becomes unsteady and this produces an unsteady loading noise. The propeller loading loses axial
symmetry, and hence, the loading noise near the rotational axis increases. It also results in the
blades producing acoustic pressure curves that deviate from the sinusoidal shape and therefore, it
affects the noise cancellation caused by the destructive interference of acoustic pressure signals
emitted by the individual blades. Therefore, the propeller shaft inclination to the freestream can

increase the propeller loading noise substantially.
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1.4.3 Propeller-Wing Aerodynamic Interaction

Wing-mounted propellers are a common design con guration in most AAM aircraft and
wings are generally the dominant source of airframe noise. As the propeller wake interacts with
the wing in forward ight, unsteady loading is exerted on the wing surface, which produces a
loading noise. On the other hand, the wing upwash interacts with the propeller, making its loading
unsteady. This increases the propeller loading noise. Therefore, the propeller-wing aerodynamic
interaction not only generates an airframe loading noise but also increases the propeller loading

noise, leading to a substantial increase in aircraft noise.

1.5 Transient Propeller Motions

Many AAM aircraft have propellers that operate in both hover and forward ight and they
transition between the two modes. The propellers usually have different rotational speeds when
operating in hover and forward ight modes to achieve better performance. A propeller transition
with changing rotational speed produces a complex wake structure that has “history effects” on
noise generation. During the transition, the propeller wake contains vorticity that was generated
at a different rotational speed and thrust level than those in which the propeller operates. BVI and
Airframe noise are generated as a result of the interaction with this propeller wake that contains
past information. Therefore, the previous operating conditions of the propeller have an effect on
the noise generation of an aircraft at any given point of a transition maneuver. In addition to that,
the wing lift changes with time as the forward speed changes during the transition. This causes
a change in the wing upwash and thereby it changes the unsteady loading on the propeller. This
could lead to a change in the propeller noise generation.
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The tilting motion of the propeller also adds to the complexities of aircraft noise generation
during a transition maneuver. It causes the propeller wake to bend in a particular direction and
depending on that, one side of the propeller disk gets closer to the wake and the other side
becomes farther from it. This could have implications for BVI noise. The tilting propeller wake
will interact with the airframe differently than a steady wake, causing changes to the airframe
noise. In addition to that, the tilting motion itself can cause changes in the in ow velocities of
the rotating blades. It will increase the in ow velocity on one side of the rotor disk and decrease
the in ow velocity on the other side. The translational acceleration or deceleration during a
transition can also affect the aerodynamics of the aircraft. All these effects can cause changes to
the aircraft's noise footprint.

If the aircraft is in steady hover, climb, descent, or forward ight the aerodynamics and
the resulting acoustic pressure emissions show a periodic oscillation in time. Therefore, the
noise footprint of the aircraft can be determined by calculating the aerodynamic data and the
acoustic pressure emissions over one period. But with a transient maneuver such as the transition
between hover and forward ight, the aerodynamics and the resulting acoustic pressure emissions
are non-periodic. Therefore, a periodic simulation cannot be used to accurately capture the
acoustic emissions from a transient aircraft maneuver. Simulating the entire maneuver can be
computationally expensive, especially if a high- delity tool is used to solve the aerodynamics,

maintaining a certain level of accuracy. This is the case for any transient propeller motion.
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1.6 Literature Survey of Previous Work

Propeller noise prediction is an extensively studied area of research during the last century.
This section discusses the previous work done on the effects of installation and transient motions

on propeller noise and their impact on the noise footprint of AAM aircraft.

1.6.1 Installation Effects

One of the rst ight tests to study installation effects on propeller noise was conducted by
Grif thand Revell in 1974 [55]. They analyzed the far- eld acoustics of a YO-3A reconnaissance
aircraft yover and found discrepancies between measured noise and the noise predicted by the
Air Force propeller noise computer program. They found a bucket trend in noise with the change
in RPM of the propeller and also found azimuthal variations in blade loading due to installation
effects. Furthermore, they identi ed uctuations in the wing lift caused by the interactions with
the propeller wake leading to loading noise.

In 1981, Tanna et al. [56] conducted aeroacoustic experiments on the wing-mounted
outboard propeller of a Lockheed C130 Hercules and identi ed the propeller angle of attack
and the upstream potential effect of the wing as important installation effects for propeller noise.
Both tonal and broadband noise from the installed propeller with a non-zero in ow angle were
found to be signi cantly higher than the corresponding noise levels from an uninstalled propeller
with a zero in ow angle. These effects were not accurately captured by FW-H-based prediction
methods that did not have the correct aerodynamics.

Block [57] studied the effects of pylon mounts on propeller noise in 1984 and found

that the increase in noise from unsteady loading can exceed 15 dB and the majority of the
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additional noise radiates in the axial directions. The study found that the unsteady aerodynamic
interaction introduced spikes in the pressure time history, producing higher noise levels in the
higher harmonics. It also identi ed that the pusher propeller is noisier than the tractor propeller
and the counter-rotating propeller noise is about 30 dB higher in the axial direction compared to
the single propeller.

Shivashankara et al. [5] studied the noise emissions of the General Electric UDF engine
with contra-rotating open rotors (CROR) and found that the noise increases due to pylon wake
interaction with CROR. They proposed pylon blowing as a means to reduce installation effects

on noise.

1.6.2 Wing-Mounted Propeller

In 1969, Snyder and Zumwalt [58] conducted wind tunnel experiments on wingtip-mounted
propellers to identify the effect of the propeller-wing aerodynamic interaction on wing lift and
induced drag. They found that when the propeller is rotating opposite to the wingtip vortex, the
wing lift increases, and the drag decreases, resulting in an increase in the lift-to-drag ratio. The
propeller wake cancels the wingtip vortex and by doing so it increases the effective aspect ratio
of the wing, which is the reason for the increase in performance. Loth and Loth [59] found that
by mounting the propeller this way at the wingtip, the wing drag could be decreased by up to
10%. Mendoza [60] found that the interference with the wing and other installation components
caused unsteady uctuations in the blade angle of attack but this was less signi cant compared
to the effect of propeller axis inclination.

Miller et al. [61] were among the rst to suggest that the propeller tip vortex could be
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a signi cant noise contributor. The study found that cabin noise may not be solely due to
propeller noise passing through the fuselage and that the vibrations propagating through the
aircraft structure from excitation of the wing skin could be re-emitted as noise into the cabin.
They also found that the core of the propeller tip vortex contained a pressure differential equivalent
to 20 dB.

Durbin and Groeneweg [62] conducted an analytical investigation of the propeller-wing
interaction noise in 1982. They found that the propeller blade operates in a non-uniform ow
eld due to the in ow angle generated by the wing. This led to uctuating blade loads and the
resulting unsteady loading noise was found to be comparable to or larger than the steady loading
noise. The directivity of the propeller noise also changed with the addition of the wing due to
interference effects. The noise was found to increase on the side where the blade moves down
and increase on the side where the blade moves up.

In a series of investigations conducted by Unruh between 1989 and 1991 [63, 64, 65],
structure-borne noise was identi ed as a signi cant contributor to cabin noise and the interference
noise was found to decrease with increasing propeller-wing separation. Marretta et al. [66]
developed a method to predict the acoustics of a propeller in the ow eld of a wing and found
that the wing causes a reduction of noise radiated by the propeller.

In 2012, Yin et al. [67] studied the aeroacoustics of a wing-mounted pusher propeller using
RANS-based CFD and FW-H solver and found that the nacelle and wing contribute signi cantly
to the near eld noise but not so much to the far- eld noise. Engine exhaust interaction with the
propeller and impingement of wing wake on blades were identi ed as major factors for noise
increase by about 6-6.5 dBA. The permeable FW-H version was found to suffer from wake

impingement leading to signi cantly higher noise levels compared to the impermeable version.

18



Boots [68], numerically studying the propeller-wing interaction induced noise, found that
with the increasing angle of attack, noise level remains unchanged for fundamental BPF but
increases for higher harmonics. For a con guration of a single propeller, wing, and fuselage, the
sound emitted from the fuselage was smaller than that of the wing due to less load and interaction
with the propeller wake. Boots and Feszty [69] studied the unsteady interaction by placing a
wing behind an SR-2 propeller in cruise using the vortex particle method. The broadband noise
increased by about 25 dB with little change in the tonal noise with the addition of the wing.

Akkermans et al. [70] studied the aeroacoustic installation effects for a propeller mounted
in front of a high-lift wing equipped with a Coanda ap for different propeller speeds, blade
pitch angles, wind tunnel velocities, and angles of attack. They found substantial deviations in
the noise footprint with respect to the isolated propeller case and sound pressure levels (SPL)
at frequencies below the BPF. The main broadband noise sources were identi ed to be the ap
side edge and the interaction of the propeller wake with the Coanda ap. Morelli et al. [71] also
studied a wingtip-mounted propeller with aps for a short take-off and landing (STOL) aircraft
con guration. They found an increase in noise by nearly 5 dB at certain observer angles when
the ap is deployed.

Mukherjee and Brentner [72] studied the effect of propeller-wing interaction on noise
emission using BEMT and vortex lattice method (VLM). They identi ed the unsteady wing lift
on the wing immersed in the propeller slipstream as an increasingly dominant source of noise in
the presence of low-tip speed propellers. The study indicated the presence of higher harmonics
in the wing noise and acoustic interference effects of the propeller and wing pressure signals at
the ground observer.

Poggi et al. [73] conducted a numerical study of a wing-mounted multi-propeller con guration
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and found that the aerodynamic interaction leads to increased propeller thrust and wing lift.
Wing noise was found to be negligible compared to the propeller noise and the inclination of
the propeller shaft caused much higher noise levels. Increased clearance between propellers led
to slight decreases in propeller thrust, wing lift, and noise emissions. Having a phase offset
between propellers had little effect on the aerodynamics but decreased the average noise level
while increasing the maximum noise.

Zawodny et al. [74] compared aeroacoustic measurements on inboard propeller-wing interactions
with RANS-based CFD and FW-H solver predictions. The wing surface pressure was in excellent
agreement with the CFD predictions but the numerical acoustics predictions had discrepancies
with the experimental data. This was believed to be due to the complex acoustic scattering
behavior within the test section. Initial attempts at modeling the scattered acoustic eld showed
that the acoustic amplitude variations depended on the wing position relative to the propeller disk.
Dramatic variations were observed in the acoustic directivity and amplitude for modest variations
in the wing position in the vertical and streamwise directions. The propeller and wing loading
noise were found to be comparable to each other.

Akiwate et al. [75] investigated the noise generated by a propeller-wing con guration at
take-off conditions using an analytical/semi-analytical approach developed for contra-rotating
rotors. The wing was considered as the rear rotor with zero rotational speed. They found that the
noise characteristics of the uninstalled rotor are signi cantly altered by mounting it on a wing.
The balance between the isolated propeller noise and the interaction noise changed with the blade
number, tip Mach number, and the propeller-wing separation distance. The wake interaction noise
was found to have considerable directivity in the azimuthal direction.

Zhou et al. [76] analyzed the aeroacoustics of a wingtip-mounted propeller con guration
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using unsteady RANS-based CFD, enhanced by the DDES model. The turbulent wake and the
tip vortex generated by the propeller blades were revealed to be important noise sources as they
impinge on the wing and nacelle surfaces. The impingement of the propeller blade tip vortices
on the leading edge of the wing towards the nacelle is identi ed as the dominant noise source.
Icke and Baysal [77] used the same geometry to study the acoustic characteristics of the wingtip-
mounted propeller also conducting a sensitivity analysis. Their results show that the aeroacoustic
interactions signi cantly affect the overall noise propagation depending upon the location of the
observer. The phase difference between the propeller and wing noise was found to reduce the

overall noise footprint at certain observers.

1.6.3 Unmanned Aerial Vehicle (UAV) Noise

UAV aeroacoustics is a relatively new eld of research, which developed recently with
the emergence of AAM. Therefore, the work done in this eld is slightly limited compared
to manned aircraft aeroacoustics. Among the more notable studies in UAV aeroacoustics is
the experimental campaign carried out in the Low-Speed Aeroacoustic Wind Tunnel (LSAWT)
at NASA Langley. Zawodny and Boyd [78] took acoustic measurements of isolated rotor-
airframe con gurations representative of small-scale, rotary-wing UAVs under hover conditions
and compared a subset of them with CFD-based predictions. Favorable agreements were obtained
between the measurements and predictions in both time and frequency domains. The close
proximity of airframe surfaces resulted in the generation of considerable tonal acoustic content
at the BPF harmonics. In a continuation of this study, Zawodny et al. [79] found that increasing

the vertical separation of the rotors from the vehicle airframe showed nearly 8 dBA overall noise
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reduction in forward ight while decreasing the noise up to 4 dB in overall tonal levels for one of
the rotors in hover.

Thurman et al. [80] used a lattice-Boltzmann method—very-large-eddy (LBM-VLES) simulation
to predict the noise emissions of DJI-9450 small UAV rotor in a hover condition. The predicted
aerodynamic loading was compared with experimental data for the same aircraft. The acoustic
predictions had good agreement with the experimental data up to about 11 kHz. The spatial
resolution of the computational domain was not suf cient to capture the noise above that frequency.
Broadband noise was the dominant contributor above 1 kHz for this rotor. The blade self-noise
was found to be the prominent noise source, whereas the BWI noise was negligible.

Interatep et al. [81] have conducted an experimental aeroacoustic analysis on the DJI
Phantom Il quadcopter and have found that the acoustic spectrum is dominated by tonal noise
up to the mid-frequency range 6 kHz). The broadband noise was found to be dominant in
the mid to high-frequency range with a signi cant hump observed in the mid-frequency range.
Motor noise was noticeable also in the mid-frequency range. A signi cant increase was found
in broadband noise when switching from operating two non-adjacent rotors to operating all four
rotors. The interaction between propellers has reduced the aerodynamic performance, due to a
6-7% decrease in thrust compared to the isolated propeller.

Doty [82] conducted a study to understand the acoustic impacts of current UAVs and
identify the capability of the existing tools to predict the noise. The isolated rotor noise captured
by high and low- delity methods agreed well with the measurements from ground testing. The
study found that the acoustic implications of propeller-airframe interaction can be signi cant at
small spacings from the rotor tip. The ight tests have revealed unsteady loading on rotors, which
can increase the noise and change its character.
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Feight et al. [83], conducting an experimental analysis of a common quadrotor con guration,
identi ed that BVI is important for multirotor UAVs during the transition phase. They found that
guadrupole noise is not as signi cant as thickness and loading noise, and broadband noise can
be signi cant at lower tip speeds. The noise below 5 kHz was dominated by the thickness and
loading contributions at BPF and its harmonics. The noise measured above 5 kHz showed a large
broadband content. They also found that the acoustic signature characteristics are invariant with
the number of rotors or the speed of the rotors and that the rotor noise dominates over motor
noise. The high-frequency noise will hardly reach observer distances greater than 1 km due to
atmospheric absorption.

Heydari et al. [34] conducted a CFD study of a quadrotor biplane to understand the
aeroacoustic characteristics and structure-borne noise. They found that the aircraft noise is much
higher compared to the isolated propeller noise and the noise increases with pitch angle and RPM.
Propellers and their interaction with each other were found to be the major source of noise at small
pitch angles. At higher pitch angles, the propeller-airframe interaction noise is more dominant.
The propeller and airframe impose unsteadiness on each other, resulting in structure-borne noise
that depends on the propeller RPM, velocity, and pitch angle. The propeller unsteadiness depends
more on the aircraft pitch, whereas the structure unsteadiness depends more on the RPM. Irregular
trends of noise were observed with respect to in ow velocity.

Propeller synchrophasing has been proposed by many studies as an effective active noise-
reduction tool for UAV aircraft [84, 85, 86]. This has been originally proposed for turboprop
aircraft and a signi cant reduction of noise in the order of 8 to 14 dB has been realized using
a synchrophaser [87, 88]. Guan et al. [86] show that synchrophasing can be used to decrease

guadrotor noise by more than 10 dB. Propeller synchrophasing can be physically achieved using
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a device called the “synchrophaser”. The Air Force Research Laboratory (AFRL) developed a
second-generation phase-locked-loop (PLL) digital synchrophaser in 1994, which achieved a 3-5
dB reduction in exterior noise levels on a C-130 aircraft [89]. Cao et al. [84] have developed
a synchrophasing platform for a two-propeller UAV and achieved a noise reduction of 1.8 dB.
In addition to synchrophasing, the use of Q-tip propellers, more propeller blades, absorptive
and re ective barriers, ducted propellers, sound absorbing ducts, and multichannel active noise

cancellation (ANC) systems are considered for UAV noise reduction [90].

1.6.4 Transient Rotor Simulations

The previous work done on transient propeller motions using high- delity simulations is
extremely limited. Some studies have used low- delity aeromechanics tools such as comprehensive
analysis (CA) to study rotorcraft maneuvers but have mainly focused on ight dynamics and
rotor-only analyses [91, 92, 93]. There are only a very few studies that have used CFD to analyze
rotor transition but none of them have investigated the aeroacoustics.

Tran and Yeo [94] used coupled CFD and CA to model the aeromechanics of the XV-15
tiltrotor undergoing a transition maneuver. They used quasi-steady simulations to predict the
loads at intermediate stages of transition and these were found to be in good agreement with the
unsteady simulation results. Therefore, they identi ed quasi-steady simulations to be effective
and ef cient in modeling transition maneuvers. Non-linear effects such as BWI and aerodynamic
interferences between the rotor and wings were found to be signi cant at the beginning and end
of the transition. They compared the results of the coupled CFD/CA simulations with a CA-only

simulation and found that CA shows good agreement with CFD/CA at moderate airspeeds during
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the transition but struggles at low speeds and during cruise. The study highlighted the need for
coupled CFD/CA analysis for capturing the complexities of tiltrotor transition.

Tran and Lim [95] used coupled CFD and computational structural dynamics (CSD) to
investigate the interactional aerodynamics of the XV-15 tiltrotor during hover-to-forward ight
transition. The full vehicle was studied in a quasi-static manner with different airspeeds, nacelle
angles, and vehicle attitudes. They observed signi cant wing-on-rotor interactions where the
thickness and loading effects of the wing create an impulsive doublet loading on the rotor as it
passes over the wings. Furthermore, the wing was found to alter the BVI of the rotor at high
nacelle angles. In turn, it was noticed that the rotor alters the lift and drag characteristics of the
wing.

Gallo et al. [96] conducted an experimental analysis on the DJI Phantom-3 quadcopter in
hover, yover, and transition between the two states. For all maneuvers except hover, tonal peaks
were found to be spread over a wide range of frequencies, given the variation in rotational speed
of the front and rear propellers. The psychoacoustic annoyance was found to be higher for yover
and transition compared to hover.

Savino et al. [97] used a mid- delity aerodynamic solver, which employs the vortex particle
method, to simulate the transient roll maneuver of a complete tiltrotor aircraft. Simulation
results showed the importance of the accurate representation of rotary wing aerodynamics and the
analysis of transient maneuvers of aircraft con gurations characterized by complex interactional

aerodynamics.
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1.7 ldenti cation of Research Gaps

Reviewing the previous work on the installation effects of propellers on acoustics, it is
observed that the effects of the pylon and wing-propeller interaction have been studied reasonably
well. However, not much focus has been on the wingtip-mounted propeller aeroacoustics. Past
studies have focused on the aerodynamics of the wingtip-mounted propeller but they have not
analyzed its acoustic characteristics in suf cient detail. With the growth of UAM, there are many
eVTOL designs that have propellers mounted on the wingtips, occasionally operating as tiltrotors
transitioning between hover and forward ight. Therefore, it is important to have a deeper
understanding of the aeroacoustic characteristics of the wingtip-mounted propeller con guration,
focusing on interactional aerodynamics and its effects on noise emissions.

At the subscale level, the installation effects of UAV propellers have also contributed to
an increase in noise emissions. Aircraft-community interaction is expected to be much more
dynamic and dispersed with UAVs compared to traditional aircraft and there is insuf cient aeroacoustic
understanding of small UAVs [15]. Most studies have focused on the quadrotor UAV, trying
to analyze the balance of tonal and broadband noise as the rotor size decreases from manned
aircraft. Further analysis is required to fully understand the installed effects of propellers at
the UAV scale, especially focusing on propeller-wing interactions in aircraft such as quadrotor
biplanes. Moreover, there is not much aeroacoustic understanding of UAV sizes that are in
between manned aircraft and small quadcopters. These would typically be used in the future
to transport reasonably large cargo sizes between hubs or distribute multiple packages from
distribution centers in a single ight. Depending on the size of the rotor, the relative contribution

of tonal and broadband components can change. This can affect the dominance of the unsteady
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aerodynamic interaction between the rotors and airframe as a source of aircraft noise.

A comprehensive understanding of UAV aeroacoustics is the rst step in developing noise
reduction mechanisms. Once the aircraft noise sources are well understood, active and passive
tools can be developed to reduce the acoustic footprint of the aircraft. There are some studies that
have investigated the effectiveness of propeller synchrophasing as a noise-reduction tool mostly
with manned turboprop aircraft and quadrotor UAVS. It is essential to extend these analyses to
other UAV con gurations, especially those that also depend on wings as lifting devices. The
effectiveness of synchrophasing can be low if the airframe noise is dominant. The physics of
synchrophasing can change with the unsteady aerodynamic interactions between the rotors and
the airframe, especially with the involvement of a wing.

Aeroacoustics of UAVs and eVTOLSs undergoing transient maneuvers has not been studied
well mainly because of the high amount of computational resources required for high- delity si-
mulations. Transition between hover and forward ight has been identi ed as an aeroacoustically
critical phase of ight especially in large tiltrotor aircraft but not much work has been done with
regard to AAM aircraft. Propeller transition needs to be investigated at high delity to understand
the complex aerodynamics that could cause changes in BVI and the resulting noise emissions.
It could also impact the unsteady aerodynamic interactions between the propeller and airframe
which could amend the aircraft's noise footprint.

RANS-based CFD can be used as a high- delity tool to simulate the aerodynamics of a
propeller transition but the existing serial acoustic tools are not capable of handling the large
number of time steps involved. Therefore, a parallelized aeroacoustic framework needs to be
developed to ef ciently compute the acoustics of such a transient maneuver. Such a framework
should optimally utilize the available computational resources and effectively reduce the cost of
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computation.

1.8 Objectives

The research gaps identi ed in the previous section lead to the following research objectives.

» Develop an ef cient parallelized computational framework for rapid aeroacoustic
computation. The framework uses high- delity aerodynamic inputs from RANS-based
CFD simulations and is used to calculate the aeroacoustics of both transient and periodic
simulations in a reasonable amount of time. Both CPU and GPU parallelization are used

to optimally utilize the available computational resources to reduce the computation time.

* Analyze the aeroacoustics of a wingtip-mounted propeller con guration in forward
ight using high- delity CFD. The analysis is focused on the interactional aerodynamics
between the propeller and wing and how it affects noise emissions. Multiple angles of
attack are considered to understand the variation in propeller and wing noise with incidence
angle. A detailed understanding is obtained with regard to the physics of noise generation

in a wingtip-mounted propeller.

* Analyze the aeroacoustics of a quadrotor biplane tailsitter UAV in hover and forward
ight using high- delity CFD. The aircraft is trimmed in both hover and forward ight
modes considering an assumed take-off weight representative of the aircraft size. The
effects of rotor-rotor and rotor-airframe interaction on the aircraft noise footprint and performance
are studied in detail. Moreover, the use of the semi-span model with a symmetric boundary

condition is considered to reduce the cost of CFD computation.
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* Investigate the effectiveness of synchrophasing and possible geometric modi cations
in reducing the noise footprint of the quadrotor biplane tailsitter. Different synchrophasing
arrangements are studied in both hover and forward ight and a detailed analysis of the
noise cancellation mechanisms is conducted focusing on the individual acoustic pressure
signals of the propellers. In addition to that, possible modi cations to the geometry are

studied to achieve a lower noise footprint.

» Simulate an isolated propeller transitioning from hover to forward ight using the
parallelized aeroacoustic framework.The aerodynamic and acoustic results of the unsteady
simulation are compared with those calculated from quasi-steady simulations at intermediate
tilt angles to understand the intensity of the non-linear unsteady phenomena associated with
the transition. A methodology is developed to include the tilting velocity eld in the quasi-

steady simulations to better capture the unsteady characteristics of transition.
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Chapter 2: Methodology

The objectives of this study were achieved using a numerical framework that incorporates
CFD and computational aeroacoustics. The framework was optimized using a parallel computing
architecture to support rapid high- delity aeroacoustic computations. This section discusses the
development of the framework, explaining the aerodynamic and acoustic formulations, on which

it is based.

2.1 Computational Fluid Dynamics

2.1.1 Navier-Stokes Equations

The behavior of uid ow is governed by the Navier-Stokes equations, which consist of the
conservation of mass, momentum, and energy. In the Cartesian coordinate system, the Navier-
Stokes equations can be expressed in the strong conservation form as [98]

@, @&, 0 a_a, o, &

@ ex @y @ ex @y e’ 1)

whereq is the vector of the conserved variablas,b;, andc; are the inviscid ux vectors,
a,, by, andc, are the viscous ux vectors, amslis the source vector arising from either body

forces or effects of non-inertial frame of referensés zero for all applications considered in this
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study. The vector of conserved variablgsis

2 3

q=8 v (2.2)

where is the density,u, v, andw are the corresponding velocity components in the
Cartesian directionss, y, andz, ande is the total energy per unit volume. The inviscid ux

vectors,g;, b, andc; are

2 3 2 3 2 3
u v w
u2+p vu wu
q = uv , bi=8y24 pz: G~= wv (2.3)
uw VW w2+ p
u(e+ p) v(e+ p) w(e+ p)

wherep is the local pressure obtained from the equation of state for a perfect gas

p=( 1) e %(u2 + v2+ w?) (2.4)

where is the ratio between the heat capacity at constant presSpirarfd the heat capacity
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at constant volumeQ,). For air, is assumed constant at 1.4. The viscous ux vectaysb,,

andc, are
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whered, ¢, andg, are the rates of thermal conduction in the corresponding coordinate

direction and can be expressed as a function of thermal conduckyitysing Fourier's law as

@T

= k=
9 @x

(2.8)

wherei andT denote the coordinate direction and temperature, respectively. The viscous

stress, j , is formulated using Stokes' hypothesis as

@u, @y 20w
@x @x 3@’

(2.9)

ij

where is the molecular viscosity calculated using Sutherland's law grid the Kronecker

delta.

2.1.2 Reynolds-Averaged Navier-Stokes (RANS) Equations

Numerically solving time-dependent Navier-Stokes equations is computationally challenging
at high Reynolds numbers as all turbulent scales must be accurately resolved. Therefore, for
practical engineering problems, Reynolds-averaging is used to reduce the computational cost of
the simulations by allowing the computational mesh to have reasonable cell sizes. The Reynolds-
averaged formulation is obtained using a statistical averaging of the Navier-Stokes equations. It
resolves the statistically steady turbulence ignoring the transient features. The ow variables in

the Navier-Stokes equationg) @re decomposed into the mea) &nd uctuating partsq® as

g=g+ ¢ (2.10)
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The mean parg, is de ned as

Z

_ Ilm 1 t+ t
9= t11 t

g(t)dt (2.11)

By de nition, the time-averaging of the uctuation part is zero. By time-averaging the
Navier-Stokes equations with the decomposed ow variables, the Reynolds-Averaged Navier-
Stokes (RANS) equations can be obtained. Most of the uctuation terms cancel out and the
resulting equations are similar to the original Navier-Stokes equations except for the replacement
of ow variables by the time-averaged ow variables and the additional terms in the momentum
and energy equations that do not cancel out. The additional term in the momentum equation
is known as the Reynolds-stress tensor and is expressed using the Boussinesq eddy viscosity

hypothesis as

— 0 @u, @y 2@v

( ij )turb = uIOUJO turb @?( @x é@% ij (212)

where IS the turbulent eddy viscosity, which has to be calculated using an appropriate
turbulence model. The additional term in the energy equation is ignored because heat transfer is
not considered in the calculation.

Turbulent uctuations at higher frequencies are the source of broadband noise. As Reynolds-
averaging ignores these uctuations, acoustic calculations based on the resulting aerodynamic
solution cannot capture the higher frequency broadband noise. Therefore, broadband noise has

to be modeled.
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2.1.3 Mercury Framework

The Mercury framework [99], which is an overset mesh, heterogeneous CPU-GPU, multi-
solver CFD framework developed at the University of Maryland, was used to perform the CFD si-
mulations in this study. Figure 2.1 describes the computational routine of the Mercury framework.

The framework incorporates three ow solvers:
1. OverTURNS - Overset Transonic Unsteady Rotor Navier-Stokes solver [100]
2. HAMSTR - Hamiltonian Strand solver [101]
3. GARFIELD - GPU-Accelerated Rotor Flow Field solver [102]

The framework uses Python to wrap C and Fortran codes for interoperability with other
solvers. Communication between multiple solvers is accomplished using TIOGA (Topology
Independent Overset Grid Assembler) [103]. Once the data pointers are shared, Python's only
responsibility is coordinating the function calls between each module, ensuring ef ciency and
modularity.

The present work employed two ow solvers, HAMSTR and GARFIELD. The near-body
solver HAMSTR is an unstructured, cell-centered, nite-volume Unsteady Reynolds-averaged
Navier-Stokes (URANS) solver [101]. The key feature of HAMSTR is the robust identi cation
of line structures in a purely unstructured grid. These lines are used to perform stencil-based
reconstruction and line-implicit procedures, similar to structured grid solvers. For the off-body
domains, GARFIELD solver [102] was used. GARFIELD is a structured, cell-centered, nite-
volume URANS solver. The ow solver runs on multiple GPUs using CUDA and MPI and
drastically reduces the computational resource requirements for large CFD cases. Both HAMSTR
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Figure 2.1: Computation routine of Mercury framework

and GARFIELD employ a8 order Weighted Essentially Non-Oscillatory (WENO) scheme [104]
for the inviscid terms and a2 order central difference discretization scheme for the viscous
terms. For the approximate factorization, HAMSTR uses an implicit Diagonally Dominant Line
Gauss-Seidel (DDLGS) scheme, and GARFIELD utilizes a Diagonalized Alternating Direction
Implicit (DADI) scheme. The Spalart-Allmaras Delayed Detached Eddy Simulation (SA-DDES)
model [105] is used for turbulence closure. Data exchange between the ow solvers and different
mesh topologies is performed using TIOGA [103].

To simulate a ow around a geometry, the ow domain has to be discretized appropriately.
First, the surfaces of the geometry are discretized using triangular and quadrilateral elements with
suf cient mesh resolution. Grid resolution studies can be conducted to determine the appropriate
resolution for the mesh. Then, the in-house strand mesh generation tool is used to generate the

near-body volume meshes to be run in HAMSTR. First, it subdivides the surface meshes to form
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all-quadrilateral unstructured meshes by dividing triangular and quadrilateral elements into three
and four quadrilateral elements, respectively. Then it nds the outward surface normal vectors
and generates a hexahedral near-body mesh using a prede ned growth rate for the wall spacing.
For certain geometries with concave surfaces, the surface normal vectors have to be adjusted
to avoid them from interfering with each other, causing negative cell volumes. Once the near-
body meshes are generated, Cartesian meshes are generated for the off-body domain, ensuring
a smooth transition of cell sizes at the near-body domain boundary. For better computational
ef ciency, several nested meshes are used to enclose the near-body meshes with an adequate
grid resolution to allow the use of coarser meshes near the outer boundary. Overset boundary
condition is applied at the boundaries between meshes and TIOGA ensures data transfer between
the meshes and solvers. The no-slip boundary condition is usually applied to the geometric
surface and freestream or slip boundary conditions are applied at the outer boundary of the ow
domain.

HAMSTR and GARFIELD solvers handle the near-body and off-body meshes, respectively.
For steady simulations with no geometric motions, the CFL number determines the time step size,
and the CFD simulation is run for a reasonable number of time steps to achieve convergence. For
unsteady time-accurate simulations with geometric motion, a suitable time step size is de ned
usually based on the rotational speed of the rotors. A Q@5 , or 1 step size is appropriate
for rotor simulations.

Mercury is capable of handling periodic geometric motions such as blade rotation, apping,
lagging, torsion, etc. However, to simulate a transition maneuver, the mesh movement capabilities
of Mercury had to be improved to include non-periodic maneuvers such as rotational and translational

acceleration. Therefore, a new module was developed to enable non-periodic motions.
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2.1.4 Development of Non-Periodic Motion Module

The core of the Mercury framework handles mesh movements using a motion module. Itis
a python/C++ wrapper and only performs periodic mesh movements such as rotation around an
axis and elastic de ections. It uses matrix multiplications to perform 3D mesh rotations. First, the
axis of rotation is mapped to the z-axis using a frame matrix, and then the rotation is performed

around the z-axis. The equation used for 3D mesh rotation is

Xi+1 = FRi1 (FR) *x; (2.13)
where, 2 3
X
y
X = (2.14)
Z
1

is the coordinate vector of each mesh element. Haepresents the current time step and

i +1 represents the next time step.andR are the frame and rotational matrices, respectively.

The rotational matrix around the z-axis is

2 3
coS sin O
sin  cos 0
R= (2.15)
0 0 1
0 0 01

where is the angle of rotation. The frame matrix to map an arbitrary rotational axis to the
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Z-axis is

2 3
COS CcOoS sin cos + cos sin sin  sin sin + cos sin cos  dx
sin cos cos cos + sin sin sin cos sin  + sin sin cos dy
F=
sin COoSs sin COS C0S dz
0 0 0 1
(2.16)
where , ,and are the corresponding rotations aroundxhg, andz axes, andlx, dy,

anddz are the corresponding translations alongxhg, andz axes to move the axis of rotation
from the z-axis to the actual geometric rotation axis.

An aircraft transition from hover to forward ight is a non-periodic maneuver mainly
because of the forward acceleration to gain forward speed. In addition to that, if the propeller
thrust is controlled by its RPM, it needs to be changed to maintain trim during the transition.
In general, the drag force that needs to be overcome by the propeller thrust in forward ight is
generally lower than the weight of the aircraft, and therefore, the thrust needs to be reduced.
This is done through RPM deceleration. Therefore a typical propeller transition consists of the

following motions.

* Rotation and acceleration around the propeller axis.

» Rotation around the transition/tilting axis.

* Translational motion and acceleration in the forward direction.

The existing motion module of Mercury has no provisions for multi-axial rotation and
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acceleration. Therefore, a new motion module was developed to include non-periodic motions
and multi-axial rotation capability. The motion of a mesh element is performed in two stages.

The primary rotation and translation are performed as

X0,y = Tisg FUIRML (T, FIURMY 1y, (2.17)

whereR™ andF™ are the rotation and frame matrices corresponding to the primary rotation
and are given in Egs. 2.15 and 2.16is the translation matrix which can be written as

2 3
1 0 0 sx

0O 1 0 sy

T= (2.18)
0 0 1sz
0 00 1

wheresx, sy, andsz denote the translation in the three coordinate directions at a given

time step. A secondary rotation is then performed on the intermediate position x&¢tas

1
Xisn = T FEREY, T FERE X0, (2.19)

whereR? and F? are the rotation and frame matrices corresponding to the secondary
rotation. As the primary rotation changes the rotational axis of the secondary rofétias,a

function of the primary rotation, which can be expressed as

21 = F[l]Ri[ill Fla 10l (2.20)
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where F2% s the original frame matrix for the secondary rotation at the onset of the
simulation. ThereforeF? is time dependent if the primary rotation is active Biff is constant
throughout the simulation. In a transition simulation, the tilting motion is the primary rotation
and the propeller rotation is the secondary rotation. With this modi cation to the motion module,

the non-periodic mesh motions required for a transition can be achieved.

2.2 Computational Aeroacoustics

The acoustic computations for this study were conducted using the Acoustic Code of
the University of Maryland (ACUM). The core computation of ACUM is based on Farassat's

formulation 1A [45] of the Ffowcs Williams-Hawkings equation [44].

2.2.1 Ffowcs Williams - Hawkings Equation

Ffowcs Williams —Hawkings equation is an inhomogeneous wave equation derived from
mass and momentum conservation equations. It serves as the governing equation of sound

radiation from moving aerodynamic surfaces and is given in Eq. 2.21.
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In this equation, the aerodynamic surface (see Fig. 2.2) is describe¢xby) = 0 such
that f = n, wheren is the outward unit normaf. > 0 describes outside the surface dnd 0
describes inside the surfacg, is the local surface velocity component in the surface normal
direction.x andt describe the spatial and temporal domamis. the local pressure, which can be
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decomposed into the pressure in the undisturbed medignagd the uctuation around D).

If p%=p 1, plis called the acoustic pressure. Acoustic pressure is related to the local density

uctuation ( 9 as

=& %= X 0) (2.22)
where is the local density, ¢ is the density in the undisturbed medium, arid the speed
of sound. Note thgt’can be interpreted as the acoustic pressurif, 1. Tj is the Lighthill
stress tensor, which can be de ned as
Tij = Uiy i + pO C2 0 i (223)

whereu; anduy; are thei™ andj™ components of the local ow velocity vector; is the

viscous stress tensor, angd is the Kronecker delta. The Heaviside and the Dirac delta functions

are denoted ad (f ) and (f ), respectively.

The left side of Eq. 2.21 consists of the wave equation that governs the propagation of an

acoustic disturbance. The right side of the equation contains the source terms that account for the

Figure 2.2: De nition of the aerodynamic surface for the Ffowcs Williams —Hawkings equation
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generation of the acoustic disturbance. The rst source term is a monopole, which represents the
acoustic pressure disturbance generated due to the thickness of the surface. This is the source
of thickness noise. The second term is a dipole and represents the noise generation due to
aerodynamic loading. This is the source of loading noise. For a moving surface such as a rotor
blade, the terminology of monopole and dipole can be misleading because the motion causes the
radiation patterns to be different from those of stationary monopoles and dipoles. The third term

is a quadrupole source, which describes the acoustic disturbance generated by turbulent eddies in
the vicinity of the surface.

All non-linearities associated with noise generation are lumped into the Lighthill stress
tensor (Eq. 2.23), which consists of three contributing parts. The rst term is the Reynolds stress
tensor, which represents the turbulent stresses in the uid domain. The second term is the viscous
stress tensor, which accounts for the attenuation of the sound through viscous dissipation. The
third term represents the excess pressure generated by non-linear processes and compressibility
effects in the uid.

As the calculation of the Lighthill stress tensor is computationally challenging, Ffowcs
Williams proposed to use a penetrable data surface to account for the non-linearities in the vicinity
of the aerodynamic surface [106]. This permeable data surface is de ned in such a way that all
guadrupole sources producing non-negligible noise are included within the surface. Therefore, no
volume integration outside of the data surface is necessary. However, the passage of non-acoustic
disturbances through such a permeable surface can result in a signi cant error [107]. Due to this
reason, the impermeable approach is preferred in aeroacoustic calculations. The quadrupole
source term is important only at the transonic Mach range [108]. All cases considered in this

study are in the subsonic region, therefore this source is ignored in the aeroacoustic calculations
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performed in this study.

2.2.2 Farassat's Formulation - 1A

The solution to the Ffwocs Williams —Hawkings equation (Eq. 2.21) was developed by
Farassat using the free-space Green's function of the wave equation and this is called Farassat's
Formulation 1A [45, 106]. The total acoustic pressip® froduced at a given observer location
(x) and observer timet) is broken down into the thicknesp%) and loading §°) components,

neglecting the quadrupole sources.

P t) = P (x;t) + pL(x;t) (2.24)

The integral solutions to the thickness and loading acoustic pressure terms are given in Egs.

2.25 and 2.26, respectively.

Z Z n #
M MZ))
Apo(x:t) = ot V) g, oVn(rMy + (M, ds  (2.25
pT( ) f=0 I’(l Mf)z ret f=0 r2(1 M,—)3 ret ( )
Z n # Z
1 L. | IV
Ofy-t) = = r
DT e (P e W
, )
C - r2(1 My)

ret

In these equationdyl is the Mach number vector of the source surface 0, dS is the

area of the surface elementis the difference between the observer dnd sourcey() position
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vectors.l; andly are the local force components per unit area acting on the uid in the directions

of sound propagation and surface velocity, respectively, such that

L =pnr (2.27)

v = pn M (2.28)

In Egs. 2.25 and 2.26, the terms with order? contribute to near- eld noise and those
with order1=r contribute to far- eld noise.[ ]; refers to retarded time, which means that the
expression within the bracket should be evaluated at the source time. The relationship between

source time () and observer timet) is

(2.29)

where? is the wave propagation time. The acoustic pressure time history calculated using

this formulation is used to calculate the overall sound pressure level (OASPL) as

OASPL = 20 logy FF’;’“S (2.30)

ref

where pis IS the root mean square value of the pressure time historypands the
reference pressure value, 2Ba. OASPL is measured in decibels (dB). The pressure time history
solution in the time domain can be converted into the frequency domain by performing a Fourier
transform. This results in a frequency spectrum, which indicates the sound pressure level (SPL)

at each frequency.

ACUM was initially developed to use this formulation with a compact chord approximation,
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where the aerodynamic loading is concentrated at th® tiord. The thickness source is
approximated using a source and a sink located &t &f®rd and 5/8 chord, respectively. Blade

loads are obtained using low- delity aerodynamic tools such as BEMT. Later, a distributed source
version (ACUM-2) was developed to use surface pressure data from CFD simulations to perform
the aeroacoustic calculations. The surface velocity, outward unit normal, and elemental surface
area are also obtained from CFD output data. A discretized acoustic surface, which is similar
to the one used for CFD, is used for integration. However, ACUM-2 was only able to perform
the integration on structured meshes. Therefore, as the rst step of the aeroacoustic framework

development process, ACUM-2 was upgraded to perform the integration on unstructured meshes.

2.2.3 Brooks, Pope, and Marcolini (BPM) Model

RANS-based CFD simulations do not capture the transient component of turbulence, and
therefore, the resulting pressure uctuations lose the high-frequency content. Therefore, the
Ffowcs Williams —Hawkings approach does not fully capture the broadband noise emissions of
aerodynamic surfaces. ACUM compensates for this by including the self-noise emissions of rotor
blades and wings using the Brooks, Pope, and Marcolini (BPM) semi-empirical model [51]. It

considers the following sources of airfoil self-noise.

Turbulent boundary layer —trailing edge noise

Turbulent boundary layer —separation stall noise

Laminar boundary layer —vortex shedding noise

Trailing edge bluntness —vortex shedding noise
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* Tip vortex formation noise

(a) Turbulent boundary layer —trailing edge noisgb) Laminar boundary layer —vortex shedding noise

(c) Trailing edge bluntness —vortex shedding noise (d) Tip vortex formation noise

(e) Turbulent boundary layer —separation stall noife Turbulent boundary layer —separation stall noise
- small separation - large separation

Figure 2.3: Sources of airfoil self-noise [51]

These sources are visually represented in Fig. 2.3. The BPM model was developed by
conducting a comprehensive set of wind tunnel experiments on the NACA0012 airfoil. It uses the
sectional angle of attack and boundary layer thickness parameters at the trailing edge to calculate
the broadband self-noise. The effective sectional angle of attaghks(calculated by comparing
the sectional normaky{) and chordwised) forces of the blade with the coef cient of lift of the

section ¢) at known angles of attack [109]. The two iterative equations used are
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G=G e+C (2.31)

C = C4C0S o+ CSiN ¢ (2.32)

whereg is the lift curve slope and, -, is the lift coef cient at zero angle of attack,
andcy are extracted from the CFD solution, whereasandc -o are calculated from a set of
2D CFD simulations performed on the airfoil section at several angles of attack under multiple
Reynolds and Mach numbers. The effective angle of attack is calculated by iterating Egs. 2.31
and 2.32 until convergence.

The boundary layer thickness parameters can be calculated either directly from the 3D
CFD simulations or from the aerodynamic tables generated using 2D CFD once the angle of
attack is determined. The BPM model also estimates the boundary layer thickness parameters at
the trailing edge of a symmetric NACA0012 airfoil by curve- tting the experimental data. For
this study, 2D CFD data were used to compute the boundary layer thickness parameters.

BPM calculates the one-third octave sound pressure level (§Rpectrum and this can be
logarithmically added to the tonal SRk spectrum calculated from the FW-H formulation to get
the total SPL=3 spectrum. The SPL or Sk values at different frequencies are logarithmically
added together to calculate the OASPL. SPL or SPkalues should be converted to their
corresponding acoustic intensities before adding them together. Eq. 2.33 shows the logarithmic

addition of SPL values to calculate the OASPL, wherés the number of frequency components.
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SPL

OASPL =10 logi 1010 (2.33)

2.2.4 Atmospheric Attenuation

As sound waves propagate through the air, their amplitude decreases as some of the energy
carried by the wave is lost to friction and relaxation processes in the air. This causes atmospheric
attenuation of a sound and it depends on the frequency of the sound wave, the distance it propagates,
and the atmospheric conditions such as pressure, temperature, and humidity. ACUM uses the
approximate method [110] to estimate the atmospheric attenuation of the noise emissions. The

sound absorptiong in dB for any one-third octave band is computed as

e(f)= (fmi)d 1+(B210)[1 0:2303 (fmi)s] (2.34)

where (fq;) is the sound attenuation rate computed at the exact mid-band frequency
f m:i, for one-third octave banid d is the propagation distance in meters, &f10is equal to
0.0053254 for base-10 designed one-third octave band lters. The sound attenuationirate,

dB/m, is computed as

h i
(F)=8:6862 1:84 10 *(p.=p) “(T=T,)*?

n
+(T=T,) 2 0:01275¢xp( 22391=T)] fo=(f3 + f?) (2.35)

0
+0:1068pxp( 33520=T)] f =(f2 +f?)

wheref is the pure tone frequency in Hz for which the sound attenuation rate is to be
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computed,p, is the ambient atmospheric pressure in kRais the reference pressure of one
standard atmospherp, (= 101.325 kPa)T is the ambient atmospheric temperature in K, @and

is the reference ambient temperature of 293.15,K.andf,y are computed using

= Pa=p 24+ (4:04 10°h)(0:02 + h)=(0:391 + h) (2.36)

_.,
o
|

= (pa=p)(T=T;) > 9+280h exp 4170[(T=T,) = 1] (2.37)

—
=
z

|

whereh is equivalent to the molar concentration of water vapor as a percentage, and is

computed as

h = hrel (Psat=R)(Pa=R) * (2.38)

whereh, is the relative humidity in percent and

Psat = Pr 10" (2.39)

V =10:79586[1 (To;=T)] 5:0280800:0(T=Toy)
+1:50474 10 * 1 10 #29692(T=Tor) 1] (2.40)

+0:42873 10°% 1 +10%76951 (=T 22195083

whereTy; is the triple-point isotherm temperature equal to 273.16 K.
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2.2.5 A-Weighting

Aerodynamic noise can have a wide range of frequencies but the human ear is only sensitive
to acoustic pressure disturbances in the auditory frequency range between 20 Hz and 20 kHz.
Even in this range, the human ear is not equally sensitive to all frequencies. Numerous factors
determine the human response to a particular noise level, and based on these, several metrics have
been developed to identify the human perception of noise.

The human ear is less sensitive to low frequencies and more sensitive to frequencies between
1kHz and 10 kHz. A-weighting takes this into account and applies relative weighting based on
the frequency of the noise to decrease the contributions of the lower frequencies and increase
the contributions of the higher frequencies. Figure 2.4 shows the correction to be added to the
unweighted decibel level (dB) at one-third octave frequencies to calculate the corresponding A-
weighted decibel values (dBA) as shown in Eq. 2.41. A-weighting generally reduces the tonal

noise contribution to the total aircraft noise.

Figure 2.4: A-weighting curve [52]
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dBA = dB + Correction (2.41)

2.2.6 Perceived Noise Level (PNL)

This is a loudness-based metric, computed from one-third octave band sound pressure level
(SPLy=3), with a particular emphasis given to noise levels at frequencies between 1 kHz and 10
kHz [111]. The resulting noise level is expressed in PNdB.

The calculation procedure of PNL given below is from Federal Aviation Regulations, Part
36, Appendix A2 to Part 36 - Section A36.4 [112]. The one-third octave frequency range used
for PNL calculation spans from 50 Hz to 10,000 Hz. In this calculation, equal noisiness curves
are employed for conversion from sound pressure level to noise level. ThgsSRlues are
converted to “noy values” using these curves. The noy values are then summed up as

)Qf
Nt = Nmax +0:15  (Nj  Npax) (2.42)
i=1

wheren is the noy value corresponding to each frequency bagg, is the maximum of
all the noy values, and; is the number of one-third octave frequency bands between 50 Hz and

10 kHz. PNL is calculated by using Eq. 2.43.

10log;oN;

PNL =40+
00102

(2.43)

An additional tone correction facto€(k)) is added to PNL to compute the tone-corrected
perceived noise level (PNLT) measured in TPNdB. This accounts for the tonality of the noise as it

causes annoyance to the listener. The tone correction factor depends on the frequency of the tone
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and its excess level over the level of the noise present in the adjacent one-third octave frequency

bands. The calculation of PNLT is a 10-step process.

1. Calculate the slopes) of the SP L;-3 spectrum in the one-third octave frequency bands

above 80 Hz as

s(3; k) = no value
(2.44)

s(i:k) = SPLiss(i:k) SPLis(i LK) if 3<i 24

wherei is the index of the one-third octave frequency band lamglthe index of the time
step. As the rst two audible one-third octave frequencies, 20 Hz and 50 Hz, are not
considered in the calculationranges from 3 to 24 pertaining to frequencies ranging from

80 Hz to 10 kHz. The typical time step size used in aeroacoustic calculations is 0.5 s.

2. ldentify and encircls where the absolute value of change in s is greater than 5 dB.

i s(ik)j=js(i:k) s(i LK) j>5 (2.45)

3. Check three conditions to identify and encircle the sound pressure levels in the one-third

octave frequency bandSP L,=3(i; k).

(a) If the encircled value of the slops((; k)) is positive and greater than the previous
slope 6(i 1;k)), thenSP L.=3(i; k) is encircled.
(b) If the slope §(i; k)) is zero or negative and the previous slogpg ( 1; k)) is positive

thenSPL=3(i  1;K) is encircled.
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(c) No value is encircled for all other conditions.
4. Obtain new sound pressure leved(L9_,) as follows.

(a) For the non-encircled sound pressure levels, new sound pressure levels are equal to

the original sound pressure levels, ISP L9_,(i; k) = SP Li=3(i; k).

(b) For the encircled sound pressure levels, new sound pressure levels are obtained by
using the following equation.
. 1 . .
SPLI,(i;k) = Q[SP Lis(i 1, k)+ SPLi=g(i +1;K)] (2.46)
(c) If the sound pressure level in the'24ne-third octave frequency band is encircled,
then the new sound pressure level is:
SP LY 5(24;k) = SPL15(23;k) + s(23; k) (2.47)

5. Recompute the slopes’ In this step, an imaginary slope for the'2#ird-octave band

is also calculated. The following equation is used to recompute the slopes.

s93; k) = sY4; k)
sYi;k) = SPLI,(i;k) SPLYL( 1k if 3<i 24 (2.48)

sY25;k) = SPLI.;(24;k)

6. Compute the arithmetic average of the three newly obtained adjacent s9pesr(g the
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10.

following equation,

5(i: k) = %[so(i;k)+ sYi +1;k)+ sYi +2;Kk)] (2.49)

In this calculation, only the recomputed slope9 (n one-third octave frequency bands

from 3 to 23 are considered.

Calculate the nal one-third octave sound pressure le@3s.0%(i; k )) using the following

equations.

SPL{%(3;k) = SPL{%(3;k);
(2.50)

SPLY(ik) = SPLY%(i Lk +s(i Lk LKA

. Calculate the level differenceB (i; k)) between the original sound pressure levels and the

adjusted sound pressure levels using the following equation.

F(i;k) = SPLys(i; k)  SPL(i; k) (2.51)

. Obtain the magnitudes of the tone correction factors (C) for each one-third octave frequency

band from 80 Hz to 10 kHz using Table 2.1. Only the level differences that are greater than

or equal tol'= dB are considered for further calculations.

Obtain the largest of the correction facto@,4{x) and add to the previously calculated

PNL to calculate PNLT.
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Table 2.1: Tone correction factor€)

Frequency, f (Hz) | Level difference, F (dB) Tone correction, C (dB

1= F<3 Fz 1z
50 f< 500 3 F<20 F
20 F 3

1> F<3 =z 1
500 f< 5;000 3 F<20 F3
20 F 6%=

1> F<3 Fz 1
5,000 f< 10,000 3 F<20 F3
20 F 3l

PNLT (k) = PNL(k) + Cpax (K) (2.52)

2.2.7 Effective Perceived Noise Level (EPNL)

This calculates the relative noisiness of an individual aircraft yover event, taking its
duration into account using a correction factor. It calculates the integrated power sum of noisiness
during the event. It uses PNLT to represent the instantaneous noisiness and logarithmically
integrates it over a period within which the noise level is within 10 dB of the maximum noise.
The calculation procedure for EPNL given below is from Federal Aviation Regulations, Part 36,
Appendix A2 to Part 36 - Section A36.4 [112]. The following equation is used to calculate the

correction factorC) for an aircraft yover,

2, , 3
XLt PNLT (k)
C = 10logyo 4 10" o - 5 PNLTM 13 (2.53)
k=0
where PNLTM, which is called as Maximum Tone-corrected Perceived Noise Level, is

the maximum value of the PNLT time histoty, is the time interval during which PNLT is 10
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TPNdB down from PNLTM, t is the time step size which is usually 0.5 s for a yover duration
of at least 10 s, and k is the index of the time step. EPNL, which is measured in EPNdB, is

calculated by adding C to PNLTM.

EPNL = PNLTM + C (2.54)

2.3 Computational Aeroacoustics Framework for Transient Propeller Motions

With the unstructured mesh modi cation to ACUM-2, it can be used to predict the acoustic
footprint of an aircraft or aircraft component in periodic ight conditions such as hover, steady
climb, steady descent, or forward ight. A duration of one rotor revolution with a time step size
of 1 is usually considered for the calculation. It takes about 40 minutes to calculate the noise
footprint of a single four-bladed rotor on the lower hemisphere with a reasonable resolution.
However, for a non-periodic event such as a transition between hover and forward ight, a
large number of revolutions has to be considered to calculate the acoustic footprint of the entire
maneuver. This could be in the order of hundreds to thousands of revolutions depending on the
rotor RPM. Therefore, it signi cantly increases the cost of computation causing the computation
time to become extremely long. It also increases the memory requirement as the size of the input
data set becomes larger at least by two orders of magnitude. ACUM-2 is not capable of handling
such a large data set with the available computing resources. Therefore, a new version of ACUM
was developed to parallelize the computation on the GPU and across multiple CPU cores and
optimally utilize the available computational resources to reduce the computation time.

Farassat's formulation 1A, given in Egs. 2.25 and 2.26, is implemented in three nested
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loops that sweep through the observers, source elements, and time steps. Observers and source
elements are easily parallelizable on GPU but parallelizing the time dimension is challenging
because of the retarded time formulation. Instead of going back in time and nding the source
time at which the pressure wave was emitted, ACUM takes a forward-in-time approach to account

for the difference in the observer and source times.

2.3.1 Forward in Time Approach

ACUM carries out the retarded time calculation in Farassat's 1A formulation using a forward-
in-time approach, where it rst calculates the acoustic pressure and the corresponding observer
time at each source time step. Next, it runs through a second time loop to map each observer
time to the corresponding source timeline using the previously calculated observer times. Then,
it interpolates the solution from the nearest two neighbors using rst-order linear interpolation.
Therefore, for each element, it has to go through two time loops, and because of the dependence

of the second time loop on the rst, the time dimension cannot be parallelized on GPU.

2.3.2 Binning Approach

The binning approach is an alternative to the dual time loop method used in the forward-in-
time approach and is an improved version of the method proposed by Baeder [113]. Figure 2.5
presents a diagram that describes the two methods. In the dual time loop method, the interpolation
is done in the second time loop from the observer's perspective. In the binning approach, the

solution can be binned into the nearest two observer times by taking appropriate weights. An
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evenly-spaced source timeline results in an unevenly-spaced observer timeline. Therefore, the
total fraction of the hits received by each observer time will not be equal to one. Hence, the
solution at each observer time has to be divided by its total fraction of hits, which needs to be

done in a separate time loop as it depends on the hits of the adjacent times.

Figure 2.5: Diagram of dual time loop and binning approaches

The second time loop can be avoided by a modi cation to the binning approach. In the
dual time loop approach, the two unevenly-spaced adjacent observer times have to be known
to interpolate the solution onto each evenly-spaced observer time. The same can be done at
the source time loop without going through a second loop if the adjacent observer times are
known. Therefore, at each unevenly-spaced observer time, the two adjacent observer times are
calculated, and using those and the already known evenly-spaced observer times, the binning
weight is calculated for each hit. This is the same weight that is used if the solution were to
be interpolated using a dual time loop approach. Therefore, there is no difference in the nal
solution. This way, the solution can be binned to all evenly-spaced observer times that are in
between the two adjoining unevenly-spaced observer times on either side of the observer time
in consideration. For example, in Fig. 2.5, the solution,at binned totsg andts; because

they are in betweeh, andts but it is not binned tds, becauseés, is higher tharts. If ts, were
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lower thants, thents, will also receive a portion of the solution gt As per this example, the
fraction of the solution att, received bytso is 22> and that received bt is 2. This way,
the observer time slots operate independently from each other allowing the parallelization of the

time dimension.

2.3.3 GPU Parallelization

The core computation of ACUM was successfully parallelized on GPU using the CUDA
platform. Three-dimensional GPU parallelization was achieved by parallelizing the observer,
source element, and time loops. The time dimension was chosen as the outermost loop of the
algorithm and therefore, it was assigned to the x-direction of the GPU thread structure. Observers
and source elements were assigned to the y- and z-directions, respectively.

Initially, the implementation of the time parallelization on the GPU made the results erroneous.
The reason for this was found to be the binning approach causing multiple GPU threads to access
the same memory location at the same time. This is a common issue with GPU parallelization and
is called a “race condition”. The solution is to use atomic functions, which are a set of functions
that are supported by CUDA to be executed at the thread level without being interrupted by
other threads [114]. It is a hardware-based solution and is supported by CUDA 6.0 and above.

Therefore, the binning approach was re-implemented using atomic functions to resolve the issue.

2.3.4 Computational Time Optimization

3D GPU parallelization was able to reduce the computation time by about 84% compared to

the serial CPU version of ACUM. However, there are other ways to further reduce the computation
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time and memory requirement. A considerable improvement was made by using a coarser
mesh for the acoustic computation instead of the one used for CFD. The original surface mesh
developed for the CFD simulation has both triangular and quadrilateral surface elements. This is
then subdivided to form a fully quadrilateral mesh in the volume mesh generation stage and that is
what is used in the CFD simulation. Rather than using the ner subdivided mesh, ACUM-3 was
developed to use the initial coarser mesh as the integration mesh in the aeroacoustic calculation.
For this purpose, Mercury was modi ed to store surface output data on the coarser mesh using
element mapping data generated at the mesh generation stage. This resulted in a 77% reduction
in the computation time as well as a substantial decrease in memory usage. The coarsening did
not have a noticeable effect on the nal results.

ACUM-2 has provisions for both permeable and impermeable formulations of the Ffowcs
Williams —Hawkings equation but the former has never been used. The impermeable formulation
requires the three coordinates, static pressure, surface area, and the outward normal vector as
the elemental inputs to perform the acoustic calculation. In addition to these, the permeable
formulation requires the ow velocity and local density at the permeable boundary. Therefore,
supporting the permeable formulation requires reading and processing of additional input data
that consumes important computational resources that could instead be used to reduce the computatior
time further. Hence, the two formulations were implemented in separate channels throughout the
whole computation, and thereby, the processing of unnecessary data was eliminated when using
the impermeable formulation. This led to a 37% reduction in computation time.

ACUM-2 uses double precision in the computations but this was found to be inconsistent
with the required level of accuracy of the nal output. Double precision is required for applications
such as CFD, where the initial numerical error can escalate with time marching. However, in
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