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Abstract
A rotorcraft noise prediction system has recently been developed as part of a
project to develop and evaluate helicopter noise abatement procedures for a range
of aircraft. The aim of this thesis is to demonstrate the noise prediction system
capabilities and then consider simple noise abatement procedures for three different
helicopters of varying technology levels and maximum gross weights.
First, the codes that have been assembled into the noise prediction system are
described. A brief presentation of acoustic theory on which the noise prediction is
based is given as a reminder. Then, the noise prediction system has been validated
with the Bell 430 helicopter flying in a level forward flight. The prediction system
has also demonstrated its capacity to predict blade vortex interaction (BVI) noise
and BVI noise reduction. Finally several abatement procedures have been examined.
The two first ones underscored the benefits of flying higher and slower by using
the S-76C+ as an example. Then, a S-76C+, Bell 430 and BK 117 helicopters
were compared in a level forward flight. The comparison ended up with surprising
results about loading and broadband noise since they do not appear correlated to
the weight of the rotorcrafts. Yet, thickness noise results are expected since they
are related to the rotor tip speeds. Finally, the effects of descent angle and speed
on BVI noise have been demonstrated during approach. A Bell 430 helicopter was
used for this study and the speed and angle of descent were varied separately while
keeping all the other parameters constant.
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Chapter 1 |
Introduction
1.1 Context
Nowadays, helicopters provide numerous services in quotidian life. They are
highly valued for their ability to hover and fly at low speed close to the ground
and in a safe manner. This quality is especially important for rescue missions
in areas that are difficult to access in a short time, such as mountains, forests,
deserts, and the open sea. Moreover, they can fly fast in comparison to land
transportation and avoid troublesome obstacles. For instance in a case of a medical
emergency following an accident, every minute counts, and so helicopters can save
lives by providing a quick transportation to the most appropriate medical center.
Helicopters are also useful tools for the industry and the business sector. They offer
convenient means of transportation for employees in extreme areas such as offshore
platforms and for senior executives alike. The military relies on helicopters for
combat missions as well as troop deployments. Their high mobility can provide an
essential surprise effect. In all these situations their main asset lies in the fact that
they can land anywhere and operate near the ground, unlike fixed-wing aircraft.
Due to their proximity to the ground, their acoustic impact on communities may
result in substantial annoyance. For civilian purposes, this issue can be more
difficult to combat than for airplanes to the extent that aircraft will follow a specific
procedure while preparing for landing since they always land in the same places,
namely airports. Furthermore, airports are supposed to be built in areas where
acoustic annoyance will be limited. Conversely helicopters can operate anywhere.
As a consequence, public authorities have undertaken the task to regulate this
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undesirable aspect by imposing norms and demanding certifications satisfying strict
requirements. In the US, this task is the responsibility of the Federal Aviation
Administration (FAA). However, communities are demanding and so these limits
might seem unsatisfactory and so an even greater effort on reducing rotor noise is
necessary.

1.2 Rotor noise reduction strategies
There are two ways to attenuate the rotor noise. The first strategy focuses
on blade and helicopter design. Decisions taken at an early stage of helicopter
conception in order to reduce the rotor noise are usually difficult to make [1].
However these can be crucial and make a significant difference in terms of acoustic
performance. For instance, the blade shape can attenuate the interaction between
the wakes and the blades. This line of approach has been followed by Airbus
Helicopters through the Blue Edge blades program [2] that equips the new H-160,
the latest product of their medium size range helicopters.
Yet, even low noise rotorcraft designs are still likely to engender some noise
annoyance, although the annoyance will be reduced. Therefore, the second line of
attack is built on flight strategies to reduce the rotor noise. The latter are called
noise abatement procedures. They consist of a set of guidelines that indicate how
to attenuate the rotorcraft noise under given flight conditions by altering the flight
in some manner.
Abatement procedures can be empirical and based on technical data. The
Helicopter Association International (HAI) is an industry organization created
initially by Bell and Sikorsky in 1948 in order to promote their activities. Over the
years other companies contributed to this common effort and joined the association.
As a consequence, HAI started to address the rotor noise issue as another way to a
encourage rotorcraft development. HAI released a first Fly Neighborly Guide in
1981 in order to give general tips to pilots to abate rotor noise. This was made
possible thanks to support of manufacturers willing to provide technical and on site
data measurements. In the latest version of the guide [3], HAI recommends to fly as
high as possible for light as well as medium or heavy helicopters. HAI claims that
noise is decreased by 6 to 7 dBAwhen the altitude is doubled and by about 10 dBA
when the altitude is tripled. On the other hand, HAI advices reducing the flight
2

altitude below the normal cruise height over noise-sensitive areas. In descent, HAI
suggests avoiding certain flight configurations, as shown in Figure 1.1. According
to the two charts in Figure 1.1, it appears that one way to abate rotor noise in
descent (or approach to landing) is to descend as steeply and quickly as possible.

(a) Light helicopters

(b) Medium and heavy helicopters

Figure 1.1: Flight configurations to avoid in descent in order to minimize the
noise [3].
However, this noise abatement strategy has limits. Indeed, the data sharing
from helicopters companies is based on good will. Some manufacturers might
deem this information proprietary. Although deeper investigations on rotor noise
abatement may increase the competitiveness of their products, the private sector
is not compelled to go beyond noise certifications since research represents an
3

extra cost for the manufacturers that they must pass on to the customers. For
example, the NOTAR technology discussed by Sampatacos [4] obviates the need
of a tail rotor and by doing so it significantly reduces the acoustic impact of the
helicopter. Yet, as one can expect, this technology is expensive to acquire. In
addition, abatement procedures based on empirical data are limited by the fact that
the rules of thumb hold true only under certain conditions. This thesis highlights
some of these restrictions in the next chapters.
Abatement procedures will rely on physics based models to get a deeper insight of
the mechanisms responsible to rotor noise production. As summarized by Brentner
and Farassat [5], research on rotor noise started in the 1930’s and speeded up from
the great progress brought about by advances in theoretical work, experimental work,
and gains in computational power. In particular, the rigorous theoretical foundation
of the Ffowcs Williams - Hawkings (FW-H) equation [6] sets the fundamentals
of rotor noise theory. Nowadays, the noise sources are well understood but this
knowledge remains esoteric and numerical implementations are still involved.
As a consequence, this thesis aims to leverage the previous investigations
performed over the last several decades to provide a tool for accurate rotorcraft
noise predictions. In absolute terms, an extremely high resolution computational
fluid dynamics (CFD) code could capture and predict the rotor noise. However
this approach is time consuming and computationally expensive. Therefore, the
model that has been used in this thesis is simplified but still gives realistic and
expected results. Furthermore, a physics based model has substantial benefits in
comparison with direct measurements or technical data. Performing a series of
flight tests is both complicated and expensive. For example, the reader can refer to
the NASA data report for the Bell 430 helicopter released in 2014 as an example
of a thorough flight test [7]. The report describes the strict protocols followed by
the researchers in order to perform dozens of test conditions. Conversely, a physics
based model gives the freedom to change parameters quickly and requires only a
few skilled people. Therefore, this approach enables the simulation of numerous
flight configurations.
Nevertheless, implementing realistic models is not an easy task because the
rotor blades interact in a complex aerodynamic environment. For instance, any
aeroacoustics code must deal with a wide range of speeds. For a helicopter flying
at a speed VH with a rotor radius R and rotation rate Ω, the tip speeds differs
4

significantly around the rotor azimuth, as VAT = ΩR + VH for the advancing side
as compared to VRT = ΩR − VH for the retreating one. Moreover one should
keep in mind that the rotational speed increases linearly along the blade from the
hub to the tip. This results in having subsonic to potentially transonic flow at
various spanwise positions. Furthermore, helicopters are typically equipped of both
a main and tail rotors, thus multiple wakes are engendered that may interact with
each other. Finally, contrary to fixed-wing airplanes, the rotor blades get hit with
the wakes created by their previous passage in some flight conditions (especially
descent). In addition, lead-lag and flapping phenomena add even more complexity.
Brentner and Farassat [8] gave an overview of this complicated environment in
Figure 1.2.

Figure 1.2: A schematic of the complicated environment in which rotor blades
operate [8].

1.3 Thesis objective
This thesis uses a physics based model and makes rotor noise prediction based
on the coupling of three separate tools: a flight simulator (PSUHeloSim), a high
fidelity rotor aeromechanical model (CHARM) and an aeroacoustics prediction
5

code (PSU - WOPWOP). The role of each component of this prediction system
will be developed in Chapter 2. This thesis aims to provide guidelines for noise
abatement procedures and will qualify the guidance provided by HAI. This thesis is
based on two projects sponsored by the FAA Center of Excellence Program through
the ASCENT Center of Excellence, at The Pennsylvania State University. 1 The
first project started in 2014 and the main conclusions of the first part of the project
were published in August 2015 [9]. In this Master’s thesis, the prediction system
capabilities were demonstrated during the ASCENT Project 6, demonstrating the
accuracy of noise predictions. This was established by comparing the numerical
noise predictions with flight test data for the Bell 430 aircraft [7]. The second part
of the project was launched in 2015. During this period, the tools previously set
up were applied to a notional advanced technology rotorcraft that has a strong
potential for noise reduction. Blue Edge blades from Airbus Helicopters were
selected as an example of abating BVI noise in descent flights through an advanced
blade design.. The second FAA project, ASCENT project 38, aims to use the
tools developed in ASCENT Project 6 to make rotor noise predictions and develop
abatement noise procedures. The goal of this project is to highlight the differences in
terms of acoustic performance between light, medium or heavy helicopters. Several
representative rotorcraft were selected and tested in multifarious flight conditions.
Subsequently, several key parameters were identified as well.

1.4 Reader’s guide
The organization of this thesis is as follows:
• In Chapter 2, a brief presentation of rotor noise theory will be given.
Then PSU-WOPWOP and the general prediction system will be explained.
Preliminary results will validate the flight dynamics aspect of the prediction
system.
• In Chapter 3, the Bell 430 helicopter will be used to validate the acoustics
ASCENT – the Aviation Sustainability Center – is a cooperative aviation research organization
co-led by Washington State University and the Massachusetts Institute of Technology. Also known
as the Center of Excellence for Alternative Jet Fuels and Environment, ASCENT is funded by the
FAA, NASA, the Department of Defense, Transport Canada, and the Environmental Protection
Agency.
1

6

part of the prediction system. Then the acoustic performance of Blue Edgelike blades will be studied and compared to known and current technologies.
It will be demonstrated that Blue Edge-like blades lead to noise reduction in
the same proportions as reported.
• In Chapter 4, the effects of altitude, speed and several strategies of approach
for landing on noise are explored through the S-76C+ and Bell 430 aircraft.
Then, the Bell 430, S-76C+ and BK 117 helicopters will be compared in level
flight and descent.
• Finally Chapter 5 includes the main conclusions from these investigations.
Recommendations for future lines of research are then presented.

7

Chapter 2 |
Theoretical background and acoustic prediction system
2.1 Rotor noise theory
2.1.1 Ffowcs Williams and Hawkings equation
Rotor noise theory developed rapidly following the investigations by Ffowcs
Williams and Hawkings presented in Sound generated by turbulence and surfaces in
arbitrary motion [6]. In this paper Ffowcs Williams and Hawkings showed how they
rearranged the Navier Stokes equations in order to get a partial differential equation
governing the acoustic pressure generated by the surfaces in arbitrary motion (i.e.,
helicopter blades) (see equation 2.1). In Ref. [8], Brentner and Farassat recalled
that this result could be obtained by using advanced knowledge in mathematics,
and in particular, generalized functions:

∂
¯2 p0 (x, t) = [ρ0 vn ]δ(f )
∂t
∂
−
[Pij nˆj ]δ(f )
∂xi
∂¯2
[Tij H(f )]
+
∂xi ∂xj

(2.1)

In this equation the d’Alembertian operator 2 is applied on the acoustic pressure p0 .
The acoustic pressure represents fluctuations relative to the quiescent atmospheric
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pressure. The parameter f implicitly defines an arbitrary closed surface. The
function f also splits the 3D space into 3 zones as shown in Equation 2.2:

f > 0, outside the surface
f = 0, on the surface

(2.2)

f < 0, inside the surface
The term vn is the projection of the speed of a source point on a unit normal vector
to the surface. The right hand side of the equation includes three sources for rotor
noise, described as follows:
The monopole term - thickness noise source:
∂ 
[ρ0 vn ] δ(f )
∂t

(2.3)

Thickness noise is caused by the displacement of the air during the passage of
the blade. The strength of the monopole source is due to the normal velocity
distribution on the airfoil [10]. The blades surface plays an important role
here through the Dirac delta function δ(f ). This function is null everywhere
with a discontinuity at f = 0, which corresponds to the blade surface. This
source term is strongly directional and presents a maximum magnitude in the
rotor plane, ahead of the rotorcraft as is shown in Figure 2.1. Experimental
measurements and theory indicate that thickness noise increases with the
advancing tip Mach number and can be more significant than loading noise,
especially far ahead of the vehicle.

Figure 2.1: Directivity of thickness and high speed impulsive noise [8].
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The dipole term - loading and broadband noise source:
−



i
∂ h
Pij nˆj ) δ(f )
∂xi

(2.4)

Loading noise is due to the forces that the blades exert on the surrounding
fluid during their periodic motion [10]. Again one can notice the presences of
the Dirac delta function δ(f ) symbolizing a discontinuity on the blade surface
between the undisturbed fluid quantities inside f = 0 and the flow field value
outside the surface f = 0. Loading noise is mainly directed under the rotor
plane as shown in Figure 2.2. Loading noise, together with thickness noise is
also called rotational noise.

Figure 2.2: Directivity of loading and broadband noise [8].
Blade Vortex Interaction (BVI) noise is a special type of loading noise. It
appears when a blade hits the tip vortex created by the passage of a previous
blade [8–10] as show in Figure 2.3. The most severe case occurs when
the vortex axis is parallel to the the blade. In this case one can observe
an important near-discontinuity in angle of attack along the blade span.
The angle of attack changes dramatically, which leads to impulsive loading
noise [10]. If the vortex axis is perpendicular to the blade then the interaction
will have a smaller amplitude and the signal will spread out over time. This
situation will be discussed in more detail in Chapter 3. These impulsive
loading events (BVIs) are hard to capture because numerical computation
requires high spatial and temporal accuracy, and resolution. The directivity
of BVI noise depends on where the contact between the blade and the vortex
occurs. For instance, if it happens on the advancing side, the noise will
propagate forward and approximately from 30° to 45° below the rotor plane.
On the retreating side, the noise will be emitted mainly below and behind
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the helicopter as shown in Figure 2.4.

Figure 2.3: Schematic of the Blade Vortex Interaction process.

Figure 2.4: Directivity of blade vortex interaction noise [8].
Broadband noise represents an important research subject because it falls in
a frequency range where the human ear is very sensitive i.e. 1 to 5 kHz. It is
a nondeterministic loading noise and produced by turbulence and vortices [9].
Pegg [10] proposed a simple empirical model that consists of three mechanisms:
1. Inflow Turbulence Noise
2. Boundary Layer Noise
3. Vortex Noise
Broadband noise, as a type of loading noise, has a directivity mainly below
the rotor plane as shown previously in Figure 2.2.
The quadrupole term - high-speed-impulsive noise source:
i
∂ˆ h
Tij H(f )
∂xi xj
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(2.5)

In contrast to the previous sources, a Heaviside function H(f ) weights the
strength of the quadrupole term and indicates that the source strength has
to be zero inside the surface. The Lighthill stress tensor, Tij , is defined as:
Tij = ρui uj − Pij − c2 (ρ − ρ0 )

(2.6)

More details about Lighthill’s work and the definition of this tensor are
available in reference [11]. High-speed impulsive (HSI) noise occurs in highspeed forward flight and is very intense and annoying for the human ear, its
directivity is located in the rotor plane as shown previously in Figure 2.1.
HSI noise occurs for high advancing tip speed for which the flow becomes
transonic and shocks appear. For in-depth information about experimental
and theoretical work related to this phenomena, the reader is invited to review
Brentner and Farassat [12] and articles by Schmitz and Yu (e.g. [13]).

2.1.2 Farassat’s Formulation 1A
One can solve the Ffowcs Williams and Hawkings equation by the means of
generalized functions [8, 14] and the free space Green’s function. Farassat derived
a retarded time formulation, known as formulation 1A, which is implemented in
PSU-WOPWOP [15]. Formulation 1A can be written as:
p0 (x, t) = p0T (x, t) + p0L (x, t)

(2.7)

with

4πp0T (x, t) =

Z
f =0

[

Z
ρ0 (v̇n + vṅ )
ρ0 vn (rṀr + c(Mr − M 2 ))
]
dS
+
[
]ret dS (2.8)
ret
r(1 − Mr )2
r2 (1 − Mr )3
f =0

and

4πp0L (x, t) =

Z
1Z
L̇r
Lr − LM
[
]
dS
+
[ 2
]ret dS
ret
2
c f =0 r(1 − Mr )
f =0 r (1 − Mr )2
1Z
Lr (rṀr + c(Mr − M 2 ))
]ret dS
+
[
c f =0
r2 (1 − Mr )3
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(2.9)

The total acoustic pressure fluctuation consists of the sum of thickness noise p0T and
loading noise p0L . These two terms correspond to the integration of the monopole
and dipole terms presented in Equation 2.1. In this approach, the quadrupole
term has been neglected. Indeed, on one hand, its numerical integration requires
significant information about the flow field and substantial computational resources.
On the other hand, this term is responsible for HSI noise which only occurs at high
speeds in forward flight when compressibility effects appear. However, this situation
is not considered in this thesis; therefore, discarding this term is legitimate (and
expedient).
The subscripts n and r in equations 2.8 and 2.9 denotes the normal and radiation
directions, respectively. The variable M is the Mach number of the source. Lr
stands for the local force exerted on the fluid in the radiation direction, i.e., towards
the observer. The derivatives with respect to time is denoted by a dot over the term.
The reader can discern far and near field-terms thanks to the factor 1/r and 1/r2 ,
respectively. Moreover, one can recognize the Doppler factor 1 − Mr . Whenever
Mr goes to 1, the denominator goes to 0. However this is a regular singular point
and the integration is still possible. In this thesis the simulations are confined to
subsonic regimes; therefore, there is no need to deal with a singularity.
In order to compute p0T and p0L , one needs to know the parameters in the right
side of equations 2.8 and 2.9. These physical quantities are obtained from solving
the aerodynamic interaction problem between the local flow and the helicopter
blades. This problem is intrinsically related to the flight dynamics. Therefore,
these two problems need to be solved before making any acoustic predictions.

2.2 Noise prediction system
The acoustic prediction was designed to handle this multi-physics problem.
Three prediction codes were put together: a flight simulator (PSUHeloSim), a high
fidelity rotor aeromechanical model (CHARM) and an aeroacoustics prediction
code (PSU-WOPWOP). The general process to predict the noise consists of three
main steps [16]:
1. Trimming a helicopter for a desired flight condition: The flight simulator PSUHeloSim trims the helicopter by the means of a Newton-Raphson
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algorithm and a simple model implemented in Matlab for the main and tail
rotors. An equilibrium is reached for the states and controls.
2. Running a PSUHeloSim / CHARM coupled simulation: The previous states are passed to the CHARM rotor module which uses a much
more advanced model for rotors. CHARM rotor module outputs forces and
moments, which are then fed back into the controller of PSUHeloSim. This
updates the states and state derivatives in the flight simulation. This is
implemented as an iterative process that terminates whenever the prescribed
flight condition is reached. Then a reconstruction process takes place to
provide high temporal and spatial loading data to PSU-WOPWOP for noise
prediction.
3. Performing noise predictions with PSU - WOPWOP: Once the helicopter motion and the blade loads have been stored, PSU-WOPWOP can
predict the acoustic pressure time history and any relevant noise metrics.
A schematic of the coupled noise prediction system is shown in Figure 2.5

2.2.1 PSUHeloSim
The flight dynamics simulations were performed using the PSUHeloSim code.
This is a basic simulation tool developed at PSU to provide a generic rotorcraft
flight dynamics model for research and education. PSUHeloSim has been developed
in the MATLAB/Simulink environment for ease of development and adaptation to
different rotorcraft configurations [16]. It can be coupled with the more sophisticated
rotor model of CHARM to provide the aircraft and blade motion, and blade loads
to PSU-WOPWOP.
PSUHeloSim is a 21-state non-linear first order model:
• 6 DoF non-linear equations of motion of the fuselage resulting in 12 states [16]:
u, v, w, p, q, r, φ, θ, ψ, x, y, z
• a 2nd order rotor flapping dynamics permitting the management of 6 more
states: β0 , β1c , β1s , β˙0 , β˙1c , β˙1s
• a 3-state Pitt-Peters inflow model [17]: λ0 , λ1c , λ1s
14

Figure 2.5: Flowchart of the simulation process [16].
A simple aerodynamic model is used for the fuselage and empennage. The tail
rotor is based on a static Bailey model [18]. Heretofore, the altitude is not taken
into account in the flight dynamics.
The general execution procedure is carried out in two steps. First a trim
condition will be reached based on the PSUHeloSim model. After three seconds
of simulation and upon the decision of the user, the coupled simulation will start.
These three seconds of delay are chosen and necessary to give CHARM the time to
develop the rotor wake, before coupling begins. The coupled simulation is integrated
thanks to a non-linear dynamic inversion control law [19], which achieves a high
precision closed-loop control. The flowchart presents in Figure 2.6 shows the general
structure of the code. More details about this part of the code can be found in
15

Saetti’s work [20].

Figure 2.6: Flowchart of the PSUHeloSim code [16].

2.2.2 CHARM Rotor Module
The Comprehensive Hierarchical Aeromechanics Rotorcraft Model (CHARM)
is software developed by Continuum Dynamics, Inc (CDI). The core focus of
CDI’s R&D efforts over the past 30 years have been the development of advanced
aerodynamic and acoustic prediction models for use in rotary-wing aircraft design.
So, CHARM provides accurate and fast prediction of rotor blade loads, wake,
and dynamics for a comprehensive rotorcraft analysis [21, 22]. The aerodynamic
models in CHARM combine CDI’s full-span, Constant Vorticity Contour (CVC),
free-vortex wake model with a vortex lattice, lifting surface blade model and a
fast lifting surface panel model to provide a capability for modeling any general
vertical and/or short take-off landing aircraft (V/STOL) concept. It computes
the roll-up of the rotor blades wakes into concentrated vortices with the option to
apply a refined analytical model of the internal core structure for more detailed
modeling of blade-vortex interaction loads responsible for BVI noise. This feature
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is called “reconstruction” as it enables higher resolution of the wakes that is not
necessarily needed for the computation of the flight dynamics of the helicopter.
So the coupled flight simulation and the CHARM rotor module are coupled using
relatively low temporal resolution, and then reconstruction is used to provide high
temporal and spatial resolution to PSU-WOPWOP for the noise prediction. As a
result, a significant amount of time can be saved while ensuring high resolution for
BVI loading.

2.2.3 PSU-WOPWOP
The rotor noise prediction code used in this work is PSU-WOPWOP, which
is a numerical implementation of Farassat’s formulation 1A. Formulation 1A is
computationally more efficient since it does not involve any differentiation of integrals [23]. In the numerical implementation of formulation 1A in PSU-WOPWOP,
the integrals are computed by summing the contribution of all the local sources
belonging to the blades’ surfaces. These contributions are computed beforehand
during the coupled simulation involving PSUHeloSim and CHARM. This process
can be carried out on several rotors. Moreover, in contrast to discrete frequency
noise, i.e. thickness and loading noise, Pegg’s model is used to compute broadband
noise [10]. This empirical model is necessary since broadband noise is dominant
below the helicopter as Chapters 3 and 4 will show. Of course, this model is an
approximation but it has the advantage to being computationally inexpensive, and
it constitutes a reasonable estimation broadband noise.
From the acoustic pressure, PSU-WOPWOP can compute several metrics
(OASPL, A-weighted OASPL (or LA ), PNLT, SEL, EPNL) measuring the noise and
the noise spectrum in either narrow band or one-third octave bands (broadband
noise can only be computed in one-third octave bands). The meaning of these
metrics is explained in Appendix A.

2.3 Summary
Thanks to PSUHeloSim and CHARM, PSU-WOPWOP is currently able to
make acoustic predictions by a numerical implementation of formulation 1A, that
is solution to Ffowcs Williams and Hawkings equation. Flight dynamics results
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produced by the coupled simulation of PSUHeloSim and CHARM are available in
Saetti’s thesis [20]. The prediction system has been validated and used in several
flight conditions for several helicopters in the upcoming sections. The analysis of
the noise is based on metrics such as EPNL, PNLT, OASPL that are computed
by PSU-WOPWOP. A detailed description of the rotor noise is made possible by
the ability of PSU-WOPWOP to compute separately the contribution of the noise
components (i.e. thickness, loading, broadband noise) to these metrics.
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Chapter 3 |
Validation and Demonstration
of the acoustic prediction
system
3.1 General procedure
In this section the coupled mode presented in Chapter 2 was used to perform
acoustic predictions in the following flight configurations:
• Forward flight: 100 kts at 150 m altitude.
• Descent flight with high BVI noise: 68 kts with a descent angle of 6°.
The Bell 430 helicopter has been selected to perform the simulations since it has
already been modeled with success in previous a work by Li et al. [24]. A summary
of key characteristics of the Bell 430 helicopter is presented in Table 3.1.
The first flight condition was used to demonstrate the ability of the coupled
simulation to make accurate acoustic prediction for a simple trajectory. Moreover
this situation has already been studied by Li [9] in 2015 and so it is possible
to compare previous results with the current ones. The descent flight condition
provided a basis to validate that the coupled noise prediction system can predict
BVI noise - an important source of noise for civil helicopters.
In contrast to the flight dynamics simulations, acoustic predictions are made
at locations (observer locations) some distance from the aircraft; and each of the
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Mass and Inertia Proprieties
W
9000 lbs
(92.5 % max loading)
Ixx
3462 slug ft2
Iyy
15 362 slug ft2
Izz
12 261 slug ft2
Ixz
300 slug ft2
Iβ
398 slug ft2
Mβ
37.9 slug ft
Main Rotor
Ω
36.395 rad/s
R
21 ft
Vtip
764.295 ft/s
θtw
−7.7°
Nb
4
c
1.2 ft
e
5%
Mb
3.61 slug
Tail Rotor
Ω
197 rad/s
R
3.442 ft
Vtip
678 ft/s
θtw
0°
Nb
2
c
0.529 ft
δ3
45°
Table 3.1: Bell 430 key characteristics
observer locations has a different noise signal. For the simulations presented in this
chapter two kinds of grids have been used:
1. A rectangular grid: a typical rectangular grid is composed of 27 observer
positions in the flight direction and 7 observer positions in the direction
perpendicular to the flight path, for a total of 189 observers, with a spacing
of ∆x = ∆y = 200 m, where x is the direction parallel to the flight path and
y is the direction normal to the flight path. The Cartesian coordinates are
typically in the range: −4400 m ≤ x ≤ 800 m, −600 m ≤ y ≤ 600 m, z = 0 m.
The altitude is varied as appropriate, and in particular for the descent flight
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conditions:
(a) For the forward flights: the total simulation time is 213 s and at t = 0 s,
the aircraft center of gravity is at the position (0 m, 0 m, 150 m).
(b) For 6° descent case at 68 kts: the total simulation time is 150 s and at
t = 0 s, the center of gravity would be at the position (0 m, 0 m, 0 m)
if the flight simulation were carried out for that long a time. In these
simulations, the final altitude of the center of gravity is 15 m.
The simulation time was chosen so that the 10 dB down requirement for the
SEL and EPNL is satisfied as explained in Appendix A. PSU-WOPWOP
has the ability to model a hard ground that takes into account the reflection
of the sound on a perfect and uniform surface. However this feature has not
been used here to make computations easier. The atmospheric attenuation
was modeled in all the noise predictions. A picture of the mesh of observers
is available in Figure 3.1:

Figure 3.1: Rectangular mesh of observers used for the simulations. The red dot
represents the reference point. (Note: the projection of the helicopter is not to
scale.)
2. An hemispherical grid: a typical hemispherical grid is composed of 37
observer positions in the azimuth direction and 37 observer positions in
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the elevation direction, for a total of 1369 observers, with a spacing of
∆ψ = ∆θ = 5°. The hemisphere is centered on the main rotor hub and moves
with the helicopter. It has a radius of 100 ft and is located below the main
rotor plane. The atmospheric attenuation was not used for noise predictions
on the hemisphere grid because computations that use the hemisphere noise
data will also perform any atmospheric attenuation and ground treatment.
The hemispherical grid is a good tool to detect BVI noise since its directivity
depends on where the contact between the blade and the vortex occurs. So,
it is not easy to predict in which direction the BVI noise will have the highest
magnitude a priori. Figure 3.2 below is a representation of the hemisphere
that were used:

Figure 3.2: Hemispherical mesh of observers used for the simulations. (Note: the
image of the helicopter is not to scale.)

One can notice that the number of observers is very important for either the
hemisphere or the plane observers grid. Several metrics such as PNLT, EPNL, SEL,
acoustic pressure or A-weighted OASPL had to be computed and therefore the use
of parallel computing was very helpful. Usually about 90 processors were working
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together to run PSU-WOPWOP, each processor computing the noise at a single
observer location. A full description of the process to set up the PSU-WOPWOP
input files is available in Appendix B.

3.2 Noise prediction for regular blades
For this section the regular blades of the Bell 430 have been used for a 100 kts
level forward flight simulation at an altitude of 150 m. A simulation was performed
when the helicopter is approximately above the reference point for 0.18 s, which
corresponds to a main rotor revolution period. The helicopter is flying along the
x axis and the center of gravity is located at x = −5 m at the beginning of the
simulation. Acoustic pressure was recorded at five positions along the x axis: at
the reference point, ±300 m and ±600 m (when the observer position is x < 0,
then the helicopter is downrange from the observer; when the helicopter position is
x > 0, then the helicopter is uprange from the observer). The acoustic pressure
time history for these observer locations are presented in Figure 3.3. Broadband
noise is not included in the acoustic pressure time histories because the empirical
model for broadband noise computes the contribution to the 1/3 octave spectrum.
For the reference point (i.e., the aircraft is overhead), the loading noise contributes much more than the thickness noise to the total acoustic pressure. This is
expected because the loading noise is dominant below the rotor plane. For the main
rotor revolution 4 loading peaks can be observed. These correspond to the passage
of the four main rotor blades. Conversely, the thickness noise is mainly generated
by the tail rotor because the reference observer is in the tail rotor plane. Indeed
the tail rotor period is approximately 0.032 s and the tail rotor has two blades.
Therefore, for 0.18 s it can expected to see 0.18/0.032 = 11.25, pulses, which is the
case here.
It is interesting to observe how loading and thickness noise change while going
uprange or downrange. In both cases, the signals are highly attenuated. When
the helicopter is downrange, so in Figure 3.3 the observer position is x < 0, the
levels are very low for thickness as well as for loading noise. Indeed, these locations
are situated below and behind the helicopter; and hence, they are not in the main
direction of thickness and loading noise. Uprange the situation is different. At
+300 m where the helicopter is uprange of the observer, thickness noise levels are
23

(a) x = −600 m

(b) x = −300 m

(c) x = 0 m

(e) x = 600 m

(d) x = 300 m

Figure 3.3: Acoustic pressure measured at different locations along the x axis for
when the Bell 430 is approximately above the reference point.
higher. This location is indeed, closer to the principal direction of the main rotor
plane, ahead of the vehicle. As a result, the main rotor contributes more to thickness

24

noise than the tail rotor. Loading noise is lower when the helicopter is uprange
than when overhead since it is mainly emitted below the helicopter. Yet, levels
are higher than when the helicopter is downrange (i.e., the observer is behind the
helicopter).
In Figure 3.4, one can see an EPNL and SEL distribution for the rectangular
grid of observers. On both plots the centerline is, as expected, where the noise
annoyance (EPNL) an loudness (SEL) are the highest, whereas they continuously
decrease out to ±600 m sideline distance. The EPNL and SEL values range between
78.5 − 94.4 EPNdB and 79.9 − 94.4 dBA, respectively.

(b) SEL

(a) EPNL

Figure 3.4: Bell 430 forward flight at 100 kts and 150 m high.
Figure 3.5 shows the contribution of the noise components to the A-weighted
OASPL levels and PNLT predicted at the reference point (0, 0, 0) as a function of
x coordinate position of the helicopter. As a reminder, the SEL and EPNL metrics
are computed according to the 10 dB down criteria from the A-weighted OASPL
and PNLT curves as explained in Appendix A. This implies that the time range of
the computation must be large enough, which is the case here. When the aircraft
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is approaching the observer, for x ≤ 0, the thickness noise is main noise source.
Indeed, it is primarily emitted in the main rotor plane and so the observer will hear
it first while the helicopter is coming towards the observer location. The loading
and broadband noise increases as the vehicle approaches the observer. Again this
can be explained by the fact that loading and broadband noise is primarily directed
below the rotor plane. As a result, their contributions overtake the contribution
from thickness noise and become dominant. As a comment, if the loading noise
contribution does not seem as important in comparison to broadband noise when
the helicopter is above the reference point, and downrange, this is because of the
relatively low frequency of the loading noise. Indeed, the frequency weighting used
in A-weighted OASPL and PNLT, both de-emphasize the low frequencies since the
human ear is more sensitive to higher frequencies.

(b) PNLT

(a) A-weighted OASPL

Figure 3.5: Noise received at the reference point for a Bell 430 forward flight at
100 kts and 150 m altitude.

3.3 Noise prediction for an innovative technology: Blue
Edge-like Blades
As introduced in Chapter 1, one of the key objectives of the FAA ASCENT
project 6 was to demonstrate that the noise prediction system can predict the noise
for advanced technology that have design features dedicated to mitigate the noise.
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In March 2015 the Airbus H160 helicopter was unveiled at the Heli-Expo trade
show and is particularly interesting because of the design of the main rotor blades,
named Blue Edge blades. Airbus Helicopters claims that this new technology leads
to a substantial reduction of BVI noise (Ref. [25]):
“With a standard blade, air coming off the end of the blade causes a
vortex around the tip. Under certain flight conditions the advancing
blade then hits the vortex of the preceding blade. This causes a sudden
change in the relative angle of attack and thus a change in pressure on
the surface of the blade. This BVI causes the slapping sound ubiquitous
to helicopter operations. With Blue Edge technology, the blade tip is
swept forward, then aft. This causes the advancing blade tip to hit the
previous blade’s vortex at an oblique angle, reducing the noise level by
3 to 4 EPNdB”.
Due to this innovative aspect, it was decided that the Airbus Blue Edge blade
design would be taken as an example of an advanced technology for the noise
prediction system demonstration in the ASCENT Project 6.
The Blue Edge blade design is the fruit of investigations that started in the
1990’s at NASA [26], and then carried out by a cooperation between France and
Germany through their respective public research centers in aerospace engineering,
ONERA and DLR [2, 27, 28]. The European program was ERATO, Study of
an Aeroacoustic Rotor Technologically Optimized (a French acronym) provided
promising BVI noise reduction results for a scaled blade in 1999. Thereafter,
Eurocopter (called Airbus Helicopters today) signed a research agreement with
ONERA with the support of the French government to develop and test a full-scale
rotor [2], which gave rise to the current Blue Edge blades design.
In the current prediction system, the reconstruction technique was necessary to
capture BVI noise that appears in descent flights. As pointed out by Airbus in the
previous quote, the key idea is to lessen the the impact between the vortex and the
blade. A picture of one Blue Edge blade is available in Figure 3.6
In this subsection, the prediction system assessed the performance of Blue
Edge-like blades and compared them to two other blades planforms (rectangular
and tapered). Each of the three blade planforms were sized for and tested on the
Bell 430 helicopter. The rectangular blades are the current standard blades that
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Figure 3.6: Blue Edge blades by Airbus Helicopters [29].
have been used in the previous simulations. The Blue Edge-like blades geometry
is inspired by original Blue Edge blade geometry - forward then rearward sweep but no particular optimization has been performed. Figure 3.7 gives a comparison
between the three geometries. Table 3.2 sums up the main characteristics of the
three blade planforms:
(a) Rectangular
(b) Tapered

(c) Blue Edge

Figure 3.7: Comparison of the three blade planforms
The CHARM rotor module has the ability to predict and display the vortices
during the rotation of the blades. Figure 3.8 shows the tip vortex (red line) and
curved vortex filaments representing the wake sheet for both the rectangular blades
and the Blue Edge-like blades. In the case of rectangular blades, the tip vortex is
approximately parallel to the blade span as shown in the red circle. As explained
in Chapter 2, this leads to an important impulsive noise due to a very rapid change
in angle of attack along a large portion the the blade span. In contrast, one can
observe that the tip of the Blue Edge-like blade intersects the tip vortex at an
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Tip Speed
Rotor Cutout
Rotor Chord
Anhedral Tip
Swept Tip
Root Airfoil
Tip Airfoil
Air Density
Speed of Sound
Thrust Coefficient
Hub Type
Lock Number

766.5 ft/s
10 %
1.2 ft - rectangular
1.8 ft to 1.0 ft linear taper tapered and Blue Edge
None
none - rectangular and tapered
forward −12° at Rr = 0.6
aft 34.4° at 0.85 - Blue Edge
NACA 0012
NACA 0012 - rectangular
NACA 0009 - tapered and Blue Edge
0.002 378 slug/ft3
1117 ft/s
0.000463
articulated
8

Table 3.2: Characteristics of the three blade planforms
oblique angle thanks to the forward and then aft sweep of design. This design
generates smoother changes in loading which are spread out over time and results
in the mitigation BVI noise. The Bell 430 helicopter is operating at 68 kts at a
descent angle of 6° for this comparison, which is a typical BVI condition (A more
comprehensive study of the effect of speed and angle of descent is presented in
Section 4.3). Figure 3.9 presents the distribution and magnitude of A-weighted
OASPL around the helicopter shown on the hemispherical grids.
First of all, the rectangular blades generate the highest levels of noise with a
maximum A-weighted OASPL of 107.7 dBA; then 104.4 dBA and 101.6 dBA for the
tapered and Blue Edge-like blades, respectively. Spatially, the rectangular blades
have a significantly larger region of high noise than the other blade geometries.
The focused peak noise regions are typical of BVI noise - both on the advancing
side of the rotor (top of the hemisphere figure) and retreating side of the rotor
(bottom of the hemisphere figures). For the tapered blades, the advancing side BVI
is significantly reduced, but the levels in the aft part of the hemisphere are slightly
increased. For the Blue Edge-like blades, the BVI noise is substantially reduced. In
fact, although the Blue Edge-like blades are not optimized, and the comparison is
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(a) Rectangular

(b) Blue Edge

Figure 3.8: BVI noise reduction, a result of minimizing the parallel interaction
not EPNdB, there is a 4 to 5 dBA noise reduction, which is significant and agrees
with the trend reported by Airbus Helicopters. The effect of blade geometry on
noise is extremely important for not only the maximum level of the noise but also
for its spatial distribution.
Figure 3.10 shows the acoustic pressure time history that is measured at the
locations for which the metrics A-weighted OASPL level reaches its maximum for
the three blade geometries, i.e.:
• Rectangular blades: 120° azimuth and 40° below the main rotor plane.
• Tapered blades: 45° azimuth and 50° below the main rotor plane.
• Rectangular blades: 60° azimuth and 80° below the main rotor plane.
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(a) Rectangular

(b) Tapered

(c) Blue Edge-like

Figure 3.9: A-wedighted OASPL space distribution for the three blade geometries
at 68 kts and 6° descent
These positions are indicated with a black dot on Figure 3.9. Regarding the
rectangular blades, four substantial peaks appear during the main rotor revolution.
These peaks are mainly positive and go from approximately −20 Pa to 60 Pa. They
correspond to the passage of the four main rotor blades and are due to loading
noise and are characteristic of BVI noise. The oscillations in between are produced
by thickness noise of the main and tail rotor. The tapered blades result shows
that BVI noise is mitigated. Indeed, if the main peaks are still distinguishable,
their magnitude is reduced and goes now from −30 Pa to 20 Pa. The oscillations in
between are also more important, which also suggests that main rotor non-BVI
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noise is somewhat different. This is likely to be due to a subtle trim difference. The
point of highest A-weighted OASPL on the hemisphere when Blue Edge-like blades
are used follows this trend to the extent that BVI noise levels and the the pulse
width is wider, which demonstrates they are less impulsive. The improvement is
especially significant since the noisiest locations have been selected for each case the reduction is greater in the same locations as the peak level for the rectangular
blades. More acoustic pressure results are available in Appendix C.
Through this study, the prediction system has demonstrated first, its ability to
capture a complicated phenomena: BVI noise to the extent that it requires a high
resolution of the wakes and blade loading. Secondly, as introduced in Chapter 1,
Blue Edge-like blades are an example of a design that works to abate rotor noise at least in BVI conditions.
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(a) Rectangular at ψ = 120° and
θ = 40°

(b) Tapered at ψ = 45° and θ = 50°

(c) Blue Edge at ψ = 60° and θ = 80°

Figure 3.10: Acoustic pressure time history at the noisiest positions located by a
black dot in Figure 3.9 on the 100 ft radius hemisphere. Azimuth and elevation
angle below the main rotor plane are denoted respectively by ψ and θ
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Chapter 4 |
Noise abatement procedures and
helicopter classification
4.1 Goal and general procedure
In the first section of this chapter, the rotor noise is analyzed during level
forward flight. In previous works of Li et al. [9], the Bell 430 helicopter served
as a reference case to study the effect of altitude and speed on rotor noise. As
a continuation of that work, the tools previously set up were applied for other
helicopters. In particular, a heavier helicopter, the Sikorsky S-76C+, was selected
for that purpose. It will be used in Section 4.2.1 and 4.2.2 to analyze the effect of
altitude and speed on the noise.
In Section 4.2.3, the acoustic impact of three helicopters are compared in
different flight configurations. The helicopters evaluated are the Bell 430, the
Sikorsky S-76C+ and the Airbus BK 117. Their characteristics are presented below
in Table 4.1. In order to make proper acoustic comparisons, the three helicopters
are loaded in equivalent proportions, namely 92.5 % of the maximum gross takeoff
weight. So, the S-76C+, Bell 430 and BK 117 have weights of 11.350 lbs, 9000 lbs,
7115 lbs, respectively. Upon examination of Table 4.1, the main rotors of the three
rotorcraft each have 4 blades with similar tip speeds for the S-76C+ and BK 117
(722 ft/s and 724 ft/s) but higher tip speed for the Bell 430 (764 ft/s). Also the
linear twist is similar for three cases. The tail rotors are more different. Indeed,
the S-76C+ has twice as many tail rotor blades as the Bell 430 and BK 117 (4 vs.
2). Furthermore, the tip speed is higher for the BK 117 (722 ft/s) than for the Bell
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430 and S-76C+: (678 ft/s and 674 ft/s1 ). Finally there is no twist for the Bell 430
and BK 117 tail rotor blades whereas the S-76C+ tail rotor blades have θtw = −8°.
It will be important to compare the noise characteristics in light of the differences
and similarities of the three helicopters.
Mass and Inertia
Proprieties
W
9000 lbs
Ixx
3462 slug ft2
Iyy 15 362 slug ft2
Izz 12 261 slug ft2
Ixz
300 slug ft2
Iβ
398 slug ft2
Mβ
37.9 slug ft
Main Rotor
Ω
36.395 rad/s
R
21 ft
Vtip
764 ft/s
θtw
−7.7°
Nb
4
c
1.2 ft
e
5.0%
Tail Rotor
Ω
197 rad/s
R
3.442 ft
Vtip
678 ft/s
θtw
0°
Nb
2
c
0.53 ft
δ3
45°

Mass and Inertia
Proprieties
W
11 350 lbs
Ixx
2229 slug ft2
Iyy 12 972 slug ft2
Izz 10 177 slug ft2
Ixz
0 slug ft2
Iβ
389.7 slug ft2
Mβ
26.6 slug ft
Main Rotor
Ω
32.83 rad/s
R
22 ft
Vtip
722 ft/s
θtw
−10°
Nb
4
c
1.29 ft
e
18.2%
Tail Rotor
Ω
168.5 rad/s
R
4 ft
Vtip
674 ft/s1
θtw
−8°
Nb
4
c
0.54 ft
δ3
45°

Mass and Inertia
Proprieties
W
7115 lbs
Ixx
953 slug ft2
Iyy
3961 slug ft2
Izz
3408 slug ft2
Ixz
417 slug ft2
Iβ
284.6 slug ft2
Mβ
27.6 slug ft
Main Rotor
Ω
40.12 rad/s
R
18.045 ft
Vtip
724 ft/s
θtw
−9.6°
Nb
4
c
1.05 ft
e
19.8%
Tail Rotor
Ω
227 rad/s
R
3.18 ft
Vtip
722 ft/s
θtw
0°
Nb
2
c
0.45 ft
δ3
45°

(a) Bell 430

(b) S76C+

(c) BK 117

Table 4.1: Characteristics of the helicopters used for comparison.
In the section 4.3 of this chapter, the rotor noise was analyzed for descent and
approach. In Chapter 3, it has been demonstrated that BVI noise can be significant
during descent flight conditions. The goal of this section is to study the influence
The actual tail rotor tip speed of the S-76C+ is actually 724 ft/s but all the simulations have
been performed with 674 ft/s
1
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of the speed and angle of descent on BVI noise and to relate the results to the HAI
recommendations presented in the Fly Neighborly Guide [3].

4.2 Noise in level flight
4.2.1 Effect of altitude
In this section, the noise for a Sikorsky S-76C+ helicopter flying over the
rectangular grid at 90 kts is investigated for three different altitudes: 500 ft, 1000 ft
and 1500 ft. Figure 4.1 presents the EPNL’s plots for the three altitudes. (Note:
the results in Figure 4.1 do not include any effect of ground reflections.)

(a) 500 ft

(b) 1000 ft

(c) 1500 ft

Figure 4.1: Effect of altitude on EPNL for the S76C+ flying over at 90 kts
The annoyance, which is measured by the EPNL metrics drops under the flight
path of the helicopter as the helicopter flies at higher altitudes. This is is expected as
the solution of Farassat’s Formulation 1A (2.8 and 2.9) are proportional to 1/r. On
the centerline the levels decrease from 99.4 EPNdB, to 94.4 EPNdB, and eventually
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to 92.4 EPNdB at an altitude of 1500 ft. However, it is interesting to observe that on
the sides at ±600 m, the levels slightly increase from 82.5 EPNdB to 83.7 EPNdB,
and finally to 85.2 EPNdB for 1500 ft. This means that the recommendation to fly
higher is not uniformly valid: near the fight path noise levels decrease but on the
sides they will increase slightly.
In order to have a clearer picture of this phenomena, a single x position is
examined in more detail at x = 0 m, −700 m ≤ y ≤ 700 m, z = 0 m with ∆y = 100 m.
Figure 4.2 shows that the bell shape of the EPNL curve tends to become more
and more flattened as the aircraft altitude is increased. Two effects are involved in
this trend. The first effect is geometrical in nature and is based on the fact that
acoustic pressure in the far-field is proportional to 1/r. Indeed the distance between
the point y = 0 m and the CG of the helicopter increases faster than the distance
between the rotorcraft and the observer located at x = ±700 m as shows Figure 4.3.
In this example, when the altitude is doubled, the distance between the observer at
y = 700 m is only increased by 6.6 %. Therefore, if only geometrical spreading were
involved in sound propagation, the acoustic pressure would have been decreased
by a factor 0.934 only. So, the EPNL values would have been virtually the same,
whereas the EPNL values would have dropped more consequently on the centerline.
However, this does not explain why the EPNL values are actually increasing on the
sideline.

Figure 4.2: EPNL along the sideline −700 < y < 700 for the three altitudes
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The second effect that plays a role is the directivity and anisotropic nature
of the rotor noise. In Figure 4.3, the angle measured between the straight line
connecting the furthest observer to the helicopter and the vertical decreases with
altitude. These angles are denoted α and β on the figure. As a consequence, the
directivity angle the observer sees is different for different altitudes; hence, the
magnitude of the signal can change even if distance is not considered. This is also
the case in Figures 4.1 and 4.2. So, as the helicopter altitude is increased, fixed
observers off to the side of the flight path tend to experience more loading and
broadband noise than they did when the helicopter was closer to the ground. Thus
as was shown in Figures 4.1 and 4.2, the levels on the side of the flight path can
increase even though the distance increases slightly.

Figure 4.3: Geometrical and directivity effect
Figure 4.4 clearly shows that loading and broadband noise are responsible for
the increase of noise on the sides as a result of directivity effects. Thickness noise
is decreasing for all the locations, but faster on the centerline than on the sideline.
Furthermore, the slight asymmetry from side to side in is primarily due to the
directivity of the loading noise; the thickness and broadband noise components are
fairly symmetric in their response to altitude change.
From these plots, it appears that the HAI recommendations regarding altitude
effects on noise reduction are partially verified. In Chapter 1, it was recalled that
according to the Fly Neighborly Guide [3], a decrease of 6 to 7 dBA was expected
when the altitude is doubled and a decrease of about 10 dBA should be observed if
the altitude is multiplied by a factor 3. Figure 4.5 represents the SEL expressed in
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(a) Thickness

(b) Loading

(c) Broadband

(d) Total

Figure 4.4: Effect of altitude on EPNL along the sideline −700 < y < 700 for the
S76C+ flying over at 90 kts
dBA along the along the sideline −700 < y < 700. As observed in the EPNL plots,
the directivity angle the observer sees is different for different altitudes; hence, the
magnitude of the signal can change even if distance is not considered. This is also
the case in Figures 4.5. There is a decrease near the centerline, but the observers on
the sides experience slightly higher levels of noise. Yet the rule of thumb established
by the HAI seems to be slightly off, even on the centerline. Indeed, the EPNL levels
decrease by approcimately 5 dB when the altitude is doubled from 500 ft to 1000 ft,
which a bit lower than the expected drop of 6 to 7 dB. If the altitude is multiplied
by three from 500 ft to 1500 ft, the decrease is limited to about 8 dB against 10 dB
as claimed by HAI. This simple analysis does not take into account all of the details
of SEL or EPNL calculations. In Appendix C Section C.2.1, the reader will find
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analogous figures based on the Bell 430’s level flights that corroborate the trend
observed in the S-76C+ simulations.

Figure 4.5: SEL along the sideline −700 < y < 700 for the three altitudes

4.2.2 Effect of speed on level flight
The second natural parameter that plays a major role on noise is the speed
of the rotorcraft in forward flight. To isolate its influence, the altitude is set at
500 ft and the same S-76C+ helicopter is used. Three velocities were tested: 60 kts,
90 kts and 135 kts. Figure 4.6 shows the EPNL for the three flight conditions.
In this case an increased forward speed does not really lead to higher noise
levels on the centerline, where the change in altitude had the most impact on noise.
In this comparison, the locations to the side of the flight path experience more
noise annoyance, i.e. the EPNL goes up by roughly 4 EPNdB as the fligth speed
increases from 60 kts to 135 kts. The maximum EPNL level is still on the centerline,
but it remains approximately constant around 100 EPNdB. In order to understand
which noise component is responsible, a line of observers across the flight path,
(i.e., the y direction), is used again. PSU-WOPWOP has the ability to compute
the EPNL from thickness, loading and broadband noise curves separately, although
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(a) 60 kts

(b) 90 kts

(c) 135 kts

Figure 4.6: Effect of speed on EPNL for the S-76C+ flying over at 500 ft.
the time correction, is still based on the total noise signal. Figure 4.7 presents the
evolution of the three EPNL components versus speed.
It can be observed from these plots that the loading noise plays a different
role than thickness and broadband noise. Loading noise drops on the centerline
by 1 EPNdB as the speed goes up from 60 kts to 135 kts. However it increases
by 2 EPNdB on the sides. Conversely, broadband and thickness noise grow with
increasing speed for all y values. Broadband noise increases slightly by roughly
3 EPNdB along the line of observers, whereas thickness noise increases faster for y
values farther away from the flight path: +8 EPNdB for the centerline +12 EPNdB
for the sides. Therefore, the sides are primarily affected as seen on Figure 4.6.
EPNL is dependent upon both the noise levels and duration of the event, so if the
level is nearly constant (as is the case for loading and broadband noise), then with
higher flight speeds, the duration will be less and the EPNL levels will decrease.
The thickness EPNL levels increase more dramatically because the thickness noise
is a strong function of advancing-tip Mach number, which is directly influenced by
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(a) Thickness

(b) Loading

(c) Broadband

Figure 4.7: EPNL along the sideline −700 < y < 700 for the three speeds
forward speed. It is important to recall that high-speed impulsive (HSI) noise is
not taken into account in these simulations to save computational time. At high
forward speeds, HSI noise would effectively increase the thickness noise contribution
and EPNL levels would be expected to rise on the centerline as well.

4.2.3 Comparison of the Bell 430, S-76C+ and BK 117
The prediction system has the ability to model different helicopters; therefore,
in this section the noise of three differenc aircraft are compared: the Bell 430, the
Sikorsky S-76C+ and the Airbus BK 117. In addition to being popular rotorcraft,
these helicopters have been selected to investigate the importance of three key
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characteristics on noise level, which include:
1. Tail rotor tip speed: VBK 117 = 722 ft/s > VBell 430 = 678 ft/s ≈ VS−76C+ =
674 ft/s
2. Main rotor tip speed: VBell 430 = 764 ft/s > VBK 117 = 724 ft/s ≈ VS−76C+ =
722 ft/s
3. Weight: WS−76C+ = 11.350 lbs > WBell 430 = 9000 lbs > WBK 117 = 7115 lbs
The rotor tip speeds are highly correlated to thickness noise and the weight is
directly related to loading and broadband noise.
In order to verify these proprieties, a level 90 kts forward flight at an altitude of
500 ft, was performed. Figure 4.8 describes the noise generated by each helicopter
when they are passing over a reference point. The first observation that can be
made is that the S-76C+ is the noisiest helicopter with a maximum value of PNLT
equals to 105 PNdB. However, surprisingly the BK 117 which is 40 % lighter is
right behind with a maximum value of 104 PNdB. The quietest helicopter is the
Bell 430 with a maximum of 100 PNdB. This ranking is primarily due to broadband
noise, which becomes dominant as the helicopter passes over the reference point.
The broadband noise is predicted to always be dominant for the heaviest. Loading
noise results are also unexpected. Indeed, loading noise generated by the Bell 430
has not only higher levels than the BK 117 (that is 20 % lighter), but also than
the S-76C+ which is 25 % heavier. Loading and broadband noise should be closely
correlated to the weight of the aircraft. In contrast, thickness noise is consistent
with the tip speeds. Indeed, downrange, for x < 0 the thickness noise levels are the
highest for the Bell 430 before the BK 117 and then the S-76C+. This makes sense
because around x = −800 m, the reference point is still in the main directivity of
the thickness noise of the main rotor, whose tip speeds is the highest for Bell 430
followed by the BK 117. As the helicopter passes over the reference point, thickness
noise is primarily due the tail rotor and the figure shows that the thickness noise is
the highest for BK 117 which has the greatest tail rotor tip speed.
In order to understand why broadband and loading noise do not respect the
ranking by weight, Figure 4.9 examines the noise components generated by the
main rotor. In other words, the tail rotor is “turned off” in the noise prediction.
The first remark that one can make is that thickness noise levels are fairly low for
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(a) Bell 430

(b) BK 117

(c) S-76C+

Figure 4.8: PNLT at the reference point versus x coordinate of the helicopter.
the three helicopters. This is expected since the contribution of the tail rotor to
thickness noise has been removed. Secondly, the broadband and loading curves
are practically identical to the ones in Figure 4.8. Therefore the main rotor is
responsible for the unexpected trend observed in Figure 4.8. Unfortunately, further
investigations, not done here, are needed to determine why broadband noise seems
very high for the BK 117 and lower for the S-76C+. The tail rotor here plays little
influence on the total noise since it is mainly responsible for thickness noise in this
configuration and its levels are at least 10 PNdB lower than broadband noise.
Thickness noise can be studied more extensively by the means of hemispherical
grids. Yet, since the three helicopters have different size the hemispheres need to
be rescaled in order to blur differences. To do so the radius of the hemispherical
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(a) Bell 430

(b) BK 117

(c) S-76C+

Figure 4.9: PNLT generated by the main rotor at the reference point versus x
coordinate of the helicopter.
grid is reset to 100 m. If the radius is too small, it would impact the results due to
distance effects: the biggest helicopter (S-76C+) would be slightly closer to the
observers than the smallest one (BK 117). Since the ratio of the main rotor blades
radius to the hemisphere radius is only about 5.5 % to 6.7%, this difference of
distance between the observers and the rotors is greatly reduced. Figure 4.10 shows
the distribution of OASPL on the hemispherical grid for the three helicopters. The
trend developed from Figure 4.8 is confirmed – the Bell 430 and BK 117 generate
significant levels of thickness noise unlike the S-76C+. The directivty of the
thickness noise is clearly oriented ahead the helicopter. The main reason is Doppler
amplification - thickness noise is maximum head of the helicopter; a secondary
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effect is that the two rotors add here. Therefore their respective contributions sum
up and lead to higher levels.

(b) BK 117

(a) Bell 430

(c) S-76C+

Figure 4.10: Thickness noise contribution to the OASPLdB on the hemispherical
grids.
Figure 4.11 offers a good view of this. It represents the acoustic pressure
captured directly ahead the helicopter over a period of 0.2 s in the main rotor plane.
The first remark is that the thickness noise is dominant for the three helicopters,
which is expected. Secondly, one can recognize for each case the contribution of
main and tail rotor to thickness noise. The tail rotor is rotating faster than the
main rotor and so its period is smaller. On the Bell 430 plots 4 loading noise peaks
can be observed and they occur at the same moment of 4 thickness noise peaks.
The presence of only 4 peaks on a period of time corresponding to bit more than
one main rotor revolution proves that these are due to the passage of the four
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main rotor blades over a period. As a consequence the 4 thickness peaks are also
due to the main rotor blades.The peak framed by a solid black rectangle shows a
magnitude of approximately −3 Pa. The deduction that one can make at this point
is that the other smaller peaks on the Bell 430 plot are due to the tail rotor blades.
This makes sense since their frequency of occurrence is higher. Moreover recall that
the tail rotor has only two blades and its period is 0.03 s, one can notice that over
0.05 s the small peaks appear roughly twice, as expected. One of them is framed by
a dashed purple rectangle and its amplitude is roughly 3 Pa. The amplitude of the
tail rotor thickness pulses is lower than the main rotor thickness pulses because that
tip speed of the tail rotor is less for the Bell 430 (and the S-76C+). Occasionally
the main rotor and tail rotor thickness pulses are sufficiently close so that they
add constructively. For the BK 117 and the S-76C+ the loading noise is much
more difficult to see, however by counting the number of peaks occurrence one can
deduce the contribution of the main and tail rotor to thickness noise. Again the
BK 117 tail rotor includes only two blades and over a tail rotor revolution (0.03 s)
The S-76C+ tail rotor has 4 blades and over a tail rotor (0.04 s) period the peaks
appear 4 times. The S-76C+ presents low thickness noise magnitudes as expected.
Finally, the thickness noise generated by the BK 117 is higher than the one due
to the Bell 430 tail rotor: p0T, max, BK117 ≈ 2.5 Pa > p0T, max, Bell430 ≈ 2 Pa. The
explanation relies on the fact that thickness noise and tip speed are correlated. The
tail rotor tip speed of the BK 117 is 722 ft/s as opposed to 678 ft/s for the Bell 430.
Similarly, since the main rotor tip speed is greater for the Bell 430 than the BK
117, one can observe higher thickness noise levels due to the main rotor blades for
the Bell 430 than the BK 117.
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(a) Bell 430

(b) BK 117

(c) S-76C+

Figure 4.11: Acoustic pressure at the position ψ = 180°, θ = 0°. The main and tail
rotor contributions to thickness noise are respectively indicated by a solid black
rectangle and a dashed purple rectangle.

4.3 Descent flight and approach
Another flight condition that is extremely important to consider is approach.
As a helicopter approaches the ground for landing, it is common for BVI noise
to occur ; and when it does, it is the dominant noise source due to its impulsive
nature. Furthermore, during approach the vehicle is approaching the ground, hence
the noise levels also increase due to the decreasing distance to the observer. In
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Chapter 3 it was demonstrated that the noise prediction system for this project is
capable of predicting BVI noise. In this section approach conditions and BVI noise
will be considered. Ground reflection is not taken into account.
Figure 4.12 shows the EPNL distribution on the rectangular grid for the Bell
430 helicopter flying at nominally 100 kts with three different descent angles. The
three case can be characterized as:
1. Level forward flight at 500 ft altitude
2. Descent at moderate rate of 600 ft/min, which corresponds approximately to
flight path angle of −3.4° when the helicopter is flying at 100 kts
3. Descent at a high rate of 1200 ft/min, which corresponds approximately to
flight path angle of −6.8° when the helicopter is flying at 100 kts

(a) 0 ft/min descent
at 500 ft high

(b) 600 ft/min
descent flight

(c) 1200 ft/min descent flight

Figure 4.12: Effect of rate of descent on EPNL for the Bell 430 flying over at
100 kts.
As a reminder the reference point is the target touchdown point but the helicopter
flies only down to an altitude of 15 m. First of all, it appears that EPNL levels
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begin increasing as soon as the helicopter starts descending. A comparison of the
three cases shows that for the higher rate of descent, the region of highest EPNL
values is significantly reduced (i.e., the region above 101 EPNdB is reduced by
more than half). This is primarily due to the fact that the helicopter starts at a
higher altitude for the 6.8° descent case: 2698 ft (822.4 m) for the 6.8° descent angle;
1351 ft (411.8 m) for the 3.4° descent angle, and constant at 500 ft (152.4 m) for the
level flight case. Furthermore, the maximum ENPL level is 106.7 EPNdB for the
3.4° descent angle and 105.8 EPNdB for the 6.8° descent angle. The three cases can
also be compared at the same altitude (500 ft), which occurs at x = −2565 m for the
3.4° descent angle case and x = −1278 m for the 6.8° descent angle case. Comparing
the cases as 500 ft reveals that the EPNL levels are higher for the two descent
cases, and highest for the 3.4° descent angle - the max EPNL level is 93 EPNdB
for the level flight case, 97.4 EPNdB for the 3.4° descent, and 96.2 EPNdB for the
6.8° descent.
To remove the distance to the observer as a factor, the A-weighted OASPL
values are plotted on the hemisphere grid for each of the three cases in Figure
4.13. Again, the A-weighted OASPL levels are fairly low for a position forward
on the hemisphere and the noisiest areas are located below the helicopter where
loading noise is dominant. Both descent cases have regions of high noise intensity.
Although the maximum level is higher for the 3.4° descent case, the affected areas
are not the same for to the two different descent angles. For the 3.4° descent angle,
the most affected area is located mostly below and behind the helicopter whereas
for the 6.8° descent angle case, the maximum noise region is more directed toward
the right side (advancing side) of the helicopter. Based upon the directivity, it is
likely that the 3.4°descent case has more retreating side BVI, while the 6.8° descent
case is primarily composed of advancing side BVI. This could be confirmed by
analyzing the blade loading, but it has not been done in this work.
BVI noise is responsible for these regions of increased noise levels as shown in
the two plots of acoustic pressure time history shown in Figure 4.14. These two
plots represent the acoustic pressure time history measured at location of maximum
noise for each descent condition, indicated by black dots on Figure 4.13: 105.1 dBA
and 101.2 dBA for the 3.4° and 6.8° descent cases, respectively. One can see the
same characteristics presented in Figure 3.10: strong narrow peaks, which is the
BVI noise, and with oscillations on both sides due to thickness and non-BVI loading
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(a) 0 ft/min at 500 ft high

(b) 600 ft/min

(c) 1200 ft/min

Figure 4.13: A-weighted OASPL space distribution for the different rates of descent
of the Bell 430 flying at 100 kts.
noise from the main and tail rotors. The BVI noise is less impulsive in the higher
descent angle case, but there also appears to be more interactions. This is not
surprising because different observers often observe different kind of BVI noise.
More cases showing acoustic pressure plots are available in Appendix C.
To sum up, clearly it appears in this case that a higher angle of descent leads
an improvement in terms in noise reduction: levels are lower and the footprint is
reduced.
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(b) 1200 ft/min descent at
ψ = 75°, θ = 40°

(a) 600 ft/min descent at ψ = 40°, θ = 65°

Figure 4.14: Acoustic pressure for a Bell 430 flying at 100 kts measured at the
locations for which the A-weighted OASPL is maximum. They correspond to the
black dots on Figure 4.13.
The speed plays a major role in noise production as well. In order to demonstrate
this, two cases were compared:
1. Descent at an angle of 6° when the helicopter is flying at 68 kts.
2. Descent at an angle of 6° when the helicopter is flying at 90 kts.
On the hemispherical grids the A-weighted OASPL results indicate that higher
speeds mitigate the acoustic footprint of helicopters as shown in Figure 4.15. For
a speed of 68 kts the highest levels (107.7 dBA) are reached on the starboard side
at the location ψ = 120°, θ = 40°. Large areas of the hemisphere have noise levels
greater than 104 dBA. In contrast, the 90 kts descent flight presents BVI noise on
the starboard side with a maximum of 102.6 dBA, i.e. 5.1 dBA less than the 68 kts
descent case. Moreover, almost all the hemisphere has A-weighted OASPL levels
lower than 99 dBA. This apparent noise reduction can be explained by the fact that
a higher speed for a same angle of descent means that the wakes get swept away
quicker. Therefore, the blades are less likely to hit the tip vortices, which results
in less BVI noise. This observation is supported by Figure 4.16. It compares the
locations indicated by black dots for which the maximums of A-weighted OASPL

52

are achieved for the 68 kts and 90 kts flight condition. The acoustic pressure is
recorded during 0.2 s, i.e. a bit more than a main rotor revolution. In both plots,
the four distinct peaks are characteristics of BVI noise and correspond to the
passage of the four blades. The small oscillations on both sides of the main peaks
can be attributed to thickness and non-BVI loading from the main and tail rotors,
which are less consequential in BVI noise conditions. As expected, the peaks have
a greater amplitude for a speed of 68 kts than the for the 90 kts case. The kind of
BVI is also different between the two flight conditions to the extent that for the
68 kts case the BVI peaks are primarily positive, whereas for the 90 kts, case the
BVI peaks are primarily negative.

(b) 90 kts

(a) 68 kts

Figure 4.15: A-weighted OASPL spatial distribution for different speeds for a Bell
430 descending with an angle of 6°.
It appears pilots have a dilemma: to reduce the noise on approach they can
descend at a steeper angle and at a higher rate of speed - as is suggested by Figure
1.1 and taken from the HAI Fly Neighborly Guide [3]. But for comfort and possibly
safety, doing the opposite is a better option. Another alternative is to decelerate
during the approach. This is known to reduce BVI noise on approach, be relatively
straightforward for pilots to fly, but the noise prediction system has not been able
to model this case yet.
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(a) 68 kts flight at ψ = 40°, θ = 125°

(b) 90 kts flight at ψ = 75°, θ = 35°

Figure 4.16: Acoustic pressure for a Bell 430 with an angle of 6° measured at the
locations for which the A-weighted OASPL is maximum. They correspond to the
black dots on Figure 4.15.
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Chapter 5 |
Concluding remarks
5.1 Summary
In this thesis a new acoustic prediction tool developed at Vertical Lift Research
Center of Excellence at Penn State has been used to explore simple operational
approaches to reduce helicopter noise. This system consists of three prediction
codes: a flight simulator (PSUHeloSim), a high fidelity rotor aeromechanical model
(CHARM), and an aeroacoustics prediction code (PSU-WOPWOP).
First of all, the system has been validated by making accurate noise predictions
of a level forward flight for the Bell 430 helicopter. The prediction system showed
that thickness noise was primarily emitted ahead the helicopter in the rotor plane.
That is, thickness noise is dominant when a helicopter is approaching a distant
observer. Then, loading and broadband noise increase and become the dominant
noise sources as the helicopter passes over the observer. Thickness noise decreases
as loading and broadband noise increase. The noise levels go down as the helicopter
flies away the observer.
In a second demonstration, the prediction system has demonstrated its ability
to capture BVI noise and accurately predict BVI noise reduction. The prediction
system can reconstruct, with a high resolution, the wakes generated by the rotor,
which is necessary in BVI noise conditions such as descent and approach. Within
ASCENT project 6, sponsored by the FAA, an advanced technology with a high
potential for BVI noise reduction was tested: the blades similar to Blue Edge blades
from Airbus Helicopters. A simple model of Blue Edge-like blades was implemented
and the results showed that the design of such blades significantly attenuated BVI
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noise in comparison to rectangular blades.
In a third part of this work, the prediction system has been applied to predict
the noise of a Sikorsky S-76C+ helicopter. Two classic abatement procedures in
level forward flight have been analyzed: flying at a higher altitude and reducing
the forward speed. When the altitude is increased, there is a clear benefit along the
flight path because loading and broadband noise decrease substantially. However,
due to geometrical and directivity effects, observers at some distance to either side
of the flight path can actually experience higher noise levels. Therefore, a higher
altitude does not imply unconditionally quieter sky.
A lower speed is also a good solution to abate the rotor noise although not all
the noise components are reduced. Broadband noise increases slightly because since
the helicopter flies at a lower speed, the rotorcraft is nearer to the observer longer.
Loading noise remains mainly constant along the flight path but increases slightly
for observer located at some distance to either side of the centerline. Indeed, when
the helicopter is flying at lower speeds it stays near the observer longer. Thickness
noise is the primary noise component that experiences a reduction for lower speed
because the relative velocity of the air over the blades on the advancing side of the
rotor is going down.
The prediction system was also used to perform a comparison between three
helicopters in order to highlight the role of the main and tail rotor tip speeds, and
the weight of the rotorcraft on the rotor noise during a level forward flight. The Bell
430, Sikorsky S-76C+ and the BK 117 from Airbus Helicopters have been selected
for this purpose. It has been concluded that the tip speed primarily influences the
thickness noise, higher velocities resulting in higher thickness noise levels. However
broadband and noise levels did not increase as expected with heavier weight as
expected, which up to now remains unexplained.
Finally the prediction system has permitted the analysis of the effect of speed
and angle of descent on BVI noise. The results show that BVI noise starts appearing
as soon as the angle of descent is increasing. But then, as the flight path gets
steeper and steeper, BVI noise starts to be mitigated and the footprint of rotor
noise is reduced on the ground. This suggests the existence of an angle of descent
that maximizes BVI noise. This situation should then be avoided. A higher speed
seems desirable to avoid BVI noise but it may not be practical for landing. The
benefit of higher speed is that the wake gets swept away faster, and therefore the
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blades are less likely to hit the tip vortices.

5.2 Future work
The prediction system can only perform steady flight conditions up to now.
Therefore, the next step is to be able to handle maneuvers with acceleration. This
would be particularly useful because for instance, a solution to attenuate BVI noise
is to carry out a deceleration with a strong angle of descent.
Moreover, further investigations need to be performed in order to understand
the apparent anomaly of the correlation between loading/broadband noise and
weight.
Besides, the prediction system needs to be more robust to be able to handle
more helicopters. Heretofore the flight simulator model is well suited for articulated
rotors (Bell 430, S-76C+) but is not as robust as for hingeless rotors (BK 117) even
though such aircraft are common. This results in a limitation of simulating more
sophisticated flight conditions without the prediction system failing.
Finally, the prediction system should be able to be more flexible to input new
flight conditions or parameters such as the weight. It is currently cumbersome to
change the weight of the aircraft in the flight simulation.
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Appendix A|
Noise metrics
Several metrics can be used to measure and quantify the noise people can hear.
As a reminder, a noise is an defined as an undesired sound. Sound consists of
acoustic waves propagating through a fluid as small rarefactions and compressions,
which result in variations of pressure and density. As an example, the order of
magnitude of these variations may be only a few Pascal (Pa), which is extremely
small relatively to the atmospheric pressure 105 Pa. Typically, the human ear can
detect noise fluctuating in the range of 20 Hz to 20 000 Hz as shown in Figure A.1:

Figure A.1: Range of audible sound [30].
However, the human ear is not uniformly sensitive to all the frequencies. Two
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factors need to be considered:
1. The loudness: Some frequencies seem louder than others to the human ear.
This variation in perceived loudness in the human ear can be represented
by a weight which reflects that a sound seems either amplified or mitigated
depending on the frequency of the signal. One such weighting is known as
the A-weighting, as shown in the Figure A.2.
2. The annoyance: Kryter [31, 32] showed that human beings perceives certain frequencies noisier than other. Therefore, people associate the noisiest
frequencies to sounds that are not very tolerable. Noy is a unit created by
Kryter [32] to measure this perception. By definition, 1 Noy is the noisiness
of a 1000 Hz tone at a sound pressure level of 40 dB. 2 Noys are twice noisy
as 1 Noy.

Figure A.2: A-weighting chart [32]
Figure A.3 shows that the range of frequencies from 2 to 4 kHz is the most annoying,
i.e. the same level of Noys is reached for lower band sound pressure levels if
f ∈ [2 kHz; 4 kHz]. There is some similarity between A-weighting and Noys, but they
are different representations of human response - either to loudness or annoyance.
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Figure A.3: Annoyance chart [32]
The Overall Sound Pressure Level (OASPL) is a measure of sound captured by
the human ear over all the frequencies. It can be expressed in dB or dBA, which
are decibels that take into account the A-weighting factor.
Another noise metric used for aircraft noise certification is Sound Exposure
Level (SEL). It represents the energy of the sound that human beings are sensitive
to. OASPL and SEL are metrics which reflects the loudness of the sound. The
Sound Exposure Level (SEL) is the area under the curve of the A-weighted OASPL
and the straight line whose equation is y = OASP LdBAmax − 10 dBA.
The tone corrected perceived noise level (PNLT) is similar to the A-weighted
OASPL but it uses the annoyance chart presented in Figure A.3. Tone corrected
means that a correction factor has been calculated to manage the possible irregularities in the spectrum of the noise [30] - particularly how the human annoyance
can be more sensitive to tonal noise. It is expressed in PNdB.
The Effective Perceived Noise Level (EPNL) is the similar the SEL but it uses
the PNLT curve. Therefore it represents the energy of the sound that is annoying
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for people. Therefore, similarly to A-weighted OASPL and SEL, PNLT and EPNL
are the metrics which reflects the annoyance of the sound. SEL is used for civil
noise certification of smaller helicopter as it is easier to compute, while EPNL
is used for noise certification of mid-size to larger helicopters, and commercial
aircraft. A full explanation of the procedures to compute these metrics is found in
reference [33].
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Appendix B|
Setup of PSU-WOPWOP for
steady flight conditions
This appendix presents the general procedure to setup the namelist file, which
is the primary input file for PSU-WOPWOP. In this Appendix the file will be
called "charm.nam". This example applies only for a steady state cases. The
reference case of a Bell 430 in forward flight at 90 kts will be used in the first
section. In the next section, an example descent case is developed. As described
in the PSU-WOPWOP user’s manual [15], the namelist file tells PSU-WOPWOP
what the user wants to compute, how the observers are defined, the trajectory and
attitude of the helicopter. It also locates the data files that define the observer grid,
the geometry and the loading of the blades. These files are usually in the current
directory where PSU-WOPWOP is run, and are output previously by CHARM as
part of the coupled simulation as described in Chapter 2. The CHARM coupling
is designed to make the process as automatic as possible, but the user still needs
to check and manually change some sections of the namelist file. When a new
simulation is ready the user needs to perform the following steps. This procedure
ensures that the simulation will not crash and will effectively produce the desired
results. It also makes the process automatic and saves time by avoiding mistakes.
The updated namelist file can be checked by the user thanks to files that can
be output by PSU-WOPWOP. These files are called Sigma Surface files and can
be opened with the FieldView software. FieldView is a 3D visualization tool
that enables the user to visualize the helicopter blades and the mesh of observers.
FieldView can also display the direction and magnitude of the loading vectors
along the blades. All this information is stored in the Sigma Surface files. For
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our purpose, FieldView enables the user to know if the helicopter has a proper
orientation, geometry and altitude with respect to the observers. A more detailed
use of FieldView for PSU-WOPWOP is available in the manual [15].

B.1 Forward flight Bell 430
A Bell 430 flying at 90 kts at 500 ft is considered as an example here. The classic
rectangular grid will be used for the Massive Parallel Computing (MPI) process as
explained in Chapter 3. However the setup process just requires a regular desktop
computer. The process is the following:
1. The user needs to make a copy of the original charm.nam file and write in
the header as a comment the date and his name. This helps the user to keep
track of any modifications.
2. The flags EPNLFlag, SELFlag, forceEPNL, forceSEL, broadbandFlag have
to be added but commented out in the &EnvironmentIn namelist. This will
be used in the future computations on the cluster. The sigma flags must be
turned on.
3. In the &ObserverIn namelist, the file name that contains the Cartesian
coordinates of the observer grid has to be updated, but this will also be
commented out. For this particular case it will refer to the plane grid.
Moreover the user shall indicated the position of the reference point through
the variables “xloc”, “yloc” and “zloc” .
4. In the &Aircraftin namelist or the &ContainerIn namelist, the user has to
ensure that the speed is consistent with a forward flight case (a correct
numerical value on the x component for this case) and that the altitude is set
up correctly. The rotation Change of Bases must be respected strictly:
(a) 180° rotation with respect to the roll axis. This rotation makes the visualization on FieldView easier. By default FieldView uses the coordinate
system that is used by CHARM and it is the local NED frame. Therefore
the z axis, which is up for FieldView is down for the helicopter. As a
result, the helicopter seems upside down. The 180° rotation corrects this
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and so the observers can be located at the altitude z = 0 m. This effect
of this coordinate system transformation is shown in Figure B.1.
(b) Rotation with respect to the yaw axis
(c) Rotation with respect to the pitch axis
(d) Rotation with respect to the roll axis
These last three rotations corresponds to the Euler angles rotations. They
orientate the helicopter in a consistent manner with the flight dynamics. The
numerical values for these rotations are given by the coupled simulation.

Figure B.1: Effect of a 180° rotation on the roll axis
One can check if the location and sense of rotation of the main and tail rotor
are correct.
5. It is necessary to add a commented PeggNoiseFlag in the two &ContainerIn
namelists for the main and tail rotor. The &PeggIn block will be inserted
respectively after the &CB that defines the rotation of the both rotors. This
will enable the use of Pegg’s model to predict the broadband noise. Then
three inputs need to be updated:
(a) TotalBladeArea: planform area (but without subtracting the root cutout)
of all the blades.
(b) BladeRadius: this is the radius of the blade, expressed in meters.
(c) TotalThrust: this is the magnitude of the thrust. It is computed by
knowing the x, y and z components of the thrust. These are output
from the HeloSimOut.txt file by the means of the Matlab script file
PlotHeloSimOut.m.
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6. The final step consists in checking that the Omega values for the main and
tail rotor rotation are correct.
Once the orientation of the helicopter is correct, one can check the altitude and
the trajectory of the center of gravity. This can be down through the Computational
Surface menu. The Figure B.2 shows a simulation from −13.5 s to −13.2 s of just
one blade to save time. A portion of the rectangular grid of observers can be seen
as a white horizontal line below the helicopter. The indexes I and J are set to 1 to
be at the root of the blade.

Figure B.2: Altitude of the center of gravity
Therefore, FieldView provides the position of the closest point of the blade to
the hub. Here the coordinates are (−613.7 m, −0.6 m, −154.3 m). The y component
is close to 0 since the Bell 430 is flying forward along the x axis. The x component
depends on the time range the simulation is performed. These values will change
at least slightly for each time step since the rotor is rotating. The z component is
slightly above 152.4 m, which corresponds to 500 ft. As the rotor is above the the
center of gravity this is normal and since the root of the blade is close to the center
of gravity, once can infer that the center of gravity has been set at the correct
location. As a double-check, one can also visualize the position of the helicopter at
other times and will notice that the z position remains constant.
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In Figure B.3, one can also notice that the loading of the main rotor is pointing
towards the observer, which is good since the loading is the force that the blades
exert on the air.

(a) View from the −y axis

(b) View from the +z axis

Figure B.3: 3D representation of the geometry (in purple) and the loading (in
green) of the blades
As a final comment, it is definitely possible to remove the 180° rotation on the
roll axis. The key point is to check that the loading direction and the orientation
of the helicopter is consistent with the observer plane.
After this procedure one can go ahead and start the simulations by turning on all
the necessary flags. The final charm.nam file should look like this:
1
2
3
4
5
6
7

!
! Run 6/04/16 by Willca
!
&EnvironmentIn
nbSourceContainers
= 1
! number of aircraft
nbObserverContainers = 1
! one observer grid
!spectrumFlag =.true. ! output acoustic spectrum
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8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

!SPLdBFLAG =.true.
! in SPL dB - narrowband
!SPLdBAFlag =.true.
! and A-weighted SPL in dBA
OASPLdBFlag =.true.
! output OASPL in dB
OASPLdBAFlag =.true. ! and A-weighted OASPLA
acousticPressureFlag =.true. ! and pressure time history
thicknessNoiseFlag =.true. ! output thickness
loadingNoiseFlag =.true.
! loading and
totalNoiseFlag =.true.
! total noise
debugLevel =
1
ASCIIOutputFlag = .true. ! grid and function file output in ASCII
sigmaflag = .true.
! output sigma surfaces
loadingSigmaFlag = .true.
pressureSigmaFlag = .true.
normalSigmaFlag = .true.
observerSigmaflag = .true.

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

broadbandFlag = .true.
!PNLTFlag = .true.
!SELFlag = .true.
!EPNLFlag = .true.
! forceEPNL =.true.
/
&EnvironmentConstants
rho =
1.224670
c =
340.4616
/
&ObserverIn
Title =’Observers’ ! observer title
!fileName = ’obgridDescent.inp’ ! file with observer locations
nt = 512
! number of times in pressured data
!nbHarmonics = 200 ! number of harmonics in spectrum
tmin = 0.0
tmax = 1.0

41
42
43
44

xloc = 0.0
yloc = 0.0
zloc = 0.0

45
46
47
48
49
50
51
52
53
54
55
56
57
58

segmentSize
= 0.5,
segmentStepSize = 0.5,
windowFunction
= ’Hanning Window’,
octaveFlag =.true.,
octaveNumber= 3,
octaveApproxFlag = .true.,
highPassFrequency = 8.913 ! this is the start with 10Hz 1/3 octave band
lowPassFrequency = 11220. ! this is the end of the 10KHz 1/3 octave band
AtmAtten = .true., ! no atmospheric attenuation for hemisphere computation
/
&ContainerIn
Title =’Aircraft’
nbContainer =

! first container is Aircraft
2
! number of rotors
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59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

nbBase = 5!4
! four COBs - aircraft state
dTau =
4.7955193E-04
! TWOPI/(NPSI*(OMEGA(1))
/
&CB
Title =’Aircraft motion’
TranslationType = ’KnownFunction’
AH =
0.000
0.000
0.000
! acceleration
VH =
46.307
-0.000
0.000
! velocity
Y0 =
0.000
0.000
150
! position
/
&CB
Title = ’Rotation of axis system’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 1.0, 0.0, 0.0
AngleValue = 3.14159 !should be in radians
/
&CB
Title =’CG Yaw Angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 0.0, 1.0
AngleValue =
-0.0183 ! radians
/
&CB
Title =’CG Pitch Angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 1.0, 0.0
AngleValue =
-0.0053 ! radians
/
&CB
Title =’CG Roll Angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 1.0, 0.0, 0.0
AngleValue =
-0.0289 ! radians
/
&ContainerIn
Title = ’Rotor 1’
nbContainer = 8 ! 2*NBLADE: thickness & loading
nbBase = 4 ! 4 changes of base for the rotor follow
! PeggNoiseFlag = .true.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
/
&CB
Title =’Hub Translation’
TranslationType = ’TimeIndependent’
TranslationValue =
-0.06858,
0.00433,
-1.85166
/
&CB
Title =’Hub Pitch’
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110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 1.0, 0.0
AngleValue =
-0.08727
/
&CB
Title =’Hub Roll’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 1.0, 0.0, 0.0
AngleValue =
0.00000
/
&CB
Title =’Rotation’
rotation = .true.
AngleType = ’KnownFunction’
Omega =
36.39500 ! rotation rate (rps)
Psi0 =
0.00000 ! psi offset (radians)
AxisValue = 0.0, 0.0,-1.0
/
&PeggIn !!!!! to update
TotalBladeAreaFlag = ’UserValue’,
TotalBladeArea
= 9.23547 !7.653498225 !8.112456
BladeRadiusFlag
= ’UserValue’,
BladeRadius
= 6.4008,
RotSpeedFlag
= ’Compute’,
CLBarFlag
= ’Compute’,

137
138
139
140

TotalThrustFlag
TotalThrust
HubAxisFlag

= ’UserValue’,
= 40312.12617,
= ’Compute’,

141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

spreadBands =.true.
/
&ContainerIn
Title = ’Loading Blade 1’
patchGeometryFile = ’geometry01.dat’
patchLoadingFile = ’loading01.dat’
periodicKeyOffset =
0.00000 ! degrees
nbBase = 1
! One change of base
/
&CB
Title =’Initial azimuth angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 0.0,-1.0
AngleValue = -3.141593
/
&ContainerIn
Title = ’Thickness Blade 1’
patchGeometryFile = ’bsurface01.dat
’
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!7.653498225 ,

161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211

periodicKeyOffset =
0.00000 ! degrees
nbBase = 1
! One change of base
/
&CB
Title =’Initial azimuth angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 0.0,-1.0
AngleValue = -3.141593
/
&ContainerIn
Title = ’Loading Blade 2’
patchGeometryFile = ’geometry01.dat’
patchLoadingFile = ’loading01.dat’
periodicKeyOffset =
90.00000 ! degrees
nbBase = 1
! One change of base
/
&CB
Title =’Initial azimuth angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 0.0,-1.0
AngleValue = -1.570796
/
&ContainerIn
Title = ’Thickness Blade 2’
patchGeometryFile = ’bsurface01.dat
’
periodicKeyOffset =
90.00000 ! degrees
nbBase = 1
! One change of base
/
&CB
Title =’Initial azimuth angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 0.0,-1.0
AngleValue = -1.570796
/
&ContainerIn
Title = ’Loading Blade 3’
patchGeometryFile = ’geometry01.dat’
patchLoadingFile = ’loading01.dat’
periodicKeyOffset =
180.00000 ! degrees
nbBase = 1
! One change of base
/
&CB
Title =’Initial azimuth angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 0.0,-1.0
AngleValue = 0.0000000E+00
/
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212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262

&ContainerIn
Title = ’Thickness Blade 3’
patchGeometryFile = ’bsurface01.dat
’
periodicKeyOffset =
180.00000 ! degrees
nbBase = 1
! One change of base
/
&CB
Title =’Initial azimuth angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 0.0,-1.0
AngleValue = 0.0000000E+00
/
&ContainerIn
Title = ’Loading Blade 4’
patchGeometryFile = ’geometry01.dat’
patchLoadingFile = ’loading01.dat’
periodicKeyOffset =
270.00000 ! degrees
nbBase = 1
! One change of base
/
&CB
Title =’Initial azimuth angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 0.0,-1.0
AngleValue =
1.570796
/
&ContainerIn
Title = ’Thickness Blade 4’
patchGeometryFile = ’bsurface01.dat
’
periodicKeyOffset =
270.00000 ! degrees
nbBase = 1
! One change of base
/
&CB
Title =’Initial azimuth angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 0.0,-1.0
AngleValue =
1.570796
/
&ContainerIn
Title = ’Rotor 2’
nbContainer = 4 ! 2*NBLADE: thickness & loading
nbBase = 4 ! 4 changes of base for the rotor follow
!PeggNoiseFlag = .true. !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
/
&CB
Title =’Hub Translation’
TranslationType = ’TimeIndependent’
TranslationValue =
-7.45998,
-0.56723,
-0.73670
/
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263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313

&CB
Title =’Hub Pitch’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 1.0, 0.0
AngleValue =
0.00000
/
&CB
Title =’Hub Roll’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 1.0, 0.0, 0.0
AngleValue =
1.57080
/
&CB
Title =’Rotation’
rotation = .true.
AngleType = ’KnownFunction’
Omega =
197 ! rotation rate (rps)
Psi0 =
0.00000 ! psi offset (radians)
AxisValue = 0.0, 0.0,-1.0
/
&PeggIn !!! to update
TotalBladeAreaFlag = ’UserValue’,
TotalBladeArea
= 0.532257,
BladeRadiusFlag
= ’UserValue’,
BladeRadius
= 1.04775,
RotSpeedFlag
= ’Compute’,
CLBarFlag
= ’Compute’,
TotalThrustFlag
= ’UserValue’,
TotalThrust
= 1545.176961,
HubAxisFlag
= ’Compute’,
/
&ContainerIn
Title = ’Loading Blade 1’
patchGeometryFile = ’geometry02.dat’
patchLoadingFile = ’loading02.dat’
periodicKeyOffset =
0.00000 ! degrees
nbBase = 1
! One change of base
/
&CB
Title =’Initial azimuth angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 0.0,-1.0
AngleValue = -3.141593
/
&ContainerIn
Title = ’Thickness Blade 1’
patchGeometryFile = ’bsurface02.dat
’
periodicKeyOffset =
0.00000 ! degrees
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314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349

nbBase = 1
! One change of base
/
&CB
Title =’Initial azimuth angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 0.0,-1.0
AngleValue = -3.141593
/
&ContainerIn
Title = ’Loading Blade 2’
patchGeometryFile = ’geometry02.dat’
patchLoadingFile = ’loading02.dat’
periodicKeyOffset =
180.00000 ! degrees
nbBase = 1
! One change of base
/
&CB
Title =’Initial azimuth angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 0.0,-1.0
AngleValue = 0.0000000E+00
/
&ContainerIn
Title = ’Thickness Blade 2’
patchGeometryFile = ’bsurface02.dat
’
periodicKeyOffset =
180.00000 ! degrees
nbBase = 1
! One change of base
/
&CB
Title =’Initial azimuth angle’
AxisType = ’TimeIndependent’
AngleType = ’TimeIndependent’
AxisValue = 0.0, 0.0,-1.0
AngleValue = 0.0000000E+00
/
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B.2 Descent case and use of an hemisphere grid for
the Bell 430
For a descent case two supplementary checks are necessary in comparison to a
simple forward flight:
1. The user needs to check the numerical values and the signs of the velocity
components. CHARM usually outputs the right numerical values, but since a
76

180° rotation on the roll axis is used, the sign of Vz needs to be negative for
a descent flight and positive for climb.
2. The user must ensure that the helicopter will not go through the rectangular
mesh of observers. To do so, it is not sufficient to give the required values of
tmin and tmax in the charm.nam file. Indeed this time is the observer time
and so it is in advance relatively to the source time according to the equation
B.1:
r
(B.1)
c
Therefore the best way to approach this problem is to check again with the
Computational Surface of FieldView the position of the helicopter.
τ =t−

With the hemispherical grid, there is no such problems since the observers are
moving with the helicopter. However it needs to be centered to the hub. The
center of gravity should be located at z = 100 ft in the “Aircraft motion” &CB
namelist and then translated slightly so that the hub is effectively the center of
the hemisphere. The required additional change of base is inserted just after the
Euler angles. The translation is defined in contrast to the one which locates the
hub in the “Main Rotor” &ContainerIn namelist. It results in having the desired
configuration. The dot indicates the root of the blade and so the closest point to
the hub.
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(a) View from the −y axis

(b) App.B-figure: Hsphere

Figure B.4: Location of the hub for the hemisphere grid
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Appendix C|
Additional simulations
In this appendix additional cases are documented that were not specifically
presented in the main body of this thesis. These are available to the reader as
additional information. They organized according to the Chapter and section they
refer to.

C.1 Chapter 3: Validation and Demonstration of the
acoustic prediction system
Below are presented acoustic pressure plots regarding section 3.3. The acoustic
pressure was measured for the three geometries at the locations where the Aweighted OASPL reached its maximum for the rectangular and tapered blades.
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(b) Tapered

(a) Rectangular

(c) Blue Edge

Figure C.1: Acoustic pressure time history at ψ = 120° and θ = 40°, which is the
noisiest positions for rectangular blades on the 100 ft radius hemisphere
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(a) Rectangular

(b) Tapered

(c) Blue Edge

Figure C.2: Acoustic pressure time history at ψ = 45° and θ = 50°, which is the
noisiest positions for tapered blades on the 100 ft radius hemisphere

C.2 Chapter 4: Abatement procedures and helicopter
classification
C.2.1 Effect of altitude
The study led in Section 4.2.1 with the S76C+ was also conducted with the Bell
430. Below are presented the analogous figures of Section 4.2.1 with the Bell 430:
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(a) 500 ft

(b) 1000 ft

(c) 1500 ft

Figure C.3: Effect of altitude on EPNL for the Bell 430 flying over at 90 kts

Figure C.4: EPNL along the sideline −700 < y < 700 for the three altitudes
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(a) Thickness

(b) Loading

(c) Broadband

(d) Total

Figure C.5: Effect of altitude on EPNL along the sideline −700 < y < 700 for the
Bell 430 flying over at 90 kts

Figure C.6: SEL along the sideline −700 < y < 700 for the three altitudes
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C.2.2 Effect of speed on level flight
The study led in Section 4.2.2 with the S76C+ was also conducted with the Bell
430. Below are presented the analogous figures of Section 4.2.2 with the Bell 430:

(a) 90 kts

(b) 110 kts

(c) 140 kts

Figure C.7: Effect of speed on EPNL for the Bell 430 flying over at 500 ft
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(b) Loading

(a) Thickness

(c) Broadband

Figure C.8: EPNL along the sideline −700 < y < 700 for the three flight speeds

C.2.3 Noise avoidance in approach configuration
Below are presented additional acoustic pressure plots regarding the influence of
the angle of descent on BVI noise. The locations on the hemisphere are indicated
by the azimuth and elevation angle.
Below are presented additional acoustic pressure plots regarding the influence
of the speed on BVI noise. The locations on the hemisphere are indicated by the
azimuth and elevation angle.
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(b) 1200 ft/min descent at
ψ = 40°, θ = 65°

(a) 600 ft/min descent at ψ = 75°, θ = 40°

Figure C.9: Acoustic pressure measured at two different locations on the hemisphere
for a Bell 430 flying at 100 kts at different descent angles.

(a) 60 kts flight at ψ = 40°, θ = 65°

(b) 100 kts flight at ψ = 110°, θ = 45°

Figure C.10: Acoustic pressure measured at two different locations on the hemisphere for a Bell 430 descending at 600 ft/min

C.2.4 Classification of helicopters and strategies of noise avoidance
Additional S76C+ and BK 117 forward flights were simulated at different
weight. The S76C+and the BK 117 weight respectively 8200 lbs and 3840 lbs. As a
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convenience, the Bell 430 results with an unchanged weight of 9000 lbs are presented
as well.

(b) S76C+

(a) Bell 430

(c) BK 117

Figure C.11: OASPLdB at the reference point versus x coordinate of the helicopter
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(b) S76C+

(a) Bell 430

(c) BK 117

Figure C.12: Thickness noise contribution to the OASPL on the hemispherical grids
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(b) S76C+

(a) Bell 430

(c) BK 117

Figure C.13: Acoustic pressure at the position ψ = 180°, θ = 0°. The main and tail
rotor contributions to thickness noise are indicated by a black and purple rectangle,
respectively.
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