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ABSTRACT

The focus of this thesis is to gain a deeper understanding on how to mitigate helicopter
rotor noise by studying various flight maneuvers through the use of a flight simulation and
noise prediction system. The goal of this work is to gain a deeper understanding on how
different flight procedures relate to noise generation and how helicopter rotor noise may be
abated. This thesis describes the development and validation of a new noise prediction
system composed of a flight simulation model, a rotor airloads and airwake model, and a
rotor noise prediction code which can be used to predict the helicopter rotor noise in various
flight conditions, such as level flight, take off and climb, approach and descent, and
ultimately transient maneuvers.

For this work, the flight simulator was coupled with the rotor airloads and airwake
model to compute the rotor loading at certain flight circumstances. The output loading files
were called by the noise prediction code to compute the acoustic pressure, which has been
processed into certain noise metrics (OASPL, PNL, PNLT, SEL, and EPNL). Once the
noise prediction system was assembled, validation tests were performed.

The noise

prediction results were compared to NASA’s published data for a Bell Helicopter model 430
flight test. Although the in-plane noise was underpredicted, as a whole the prediction
system captured the details of the noise and provided needed information; it captured the
impulsive features in descent case, and in level flight, predicted within 0.5 dB of published
flight test data.

By using the system, the noise has been predicted in a variety of cases and then
analyzed to determine how flight operation procedures can mitigate the noise levels. Flying
at a higher altitude at same speed will decrease the noise level significantly due to the
increases in distance from the observer on the ground. A constant climb test has shown that

iii

compared to level flight, a 6 degree climb can mitigate the noise level by 5 to 6 dBA; for
lower climb angles the reduction in noise is less. On the other hand, compared to level
flight, 6 degree descent can increase the noise by at least 6 dBA due to blade-vortex
interaction; a more moderate descent angle will result in a smaller noise increment.

This noise prediction system should provide guidance that may ultimately aid pilots,
operators, and land use planners in determining flight operations and maneuvers that will
produce less noise. The system developed is physics-based, yet it provides accurate noise
and aerodynamics in a relatively short time. The computational speed of the system should
also allow a consideration of noise to be incorporated into the design and analysis of
rotorcraft.
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CHAPTER 1: INTRODUCTION

For years, helicopters have been used for various missions: search and rescue, disaster
relief, commercial operations, air ambulances, scientific research, and military operations.
Conventional rotorcraft ― especially those operating in urban environments and in military
mission ― produce significant levels of unwanted noise. To reduce rotorcraft noise, the
development of rotorcraft noise abatement procedures through computational and analytical
modeling would be very helpful. The focus of this thesis will be to highlight how noise
prediction tools can aid in rotorcraft noise abatement. Using physics-based tools it should
be possible to inform pilots, operators, and land use planners which operating procedures
will produce less noise. The Helicopter Association International (HAI) has provided
guidelines on how to fly to produce less noise [1], but the physics-based tools can give
pilots, operators and land us planners both qualitative and quantitative, type-specific noise
data to plan and put into practice reduced noise flight operations.

1.1 Noise description and motivation
A helicopter operates in a complex aerodynamic environment that is fundamentally
unsteady. The major components of a helicopter, such as main rotor and tail rotor, generate
their own noise and aerodynamic/acoustic interactions. The noise from the rotors consist of
several sources including discrete frequency noise (thickness noise, loading noise, and
blade-vortex-interaction noise), broadband noise, and high-speed-impulsive noise (occurs in
high speed forward flight). Other types of noise sources, such as the engine, drivetrain,
mechanical systems, and gear noise, could also be significant, but are not accounted for in
this thesis.

Rotorcraft manufacturers consider noise as part of the overall helicopter design and
strive to meet noise certification requirements. However, rotorcraft operators and pilots play
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a pivotal role in ensuring rotorcraft noise is acceptable to the communities over which they
operate. Furthermore, pilots may not fully understand the acoustic impact they are having
during a flight operation because rotorcraft noise is highly directional and the sound heard in
the cockpit can be substantially different from that heard at various locations on the ground.
Therefore, the development of rotorcraft noise abatement operations and procedures, along
with pilot training, can have a substantial impact on the annoyance caused by rotorcraft
operations. The Federal Aviation Administration (FAA) has a strong interest in rotorcraft
noise abatement operations; hence, the FAA is funding an effort through the Aviation
Sustainability Center of Excellence (ASCENT) to develop noise abatement procedures and
develop a flight test plan to validate those procedures. The proposed thesis describes the
work in this project to couple existing physics-based tools to test noise abatement concepts.
Representative operational changes will be presented along with an assessment of the noise
benefit/potential reduction for each.
Rotorcraft designers have not typically had tools to include noise considerations or
trade-offs in the conceptual design. Even so, research and understanding of rotorcraft noise
has generally lead to significantly quieter vehicles over the past few decades. Furthermore,
rotorcraft noise reduction gains ― or higher noise levels ― depend upon the rotorcraft
flight operations much more than fixed wing aircraft. This is true because helicopters can
and do fly closer to the ground in normal operations ― and they can fly along routes where
the community does not routinely encounter aircraft noise exposure. Compounding the
problem for rotorcraft is the fact that the characteristics of the noise generated makes it
easily identifiable. Because a substantial role in reducing rotorcraft noise ultimately falls on
the pilot, it is important to have noise predictions with sufficient fidelity to accurately
characterize the noise and how it changes due to different operational choices. Such
predictions can be based upon empirical data (noise measurements), but such data can be
expensive and time consuming to acquire. Empirical methods are also not generally
applicable from one type vehicle to another. Physics-based predictions should be able to
provide accurate noise predictions, but historically they have been too slow to impact either
the vehicle design or operations. What is needed are fast predictions that can be used for

2

flight planning ― even if the output is ultimately used in an even faster empirical tool. The
dramatic increase in computer power and new computational algorithms now available have
made it possible to use high-fidelity tools for both aircraft design and the development and
assessment of noise abatement procedures (albeit in a reduced fidelity mode). In this way
rotorcraft noise can be incorporated both into design tools and flight operations planning.
And because the tools are physics-based tools, a designer can find out which physical
mechanisms are the most significant contributors to noise during any part of the operation or
how design changes impact the noise.

1.2 Background
1.2.1 Discrete frequency noise
Helicopter noise is related to the harmonics of the main rotor blade passage frequency
due to the periodic nature of the rotor rotation. Discrete frequency noise consists of
rotational noise, blade-vortex interaction (BVI) noise, and high speed impulsive (HSI) noise.
Rotational noise contains thickness and loading noise; both of which are related to linear
aerodynamics theory. Thickness noise is due to the displacement of the fluid by the rotor
blade during rotation; since the blade is pushing the air aside periodically during blade
revolution, each blade will cause a pressure disturbance. Thickness noise has a directivity
that is primarily focused in the plane of the rotor. Thickness noise from each blade can be
summed up because the governing equation of noise is linear, hence the acoustic pressure
from each noise source can be summed to find the noise from all the sources [2]. Loading
noise, another major component of rotational noise, is due to the acceleration of a force on
the air surrounding the blade. Loading noise generally refers to the harmonic noise from
non-impulsive sources of blade loading. This noise has a directivity that generally
propagates below the rotor plane [3,4].

Blade-vortex-interaction (BVI) noise is generated when shed blade tip vortices that
subsequently interact with a following blade. Such interaction causes a rapid, impulsive
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change in the blade loading that causes a sharp impulsive peak in acoustic pressure history.
BVI happens on both advancing and retreating sides of the rotor disk. The directivity of
BVI noise is categorized by its orientation; for example, if the BVI happens on the
advancing blade, the noise is propagated below and forward of the aircraft, and for the
retreating blade, the noise propagates below and aft the aircraft. BVI typically does not
occur during level flight; however, in descending cases, BVI noise can be the most
significant source of helicopter noise [3].

Figure 1-1. Typical direction of primary radiation for various rotor noise sources. [3]

A third source of noise that may be considered is high-speed-impulsive (HSI) noise. At
high advancing-tip speeds, the rotor generates an impulsive noise of high intensity in the
forward direction of rotor disk plane. HSI noise is associated with shock waves and
transonic flow around the blade. As the tip Mach number increases, this source will become
the dominant noise source due to its potentially high amplitude and impulsive nature [4].
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1.2.2 Broadband noise
Unlike the discrete frequency noise that dominates the total noise during many
operating conditions and observer locations, broadband noise plays an important role when
the helicopter is overhead and after it has passed over an observer. The noise prediction
system predicts the broadband noise using Pegg’s method. Broadband noise is a type of
stochastic and non-deterministic loading noise that generated by turbulence and vortices.
There are three major mechanisms that contributes to the broadband noise [5]: the surface
pressure field due to the turbulent boundary layer (Boundary Layer Noise), the force
fluctuations from a surface moving in an initially turbulent flow (Inflow Turbulence Noise),
and a fluctuating force from shed vorticity (Vortex Noise) [5]. Analytical models can be
derived after the mechanisms of noise generation are postulated in a physical sense. The
prediction procedure is based on a dimensional analysis approach. A brief discussion of the
procedure are discussed in Chapter 2 (Section 2.3.1, Eqn. 2.8 – 2.10).

1.2.3 Miscellaneous noise
The main rotor and tail rotor are not the only noise generators on a helicopter. The
mechanical systems and external devices on board can also generate noise. The noise
prediction system cannot predict the noise from transmission system and engines on board,
but these components are typically important only when considering the helicopter internal
noise or at a nearby observer location. In this thesis, the noise predictions are considered for
far-field cases, and these miscellaneous noise are assumed to be negligible.

1.3 Reader’s guide
This thesis focuses on the tools for development and analysis of rotorcraft noise
abatement; it is organized as the following:

•

Chapter 2 provides the problem, approach procedures, and background of the tools
used in the thesis. The airloads and airwake prediction program, CHARM, will be
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introduced, and the theory undergirding the noise prediction program, PSUWOWOP, will be presented. The coupling of the system will also be described.
•

Chapter 3 describes the validation of CHARM/PSU-WOPWOP system.

•

Chapter 4 presents the predicted noise results for different steady trim conditions,
such as steady level flight and constant descent/climb flight.

•

Chapter 5 summarizes the results of this research, provides a brief discussion on the
meaning of the results, and discuss potential future research.
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CHAPTER 2: ACOUSTIC THEORY AND THE NOISE
PREDICTION SYSTEM

A fast, physics-based, rotorcraft noise prediction system was developed by coupling
several rotorcraft tools together. The system is comprised of a flight simulation model, a
rotor airload and airwake model (rotor/wake interaction can be an important noise source),
and a rotor noise prediction code. The flight simulation computes the aircraft trim or
maneuvers and works together with the rotor airloads model to determine the rotor blade
loading as a function of span and time (or rotor azimuth). For this work, a simple
MATLAB/Simulink based flight simulation model is used in order to make it rather easy to
change the aircraft specifications from one helicopter to another. The MATLAB/Simulink
model includes a rotor model, Bailey tail rotor model, fuselage lift and drag, empennage,
control mixing, 6 degree of freedom motion, trim, and a closed-loop control. The flight
simulation can be relatively simple because it does not need to compute the rotor blade
loads – these are computed by the comprehensive rotorcraft analysis CHARM
(Comprehensive Hierarchical Aeromechanics Rotorcraft Model, developed by Continuum
Dynamics, Inc. (CDI)) [6,7]. The rotor blade loads output are passed to PSU-WOPWOP,
which performs the for noise prediction. Each of those tools are discussed in sections
below.

2.1 PSU-WOPWOP
The noise prediction is performed by PSU-WOPWOP [8,9,10], which is a numerical
implementation of Farassat’s Formulation 1A [11] of the Ffowcs Williams – Hawkings (FWH) equation [12] for the discrete frequency noise prediction (thickness, loading, BVI, etc.).
PSU-WOPWOP is able to predict discrete frequency and broadband rotor noise in static and
dynamic flight conditions.
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2.1.1 Rotorcraft noise theory and background
In Ffowcs Williams and Hawkings paper “Sound Generation by Turbulence and
Surfaces in Arbitrary Motion”, Ffowcs Williams and Hawkings extended the Lighthill
acoustic analogy to moving surfaces [12]; the equation they developed is a rearrangement of
the continuity and Navier – Stokes equations into the form of an inhomogeneous wave
equation.

⎕2 𝑝′ (𝑥, 𝑡) =

𝜕
{[𝜌 𝑈 + 𝜌(𝑢𝑛 − 𝑈𝑛 )]𝛿(𝑓)}
𝜕𝜕 0 𝑛
𝜕
−
��𝑃 𝑛� + 𝜌𝑢𝑖 (𝑢𝑛 − 𝑈𝑛 )�𝛿(𝑓)�
𝜕𝑥𝑖 𝑖𝑖 𝑗

(2.1)

𝜕̅ 2
+
[𝑇 𝐻(𝑓)]
𝜕𝑥𝑖 𝜕𝑥𝑗 𝑖𝑖

The three terms on the right hand side of the equation are referred to as the monopole
(thickness), dipole (loading), and quadruple, source terms, respectively. Usually the
quadruple term is neglected due to computational costs. The first two terms are surface
source terms, which can be recognized by the presence of the Dirac delta function, 𝛿(𝑓).

The overbar on the quadrupole source terms indicates generalized differentiation (which is
clearly the case for the surface source terms as well). Each term in Eqn. 2.1 is a function of
𝑓, which is defined as

< 0 Within the data surface
𝑓= �
> 0 Outside the data surface

(2.2)

The quadrupole term source term is a volume source term, which can be recognized by
the presence of Heavyside function 𝐻(𝑓), which is zero inside the surface and one outside
the surface

0 for 𝑓 < 0
𝐻(𝑓) = �
1 for 𝑓 > 0

(2.3)

Farassat developed a time-domain integral formulation as a solution of FW-H; this
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formulation, which excludes the quadrupole terms, may be written:
𝑝′ (𝑥⃗ , 𝑡) = 𝑝′ 𝑇 (𝑥⃗ , t) + 𝑝′ 𝐿 (𝑥⃗ , 𝑡)

(2.4)

where:
4π𝑝′ 𝑇 (𝑥⃗ , t) =

�

𝑓=0

�

𝜌0 �𝑈̇𝑛 + 𝑈𝑛̇ �

𝑟(1 − 𝑀𝑟 )

�
2

𝑟𝑟𝑟

𝜌0 𝑈𝑛 ( 𝑟𝑀̇ 𝑟 + 𝑐(𝑀𝑟 − 𝑀2 ))
𝑑𝑑 + � [
] 𝑑𝑑
𝑟2 (1 − 𝑀𝑟 )3
𝑓=0
𝑟𝑟𝑟

(2.5)

and
4π𝑝′ 𝐿 (𝑥⃗ , t) =

�𝐿̇𝑟 �
1
𝐿𝑟 − 𝐿𝑀
� [
]𝑟𝑟𝑟 𝑑𝑑 + � [ 2
] 𝑑𝑑
2
2 𝑟𝑟𝑟
𝑐 𝑓=0 𝑟(1 − 𝑀𝑟 )
𝑓=0 𝑟 (1 − 𝑀𝑟 )

(2.6)

1
𝑟𝑀̇𝑟 + 𝑐(𝑀𝑟 − 𝑀2 )
+ � [
]𝑟𝑟𝑟 𝑑𝑑
𝑐 𝑓=0
𝑟 2 (1 − 𝑀𝑟 )3

where 𝑝′ 𝑇 and 𝑝′ 𝐿 denotes the acoustic pressure due to thickness and loading (the terms
only have physical meaning if the FW-H data surface corresponds to a physical, solid

surface). Subscript 𝑟 and 𝑛 stand for terms in radial and normal direction. The term 𝑀 is the
Mach number of source with respect to a frame fixed to the undisturbed medium, 𝐿𝑟 stands

for local force per unit area on fluid in direction of 𝑟 (observer direction), The dot on 𝑀𝑟 ,
𝐿𝑟 , and 𝑈𝑛 denote the derivative with respect to source time.

Together these equations, known as Farrasat’s Formulation 1A [11] describes the
acoustic pressure fluctuation at observer location 𝑥⃗ due to the source on the blade surface

(acoustic data surface). The integral in the above equations are calculated by summing the
contributions of all the noise sources and nodes on the surface at a particular observer time.
In denominator, terms with a factor of 𝑟 are far-field terms, those with 𝑟 2 dependence are
9

near field terms. The 1 − 𝑀𝑟 term in denominator is the Doppler factor terms; the Doppler
factor amplifies the signal when 𝑀𝑟 approaches 1 (called Doppler amplification) and is

responsible for a frequency shift. A singularity occurs when 𝑀𝑟 = 1, but it is an integrable
singularity. 𝑀𝑟 remains less than 1 in all of the cases in this thesis. Eqn. 2.5 and 2.6 are

used for discrete frequency noise computation. Both equation requires the information of
aircraft motion. Eqn. 2.5 computes the thickness acoustic pressure, which also requires
blade geometry information to integrate over the blade surface. Eqn. 2.6 computes the
loading acoustic pressure; it requires the information of airloads and aircraft motion as well.

PSU-WOPWOP can also predict the broadband noise by using Pegg’s method. Pegg
developed a semi-empirical rotor broadband noise prediction method based on prior work of
Lowson [13], Hubbard [14], Schlegel [15], and Munch [16] accounting for inflow
turbulence, vortex shedding, boundary layer noise, and tip radiation [5].

Pegg’s method considers three major mechanisms [5]. The first component is the noise
caused by the fluctuating force in a turbulent inflow. For a surface moving at subsonic
speeds, the acoustic wavelength should be larger than the scale of turbulence. The sound
from the surface, with dimensions up to several times the turbulent scale, can be calculated
from the fluctuating pressures on the blade, and the total acoustic power can be described as
a function of the rate-of-change of pressure on the surface; in this case, the rotor blades.
The acoustic power expression can be rewritten by replacing the correlation integral by an
expression with correlation area of the pressure, Ac

𝑊=

1
𝜕𝜕2
�
𝐴 𝑑𝑑
12𝜋𝜋𝜋 3 𝜕 2 𝑡 𝑐 𝑏

(2.7)

Pegg took advantage of the expression from Kemp and Sears [5]. This expression has
been simplified by Lowson [13] to describe the mean lift per unit span L on an airfoil in a
sinusoidal gust of frequency, 𝜔, and magnitude, 𝑢.
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𝜋𝜋𝜋𝜋𝜋
𝐿 = 𝜋𝜋𝜋
(
)1/2
𝑈

(2.8)

Pegg expanded this expression, and substitute Eqn. 2.8 back to Eqn. 2.7 to derive the
acoustic fluctuating pressure due to turbulent flow:
𝜌2 𝑐 4 6 𝑢 2
(𝑝 ) =
𝑀 ( ) 𝐴𝑏
24𝜋𝜋 2
𝑈

(2.9)

′ 2

Pegg described the acoustic pressure due to turbulent boundary layer based on Eqn. 2.9
as well. He has related the correlation area Ac to the free stream velocity U; then by
assuming that 𝑃𝑟𝑟𝑟 2 is on the order of 36 × 10−6 𝑞 2 (q is the dynamic pressure = (1�2)𝜌𝑣 2 ),
he derived the acoustic pressure due to the turbulent boundary layer to be:

(𝑝′ )2 =

9 𝐾1 2 4 6 𝐴
𝜌 𝑐 𝑀 2 × 10−6
48 𝜋
𝑟

(2.10)

where K1 is an experimentally-derived factor in the range of 0.1 to 1.0.
The third mechanism for Pegg’s method is the vortex noise; the vortex contains the
component generated by vortex shedding at the trailing edge of the rotor blade, and the
component from tip vortices interacting with a blade tip. The total acoustic pressure due to
the vortex is:

(𝑝′ )2 =

3 𝜌2 𝑐 4 6
𝑀 𝐴 𝑇 × 10−6
4𝜋 2 𝑟 2

(2.11)

The total broadband noise can be solved with Pegg’s model summing of all three
equation above (Eqn. 2.9, 2.10, and 2.11).

11

2.1.2 Features
PSU-WOPWOP integrates the Formulation 1A numerically; at each point on the
surface 𝑓 = 0 the integral is evaluated at the retarded time (also known as emission time).
The integration requires the blade geometry, rotorcraft motion and blade loads for noise
prediction. The rotorcraft has to be trimmed to get the loadings and motions ― this
information have to be generated by a separate program. PSU-WOPWOP predicts the
acoustic pressure time history for either stationary or moving observers; is also able to
convert the output signals into acoustic spectra, such as 1/3th octave bands and multiple
types of noise metrics relevant to noise certification and community annoyance (OASPL,
PNL, PNLT, SEL, and EPNL). The broadband noise is computed in PSU-WOPWOP by
implementing an empirical prediction developed by Pegg [5] that predicts the broadband
noise in 1/3rd octave bands. This is then combined with discrete frequency noise for a total
noise prediction.

PSU-WOPWOP needs the input of blade motion and blade loading information. For
this purpose, the computer code CHARM was utilized. CHARM is a computer program
developed by Continuum Dynamics, Inc., that can be used to determine the wake geometry,
blade dynamics, and airloads (see Section 2. 2). CHARM can be used in two different
ways: 1) a standalone version of CHARM is able to be de-coupled from the simulation for
simple flight operations – i.e., “steady” flight conditions, or 2) coupled with a flight
dynamic simulator to generate airwakes and airload information. Using CHARM in the first
way, coupled with PSU-WOPWOP enables quick predictions of the airwake and airloads.
The CHARM standalone code coupled with PSU-WOPWOP has been used in initial
development phase of this work. In a separate recent research effort, it has been
demonstrated that a flight dynamic simulation coupled with CHARM and PSU-WOPWOP
can predict the noise in “real time”[17]. The system developed in this work is somewhat
different, but it is still reasonably fast even though it does not predict the noise in real time.
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The CHARM standalone code was set to run interactions until the solution became
periodic. A periodic loading file from CHARM was passed to PSU-WOPWOP as loading
input data. Then PSU-WOPWOP can use the loading file to perform noise predictions.

2.2 CHARM
The Comprehensive Hierarchical Aeromechanics Rotorcraft Model (CHARM), is a
computer program developed by Continuum Dynamics, Inc., that can be used to determine
the performance characteristics, aerodynamic loading, wake geometry, blade dynamics,
blade deformation, and body surface pressure associated with rotorcraft in forward flight
and hover. CHARM allows the users to read in or generate non-lifting and lifting bodies
and surfaces (rotor blade) modeled by fast vortex panels that interact with the rotor and flow
field. CHARM is able to couple with PSU-WOPWOP for prediction of thickness and
loading noise, including blade-vortex interaction (BVI) noise.

In this thesis, the aerodynamic models combine CDI’s full-span, Constant Vorticity
Contour (CVC), free-vortex wake [18] model with a vortex lattice, lifting surface blade
model and a fast lifting surface panel model to provide a capability for modeling any
general V/STOL aircraft concept. CHARM uses Hierarchical Fast Vortex (HFV) and Fast
Panel (HFP) methods [18] to reduce computation time. CHARM determine the blade force
and moments by using a vortex lattice method in conjunction with 2D look-up tables. The
hub loads and rotor blade structural deflections are determined by a linear finite element
analysis. Blade-vortex-interaction (BVI), an impulsive type of loading required to predict
noise and vibrations, is obtained by using a reconstruction technique to obtain high
resolution airloads. In this thesis, BVI airloads were determined in descent cases by
utilizing of reconstruction.

CHARM also models multiple rotors of varying number of blades and rotation rates,
including the wake interaction from different rotors. Specifically, CHARM can model both
the main rotor and tail rotor at different rotational rates; the wake interaction between two
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rotors are included but the computational time is relatively long. Users also have the option
to model the rotors in a decoupled manner or separately to save computational time.

The CHARM code computes the time dependent loads and the rotor blade motions as
output; the output are used both to inform the flight simulator about the rotor forces and the
moments and the noise prediction code to compute the rotor noise. It is important to capture
both the spatial and temporal loading on all the rotors in order to compute the noise
accurately.

In this thesis, CHARM standalone was set to trim the rotor to zero first harmonic
flapping for a given thrust and steady flight condition. Because only steady flight
conditions were modeled, the solution were periodic. Output was provided in the form of
blade loading at equally spaced azimuth location, (e.g. every 5 degree), over one blade
revolution.

The CHARM standalone code computes the loading and wake information based upon
a give trim state ― it does not compute trim itself. Similarly, the CHARM standalone
cannot handle maneuvers. For these reasons a flight simulator has been coupled with a
modular version of CHARM, known as the CHARM rotor module. This coupled tool can
compute the trim in steady flight and loads and motions in maneuver flight. To acquire the
trim information, a flight simulator, HeloSim is coupled with CHARM rotor module to
determine trim, which was in turn used to provide the CHARM standalone code the
necessary trim conditions. The flight simulator is introduced in Section 2.3.

2.3 Flight simulator
HeloSim is the flight simulation program that has been developed by Dr. J. Horn from
Penn State; the simulation model is fully based on the textbook by Gareth Padfield [19]. A
schematic of the flight simulation model is shown in Figure 2-1.
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The flight dynamic simulation is based on a MATLAB-Simulink code.

First,

depending on the input forward, lateral and vertical speeds and the flight path angle, a trim
condition is calculated starting from the non-linear model of the aircraft. This is done by a
Newton-Raphson based algorithm which calculates the aircraft states and controls given the
assumed derivatives of the state vector..

The state equations are comprised of the 12

classical 6-DOF equations of motion, 3 equations for the inflow taken from the 3 state PittPeters model, 6 equations of the flapping dynamics; for some helicopters, 6 equations for
the lead-lag dynamics will also be considered (lead-lag motion is not included in Bell 430
Model). The four controls of the aircraft are the collective pitch, longitudinal cyclic pitch,
lateral cyclic pitch and tail rotor collective pitch. After the trim condition is calculated, the
flight dynamic simulation is started.

Figure 2-1. Working procedure of HeloSim flight simulator

Flight controllers are used for the flight simulation. The controller allows the aircraft to
perform many flight operations such as level flight, hover, climbing/descending flight, turns,
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accelerations and decelerations. The flight controller is based on a dynamic inversion
technique, consisting in an outer loop and an inner loop. In the outer control loop the
forward and lateral velocities are controlled throughout a proportional-integral (PI)
controller. The inner loop concerns ϕ (roll angle), θ (pitch angle), the altitude ℎ and 𝑟 (yaw
rate in body axis frame); they are respectively controlled by three proportional-integral-

derivatives (PID) and a PI controllers [20-23].

In the simulation it is possible to command the following flight conditions: forward
speed, lateral speed, vertical speed and heading ― this is done by giving these commands to
the controller. In low speed flight (forward speed < 40 ft/s) the commanded ϕ (roll angle)
and θ (pitch angle) are found respectively from the lateral and forward speed, whereas the
commanded 𝑟 (yaw rate) is given by the derivative of the ψ (heading passed through a low

pass filter). In high speed flight the commanded θ is found from the forward speed; the

commanded ϕ is found from the derivative of the commanded ψ (yaw angle in flight
operation simulation); the commanded 𝑟 is calculated to maintain coordinated flight based
on commanded roll attitude, pitch attitude, and airspeed.

A method, named turn

coordination, allows the helicopter to turn with a certain bank angle and to have the resultant
of the forces on 𝑦 and 𝑧 equal to zero. The resultant quantities from the PIDs are combined
by following the dynamic inversion laws to give the magnitude for each control [20-23].

2.4 Utilization of the prediction system
This noise prediction system was used for noise abatement procedure tests. The
helicopter used for noise abatement prediction in this thesis is the Bell Helicopter Textron,
Inc. model 430 helicopter. The Bell 430 is a twin-engine light-medium helicopter built by
Bell in the middle 1990s. This helicopter configured through input descriptions for both the
CHARM standalone code and the CHARM/flight simulator system. Detailed information of
this helicopter, such as specifications, will be discussed in Chapter 3.
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Chapter 3 also discusses the validation process. Once the noise prediction system was
set up, a system validation was performed to demonstrate the accuracy and utility of the
noise prediction system. The prediction results from CHARM/PSU-WOPWOP coupling
were compared to measurement from a recent cooperative flight test conducted by NASA,
Bell Helicopter Textron, Inc., and the U.S. Army. After the validation, several tests of noise
prediction abatement were performed. The noise was compared at several different flight
conditions, such as speed sweep, altitude sweep, and constant climb/descent flight. These
results are discussed in Chapter 4; full details of flight test data are included in Appendix D.
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CHAPTER 3: SYSTEM VALIDATION

3.1 Introduction to the validation process
After the noise prediction system was assembled, a validation test was performed to
demonstrate the accuracy and utility of the system. The purpose of the validation process is
to reveal any potential errors in the coupling of the separate codes and as well as show any
“gaps” in the system which would need to be addressed. Examples of “gaps” include effects
of weather conditions, the importance of engine noise, etc. If prominent errors or “gaps” are
present, proper modifications may be required resolve the issues. One method of preforming
the validation of the system is to compare the noise prediction results with the results from a
flight test or a simulation.

The prediction results from the CHARM/PSU-WOPWOP coupling were compared to
measurements from a recent cooperative flight test conducted by NASA, Bell Helicopter
and the U.S. Army. The purpose of the flight test was to characterize the steady state
acoustics and measure the maneuver noise of a Bell Helicopter 430 aircraft [24, 25]. The
Bell 430 aircraft is a medium size, 10-place, twin-turbine-engine helicopter with a fourbladed main rotor and two-bladed tail rotor. The Bell 430 is powered by two Allison 250C40B turboshaft engines with Full Authority Digital Engine control. The main transmission
is rated at 1311 shaft horsepower for twin engine operation [25]. Key configuration details
for the aircraft are given in Table 3-1.
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Table 3-1. Bell Model 430 configuration details
Aircraft properties

Aircraft information

Height

12 ft 3 in (3.73 m)

Fuselage length

44 ft 1 in (13.44 m)

6Power (2 ×)

783 hp (584 kW)

Max. Speed

140 knots (161 mph, 260 km/h)

Climb rate

1350 ft/min (6.858 m/s)

Empty Weight

5305 lbs (2406 kg)

Max. Takeoff Weight

9300 lbs (4218 kg)

Aircraft Weight in Test

8700 lbs (3946 kg)

Speed of Sound in Undisturbed Fluid (air)

1117 ft/s (340 m/s)
0.002378 slug/ft3 (1.22 kg/m3)

Density in Undisturbed Fluid (air)

Main Rotor

Tail Rotor

4

2

Rotor radius

21. ft (6.4 m)

3.442 ft (1.05 m)

Rotor rotation rate

36.395 rad/s

196.9 rad/s

Root cutout

0.36R

0.37R

Blade chord

1.2 ft (0.366 m)

0.8 ft (0.244 m)

Blade twist

-7.7o

-1o

Hinge Offset

0.05 R*

0.05R*

Tip geometry

Rectangular

Rectangular

4 deg. Forward

0 deg.

0.0045

0.009225

(2.7, 0.17, 72.) in.
(0.686, 0.005, 1.829) m

(294, -22.3, 29) in.
(7.47, -0.566, 0.74) m

8*

5*

Number of blades

Mast tilt
Thrust coefficient, 𝑪𝑻

(Based on weight of 8600 lbs)
Hub position – distance from
center of gravity: (𝒙, 𝒚, 𝒛)
Lock number
*(estimated)

In NASA’s flight test, a “housekeeping” flight condition was flown at certain intervals
throughout the test in order to give an indication of the repeatability of the data. There were
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seven housekeeping runs flown during the three days of flight test. Overall Sound Pressure
Level (OASPL) was compared at each case, and a maximum 2 dB difference from case to
case was observed. This relatively small difference is likely attributed to difference in
flying conditions (i.e., wind, weather, temperature, etc.). Matching the measured
“housekeeping” results was the first validation test. A second type of validation test was
used where the predicted acoustic pressure time history is compared to the measured
acoustic pressure time history in a BVI noise case. A steady descent case was selected and
performed to investigate the BVI noise. The prediction results from the CHARM
standalone/PSU-WOPWOP coupling will be compared with the flight test data in each case.
During the validation test, CHARM standalone code has input trim information from flight
test data sheet.

PSU-WOPWOP can take loading input as either distributed loading, or compact
loading. In contrast to distributed loading, which describes the blade loading as a set of
distributed loading vectors at each point on the surface grid of the blade, the compact
loading file describes the blade loading as distribution of loading vectors on a line from the
root to the tip of the blade. Compact loading was used for several reasons: 1) the CHARM
standalone code does not have detailed distributed geometry information from Bell
Helicopter, and 2) distributed loading takes more computation time for noise prediction,
because the acoustic pressure will be integrated on a surface, whereas the compact loading
file only requires an integration on a single line.

3.2 Housekeeping run
For the first validation comparison, a level flight “housekeeping condition” is modeled
in which the aircraft was flown several times at nominally the same flight speed (80 kts)
over the reference microphone. The test results were compared with prediction results.
Although the measured data has removed the reflection due to the ground, the influence due
to flight conditions, such as atmospheric attenuation of the noise, are still included. PSUWOPWOP can model the atmospheric attenuation to mimic the real flying condition as
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much as possible. The atmospheric attenuation model used in PSU-WOPWOP computes an
attenuation for a particular frequency band in dB based upon ambient pressure, temperature,
relative humidity, and radiation distance. This attenuation is then included in the predicted
noise values.

3.2.1 Testing procedures
During the NASA’s flight test, a single microphone was used to capture the aircraft
noise from the approaching helicopter, beginning when the helicopter was at over 2000 ft
uprange until it was 1000 ft downrange. To reduce the computation time (as compared to a
single long flyover), an observer array of 7 microphone was used for this validation. The
locations of 7 observers (i.e., microphones) vary from -2000 to 1000 feet with increment of
500 feet. All 7 observers are 200 ft (60.9 m) below the rotor and are fixed on the ground.
The ground plane is not included in the predictions, because the flight test data has removed
the effects of the ground plane. The acoustic pressure for 0.5 seconds of observer time is
calculated and then a Hanning window is applied ― to match the procedure in the flight
test.

Figure 3-1. The observer array location relative to the aircraft

According to NASA’s test report, the flight test data was also corrected to remove the
effect of Doppler shift associated with the motion of the helicopters relative to the
microphones. In PSU-WOPWOP, the Doppler shift can be eliminated by moving the
observers along with the helicopter such that there is no relative velocity between them.
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3.2.2 Noise prediction results
In the “housekeeping” case, the OASPL values are plotted as a function of distance
along the flight path. As the predictions were made, the pressure time history was also
checked (generally not shown here) to build up a deeper understanding of the noise
predictions.

The CHARM standalone code was used to trim the aircraft by adjusting the collective
pitch until it meets the expected value of input thrust coefficient. The thrust coefficient was
set to be 0.0046 corresponding to the aircraft weight of 8600 lbs. measured during NASA’s
flight test. The CHARM standalone code was able to perform the computation of airwake
and airloads for both rotors at the same time. This prediction includes several factors to
minimize the prediction errors; it includes the atmospheric attenuations and all number of
harmonics.

The CHARM standalone is able to perform the loading calculation using different
numbers of azimuth steps around the rotor azimuth during one rotor revolution (known as
𝑛ψ). CHARM also has the capability to provide high azimuthal (temporal) loading

resolution by using a reconstruction technique to take lower resolution computations and
determine an approximate solution with higher azimuthal resolution. After a complete blade
revolution of the wake calculation at low resolution, vortex filament trajectories are
interpolated to determine the velocities induced on a refined vortex lattice at a higher
temporal resolution. Reconstruction should be able to capture the impulsive features on
blade loading that low resolution may miss. But at very high temporal resolution, the
interpolation process may result in spurious oscillations in the computed loading.
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Table 3-2. The trim information from the CHARM (housekeeping case)
Parameters

Trim information from the CHARM

Lift

8666.24 lbs

D/L

0.214

D/L, Rotor

0.208

Rotor Equivalent Drag

1800.26 lbs

x- Force (+Back)

-55.77 lbs

Power to Thrust

0.053

Total Power

455.57 HP

Rotor Power

441.88 HP

Induced Power

152.96 HP

Collective Pitch at 0.75 R

2.75 Deg

Lateral cyclic

-1.95 Deg

Longitudinal Cyclic

2.21 Deg

Conning Angle

2.91 Deg

Lateral Flapping

0.01 Deg

Longitudinal Flapping

0.0 Deg

Hub Loads - Rearward Force
(-x direction in A/C Frame)

-55.110 lbs

Hub Loads - Sideward Force
(+y direction in A/C Frame)

111.858 lbs

Hub Loads - Vertical Force
(-z direction in A/C Frame)

8653.402 lbs

Three different cases set up were tested; 1) nψ = 72 for both main rotor and tail rotor,
and the two rotors were running together in CHARM (case MR 72 TR 72), 2) nψ = 72 for
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both rotors, but the rotors were run separately in CHARM (case MR 72 TR 72_separate),
and 3) nψ = 360 reconstructed from nψ = 72 for the main rotor, but tail rotor used nψ = 72
without reconstruction (case MR 360(72) TR 72_separate); both rotors were running
separately in CHARM. In the first case, running the main rotor and tail rotor
simultaneously in CHARM standalone can include any wake and vortex interactions
between main rotor blades and tail rotor blades. However, this interactions between two
rotors have limit impacts on the OASPL predictions, which is examined later. The
advantage of running the rotors separately in CHARM was a reduction in computation
time ― the main rotor and tail rotor have different time scales and only one revolution of
the tail rotor is needed. The disadvantage of this approach is that the full interaction
between main rotor and tail rotor cannot be fully captured. In the level flight condition there
is not expected to be much interaction, so this approach is reasonable. For some other flight
conditions, where the main rotor wake may impinged upon the tail rotor, it may prove
important to run the loading computations for the two rotors simultaneously.

As the most fundamental quantity predicted in PSU-WOPWOP, the acoustic pressure
time history is examined first in Section 3.2.2.1. Section 3.2.2.2 discusses the OASPL
difference among three different cases.

3.2.2.1 Acoustic pressure results
Different azimuthal resolution settings and approaches are expected to have some
impact on the computed acoustic pressure time history. A comparison of thickness noise
(Fig. 3-2) and loading noise (Fig. 3-3) acoustic pressure predictions using the various
resolution settings has been performed and is shown at four different locations.
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a) Thickness acoustic pressure at -2000 ft

b) Thickness acoustic pressure at -1000 ft

c) Thickness acoustic pressure at 0 ft

d) Thickness acoustic pressure at 1000 ft

Figure 3-2. Thickness acoustic pressure time history for ‘housekeeping’ run ― ( VH = 80
kts) at different locations
In this case, it did not seem to make a difference in either the thickness or loading
acoustic pressure time history if the main rotor and tail rotor were run simultaneously or run
separately in CHARM (The MR 72 TR 72 results are essentially identical to the MR 72 TR
72 separate results for both thickness and loading noise). It is not a surprise that the
thickness noise results are identical, because the same blade geometry is used in all three
cases. This highlights the advantages of running the two rotors separately: 1) the acoustic
pressure time history results are essentially identical, and 2) because less time is required for
the computation ― in this case about 80 % less (about 2 minutes separately vs. 10 minutes
together).
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a) Loading acoustic pressure at -2000 ft

b) Loading acoustic pressure at -1000 ft

c) Loading acoustic pressure at 0 ft

d) Loading acoustic pressure at 1000 ft

Figure 3-3. Loading acoustic pressure time history for ‘housekeeping’ run ― (VH = 80 kts)
at different locations

A consideration of the blade loading acoustic pressure in Fig. 3-3 shows that the
reconstructed case has a considerably different acoustic pressure time history than the other
cases ― especially when the helicopter is overhead. The reconstructed result with 𝑛𝑛 =

360 has significantly more high frequency oscillations in the acoustic pressure time history
than for the lower resolution cases. The additional high frequency content does not appear

to have the character expected during a BVI, and the level flight case would not be expected
to be a BVI condition. Therefore, it is believed that the reconstruction is not improving the
solution in this case. Reconstruction may be necessary in BVI conditions, but it will be
important to examine the solution carefully if it is used in those cases.
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a) Thickness acoustic pressure at -2000 ft

b) Thickness acoustic pressure at -1000 ft

c) Thickness acoustic pressure at 0 ft

d) Thickness acoustic pressure at 1000 ft

Figure 3-4. Thickness acoustic pressure for ‘housekeeping’ run ― noise components of main
rotor and tail rotors noise and their contribution to the thickness acoustic pressure

To gain a better understanding of the results, the acoustic pressure time history plot is
separated into main rotor and tail rotor components. The thickness and loading acoustic
pressure time history components due to main rotor and tail rotor has been plotted at four
location: -2000 ft, -1000 ft, overhead, and 1000 and at an altitude of 200 ft. In Fig. 3-4 it is
clear that the tail rotor blade passage frequency is significantly higher than the main rotor
blade passage frequency. In this figure there are nearly five tail rotor pulses for every main
rotor blade pulse. When the helicopter is uprange (-2000 ft or -1000 ft) or down range
(1000 ft), the amplitude of the negative peak in the thickness acoustic pressure is
approximately the same for both the main rotor and tail rotor. But when the aircraft is
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overhead, the tail rotor thickness noise is dominant. The reason for this is that the observers
on the centerline of the flight path are always in the plane of the tail rotor, but when the
observer is directly below the helicopter, it is well outside of the main rotor tip-path plane.

Unlike thickness noise, loading noise has a directivity that is primarily out of the rotor
plane. The total loading noise should be dominated by the main rotor not only because the
main rotor generates more loads during trim, but also because of the tail rotor orientation;
the tail rotor loading noise is minimal in the plane of the tail rotor. This can be seen in Fig.
3-5 where at the -2000 ft and -1000 ft locations, then amplitude of the loading noise is small
because the observer is nearly in the rotor plane of both the main rotor and tail rotor. The
loading noise of the main rotor has substantially larger amplitude when the observer is
below the helicopter (0 ft).

The acoustic pressure time history from prediction is also compared with test data (Fig.
3-6). PSU-WOPWOP predicts the total acoustic pressure as the sum of thickness pressure
and loading pressure. In this comparison, PSU-WOPWOP has underpredicted the total
noise in uprange (-2000 ft to overhead position). The nature of this underprediction
(especially its directivity) suggests that the thickness noise is underpredicted. There are
other potential sources of error: the acoustic pressure time history predictions do not contain
the broadband noise, because the broadband noise is computed in the frequency domain and
added to the total in spectral results. Also, the prediction does not contain engine noise.
One other difference between the flight test data and the predicted acoustic pressure time
history is that the smaller but more frequent tail rotor pulses do not align with the data. This
is because the exact orientation of the tail rotor to the main rotor is not known in the flight
test, so no attempt was made to align them in the prediction. It should be possible to use the
flight test data to determine the relative position of the main and tail rotors and then adjust
the prediction appropriately.
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a) Loading acoustic pressure at -2000 ft

b) Loading acoustic pressure at -1000 ft

c) Loading acoustic pressure at 0 ft

d) Loading acoustic pressure at 1000 ft

Figure 3-5. Loading acoustic pressure for ‘housekeeping’ run ― noise components of
main rotor and tail rotors noise and their contribution to the loading acoustic pressure
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a) Total acoustic pressure at -2000 ft

b) Total acoustic pressure at -1000 ft

c) Total acoustic pressure at 0 ft

d) Total acoustic pressure at 1000 ft

Figure 3-6. Comparing total acoustic pressure prediction to flight test data at different
locations

3.2.2.2 OASPL results
For the “housekeeping” case the overall sound pressure level (OASPL) is also
examined and is plotted as a function of distance along the flight path. The flight test data
for all of the “housekeeping” runs is compared to the noise prediction system results in
Figure 3-7. The reference microphone is at 𝑥 = 0 and the distance on the x-axes indicates

the position of the aircraft relative to the reference point. The noise is underpredicted when
the helicopter is approaching the microphone as was seen in the acoustic pressure history
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plots, but the OASPL levels agree reasonably well when the aircraft is overhead or down
range.

An examination of the components contributing to the total noise (Fig. 3-7) reveals that
the thickness noise is the primary contributor when the helicopter is far up range (i.e.,
approaching the observer; e.g., -2000 to -1000 ft in Fig.3-7). This is consistent with
thickness noise directivity, which is primarily in the rotor plane ahead of the helicopter. The
loading noise is dominant below the rotor; so when the helicopter is overhead the main rotor
loading noise and the tail rotor thickness are the primary contributor to OASPL.

Figure 3-7. OASPL for “housekeeping” run,
𝑛𝑛 = 72, no reconstruction

Figure 3-8. OASPL for “housekeeping” run,
𝑛𝑛 = 360 with reconstruction

The “housekeeping” case was run with the three different azimuthal resolution
approaches mentioned in section 3.2.2. Based on the results of acoustic pressure time
history, it is expected to have same OASPL at case MR 72 TR 72 and case MT 72 TR 72
separate, but the case, MR 360(72) TR 72 separate, should have a higher peak at overhead
position. A comparison of OASPL has demonstrated the fact that at nψ = 72 for both rotors,
running two rotors simultaneously in CHARM standalone or separately does not generate
any obvious differences in OASPL predictions. However, the reconstruction of nψ = 360
(Fig. 3-8) based on nψ = 72 for main rotor does generate a higher peak at the overhead
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position. Even so, this increased value is considered suspect after looking at the acoustic
pressure time history earlier.

Broadband noise is a type of loading noise that originates from random or stochastic
loading and can be important when the vehicle is overhead or down range (past the
observer). Broadband noise is not a strong contributor to OASPL because it typically has
significantly higher frequency content than the main rotor blade passage frequency and its
harmonics. This can be seen in Fig. 3-9. Nevertheless, Snider, et al. [26] have demonstrated
that broadband noise can be an important noise source for noise certification. This can be
seen in Fig. 3-10 where the tone corrected perceived noise level (PNLT) is shown as a
function of aircraft position for the same prediction as is shown in Figs. 3-7 and 3-9.

Thickness
Loading
Broadband-Pegg
Total

Total OASPL with Broadband Noise
Total OASPL without Broadband Noise

105

105
100
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95
90
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OASPL, dB
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85
80
75

85
70
65

80
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75
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-1000

0

1000

Distance from reference microphone, feet

Figure 3-9. OASPL comparison with and
without broadband noise, 𝑛𝑛 = 72

-1500
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-500

0

500

1000
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Figure 3-10. PNLT vs distance for
“housekeeping” run at 𝑛𝑛 = 72

3.2.3 Result discussion
The noise is underpredicted when the helicopter is approaching the observer, which has
historically been a problem for in-plane noise predictions with the FW-H equation. There
are several potential reasons for underprediction of in-plane noise, including: neglecting
compressibility effects (that ultimately lead to high-speed-impulsive noise); or possibly
underestimating the effective thickness of the rotor blades by neglecting the influence of the
32

boundary layer. It is unlikely that neglecting engine, transmission, and other noise sources
would contribute to the distant in-plane noise because these noise sources tend to consist of
higher frequency content and would be attenuated by the atmosphere more rapidly than the
low frequency harmonic noise. Figure 3-11 shows this discrepancy at higher tip speeds
where high-speed impulsive noise becomes important (the advancing tip Mach number for
the Bell 430 aircraft flying at 80 kts is approximately MAT = 0.8). In Fig. 3-11 the peak
negative pressure of the predictions (labeled linear theory) would need to be scaled by a
factor of 1.6, corresponding to an increase of approximately 4 dB, to match the experimental
data. This factor is similar to the amount of underprediction seen in Fig. 3-7 between -2000
and -1000 feet. Table 3-3 shows the nominal advancing-tip Mach number for the Bell 430
helicopter corresponding to forward speed from 60 to 140 kts. Certainly compressibility
effects and even HSI noise may come into play for forward velocities above 100 kts, but
HSI noise is not included in the current predictions because a time consuming and full
computational fluid dynamics computation for the flow field around the rotors would be
required.

Table 3-3. Bell model 430 advancing-tip Mach number at various
forward speed in level flight. (standard sea-level conditions)
Forward Speed
MAT
60 knots

0.77

70 knots

0.79

80 knots

0.81

90 knots

0.82

100 knots

0.84

120 knots

0.87

140 knots

0.90
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Figure 3-11. Theoretical and experimental peak pressures from a rotor in hover In-plane
microphone, R/R = 3.0 [27]

3.3 Descending case
A second flight condition was chosen for validation of the noise prediction system. In
this blade-vortex interaction (BVI) case, the aircraft was flown with 100 kts forward speed
and a constant 6 degree rate of descent. In NASA’s flight test, a microphone grid was
designed to capture the noise with the aircraft flying various approach angles, such as 6 deg.
constant descent at 100 knots. NASA’s test intent to keep the constant descent angle but the
forward velocity dropped slowly from 100 knots down to 60 knots. A 2 seconds segment of
acoustic pressure time history from the flight test has been picked up to compare the noise
prediction from CHARM/PSU-WOPWOP system. This segment had a flyover speed
around 100 knots at 6 deg. descent angle. In the prediction the microphone moves with the
aircraft to remove the Doppler factor, which NASA has corrected out of the flight test data.
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3.3.1 Test procedure
The validation of the descent case consists of two parts: a) an examination of the
acoustic pressure time history at the overhead position, and b) duplication of NASA’s test
contour plots by using similar size of observer grid.

In order to run acoustic predictions in PSU-WOPWOP, the CHARM standalone code
has been used to produce airwake and airload files. CHARM standalone code used the
flight trim determined by the flight simulation code coupled with the CHARM rotor module
after 35 second of simulated flight (which has settled into a steady flight state). The input
trim information is based on the actual flight test data sheet at sample rate of 1/25000 per
second

The descent test consists of two parts. In the first part, the prediction results are
compared to measured data. In NASA’s test data, the helicopter performed a 6 degree
constant descent. The test began with an initial forward speed of 100 kts, but during the
descent, the forward speed decreased (by about 50 kts.). A 2 seconds segment of test data
was selected for a microphone position located about 200 ft below the helicopter when the
helicopter is overhead at 100 kts. To mimic the flight test condition, PSU-WOPWOP case
has a single observer located at the reference location. The helicopter was set to have 6
degree descent angle with a constant forward speed of 100 kts. The helicopter should have a
flyover altitude of 200 ft. Three loading output files with different nψ settings were
compared; 1) nψ = 120 for main rotor, 2) nψ = 144 for main rotor reconstructed from nψ =
72, and 3) nψ = 216 reconstructed from nψ = 72. All three cases have same setting of nψ =
72 for tail rotor.

In the second part of this prediction, CHARM generated the loading based on nψ = 144
to duplicate the Sound Exposure Level (SEL) contour from flight test. The loading from the
CHARM standalone code is based on a forward speed of 100 kts and a 6 degree descent
angle. A planar observer grid was used for the SEL contour predictions. The helicopter was
started at similar altitude in the flight test and the altitude over the reference microphone
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(observer) was the same. In PSU-WOPWOP, the total integration time is set to
approximately 60 seconds of observer time.

3.3.2 Validation results
3.3.2.1 Acoustic pressure results
A segment of the acoustic pressure time history, when the aircraft is overhead, was
compared with the noise prediction in Fig. 3-12. Both the general shape of the acoustic
pressure time history and the range of values agreed well with the flight test data, but they
were not aligned directly with those measured in the flight test. Even so, this is quite a good
correlation with flight test data. (Note: Although the measured data contains all the
physical noise sources, the acoustic pressure time history prediction does not contain the
broadband noise. PSU-WOPWOP adds broadband noise to the 1/3rd octave spectrum and
related metrics ― as described earlier in this chapter).

These cases demonstrated that the CHARM/PSU-WOPWOP noise prediction system
provides predicted noise levels and details that are in good correlation with flight test data.
Not all of the details were in complete agreement, but this is expected when making
comparisons of predictions with flight test data, which has inherent uncertainty.
Nevertheless, the general trends and the range of values match closely. By comparing the
prediction at nψ = 120 to nψ = 216, the application of reconstruction generates some high
frequency patterns, which have been observed in housekeeping case validation. But there is
no significant differences in pick magnitude between all three cases; all three plots share a
similar curve trend. Furthermore, none of the cases predict the amplitude of the very narrow
BVI spikes completely.
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a) Total acoustic pressure at nψ = 120
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c) Total acoustic pressure at nψ = 216(72)
Figure 3-12. Comparison of acoustic pressure vs. time descent at nψ = 120, nψ =
144(reconstructed from 72) and nψ = 216(reconstructed from 72)

3.3.2.2 SEL contours
In the NASA flight test, a 6000×3000 ft observer grid with 27 observers was used to
capture the Sound Exposure Level (SEL) level during the descent flyover. As a very
important factor that will be considered during FAA’s flight regulation, SEL is the Aweighted sound pressure squared and integrated over a stated period of time. A PSUWOPWOP case has been set up to match the test case. The rotorcraft has same altitude at
the reference position, 𝑦 = 0, but unlike the forward velocity that was constant decreasing
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during the flight test, the PSU-WOPWOP prediction has a constant forward velocity ―
CHARM standalone code cannot handle transient cases. An observer grid that has similar
size but more microphone locations has been generated and been used in this comparison.
The helicopter was set to start at −32 seconds (32 second before it arrives the reference

microphone) and ends at 26 seconds when it is about 20 meter above the ground. The SEL
contour prediction from PSU-WOPWOP (Fig. 3-14) is also compared with NASA’s flight
test data (Fig. 3-13).

Figure 3-13. SEL contour plots for NASA’s test data, 6 deg. descent with VH = 100 kts.
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Figure 3-14. Predicted SEL contour plots for 6 deg. descent with VH = 100 kts.
Along the flight path (about the line 𝑥 = −1000), the noise prediction from the

CHARM standalone/PSU-WOPWOP system is increasing from 84 dBA to over 95 dBA
smoothly. In the flight test data, the SEL level increases from a similar level, but instead of
having a smooth increase, it has an unexpected fluctuation at 𝑦 = 2000 ft ; the flight test

data has a noise at 85 dBA at 𝑦 = 4000 ft; at 𝑦 = 2000 ft, the SEL level increases to 87 –

88 dBA then drops back to 85 – 86 dBA at 𝑦 = 0 ft. By checking through the flight test

data, one possible fact that has been highly suspected is the angle of attack. According to
NASA’s aircraft trim data, sampled at every 1/25000 second, the descent process has a
common angle of attack (in aircraft frame) at -5 to -7 degree, but as the helicopter
approaches to 𝑥 = 4000 ft, the angle of attack decreases to the range of -8 to -9 degrees

until it was at 𝑥 = 500 ft (the helicopter initiates a deceleration at 4000 ft altitude resulting
in a change in the pitch altitude). This change in angle of attack results in a pitch change in
the orientation of the tip vortices relative to the rotor disk, and decreases the potential for
BVI, and hence the SEL levels measured. Furthermore, directivity of sound also is shifted,
which potentially can explain the unusual peak area from 𝑥 = 3500 ft up to 𝑥 = 1500 ft
in published results.

Also, the PSU-WOPWOP has SEL that is over predicted by 3 – 5 dBA along the 𝑥

location, such as along the line of 𝑥 = 0. The major reason for the overprediction is because
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of the velocities. In CHARM/PSU-WOPWOP coupling, the velocity is set to be constant at
100 kts with 6 degree descent angle, but in flight test data, the velocity is constantly
decreasing. The PSU-WOWOP prediction has a constant forward velocity of 100 kts
because CHARM standalone can only handle steady flight. In the NASA flight test, the
aircraft maintained the speed at 100 kts until it was about 4000 ft away from the reference
point, but the velocity decreases as the aircraft descended. The difference in flight operation
can explain the difference between the SEL measurements and predictions.

But overall, considering the validation results in both housekeeping case and the 6
degree descent case, the system is believed to provide sufficiently accurate predictions and
will be used for all the other cases in the remainder of the thesis.
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CHAPTER 4: NOISE ABATEMENT PROCEDURE
EVALUATION

According to Helicopter Association International’s “Flying Neighborly Guide”,
published in 2007 [1], impulsive noise is one of the major noise sources that causes
annoyance during helicopter operations. Impulsive noise typically occurs in two situations:
a) high-speed forward flight, and b) descent at a lower airspeeds. One approach that HAI
suggests to pilots and operators is for the pilot to maintain as high an altitude above the
ground to reduce the noise levels on the ground. In HAI’s “Fly Higher Chart” (Fig. 4-1),
they show the relationship of aircraft height (considering level flight) and noise exposure
level at ground level for different sized helicopters. Based on that figure, a doubling of
distance can reduce the noise by 6 – 10 dBA. The second factor that can affect the noise is
the size of the helicopter. The aircraft size affects vehicle’s gross weight and maximum
takeoff weight, which will further affects the required thrust the main rotor must produce.
Based on the Fig. 4-1, to maintain an acceptable noise level at 65 dBA, a small size
helicopter should fly at least 1000 ft above the ground, but a large helicopter must fly
significantly higher to maintain 65 dBA.

Figure 4-1. Fly Higher Chart from the HAI [1]
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The High-speed forward flight causes impulsive noise due to shock waves that can
propagate forward, and descent generates blade-vortex interactions. For a small/light
helicopter, the most annoying impulsive noise mechanism is BVI noise, which occurs during
descent or high-rate turns. For medium or large helicopters, the situation is different; BVI
often occurs at low-speed level flight, descent, and high-rate turns [1].

HAI also has provided an estimation of BVI contour based on different speeds and rage
of descent for both small and large aircrafts in Fig. 4.2. Based on figure 4-2 a) and b), at
same descent rate, for a small size helicopter, decreasing speed to 60 kts or below can avoid
the main rotor impulsive noise boundary. A small size helicopter also can prefer to main the
speed at above 60 kts it must have a higher descent rate. However, according to figure 4-2
b), these methods may have as much position impact for large helicopters.

To check the common sense recommendations of “flying higher” and “flying slower”,
the CHARM/PSU-WOPWOP noise prediction system was used to predict the noise for
various operating procedures. These predictions serve two purposes: 1) to develop further
confidence that the noise prediction system captures the important noise characteristic of
helicopters in various flight conditions; and 2) to provide detailed information that explain
the mechanisms and directivity of noise changes (hopefully reductions) obtained through
noise abatement flight procedures. Based on this guidance, the noise prediction system was
used to predict the noise of the Bell 430 aircraft.

4.1 Level flight
4.1.1 Procedure
The first stage of the evaluation focused on level flight conditions. Based on HAI’s
recommendations, the first evaluation was separated into two categories: an altitude sweep
and speed sweep. The altitude sweep considered level flyover cases with a forward velocity
of 100 kts executed at different altitudes ranging from 150 m to 350 m in 50 m increments.
The speed sweep considered level flight at an altitude of 150 m executed at different
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forward velocities from 60 kts to 140 kts in 10 kts or 20 kts increments.

a) High noise flight operations – medium/heavy helicopters

b) High noise flight operations – small/light helicopters
Figure 4-2. High noise flight operations for different size of helicopters [1]

A planar observer grid located below the helicopter was used for these parametric
studies (shown in Fig. 4-3). The observer grid was set up so that the observer points were
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separated by the same angular increment (when the helicopter was at the reference location,
𝑥 = 0, 𝑦 = 0, 𝑧 = 150 m). In this case, the basic height was set to be 150 m, and the

angular increment was 9 degree for both longitudinal and lateral directions. The planar
observer grid was used to present the contours of Effective Noise Perceived Level (EPNL)
and Sound Exposure Level (SEL). The noise prediction was performed by using MPI
parallel computing on a Linux cluster. The CHARM standalone code has been used to
generate the loading input files for each test case. These loading files were generated using
72 azimuthal elements during one rotor revolution. For level flight cases, the noise was
computed from −95 seconds (95 seconds before the helicopter reaches to “0” point) to 65
seconds (65 seconds after the helicopter flies over the “0” point).

Figure 4-3. The observer grid for level flight test cases
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4.1.2 Altitude sweep
The first case considered was level flyover with a velocity of 100 kts executed at
different altitudes ranging from 150 m to 350 m in 50 m increments. This range of altitude
is arbitrary, but sufficient to demonstrate the powerful impact that distance makes in
reducing noise. The aircraft weight, and atmospheric conditions (standard sea level density
and temperature) are held constant for each altitude. In Fig. 4-4 the Tone-corrected
Perceived Noise Level (PNLT) is shown for locations directly below the flight path of the
aircraft. In this figure it is evident that distance plays an important role in the noise level –
as was expected. The peak PNLT level is about 8dB lower for the 350 m case than for the
150 m altitude. Figure 4-5 shows the various components of noise (thickness, loading, and
broadband) and how they contribute to the total PNLT along the flightpath for this case. The
thickness noise is dominant for up range (𝑥 < −300 m) observer positions. Loading and

broadband noise become dominant when the aircraft is overhead and down range (𝑥 >
−200 𝑚).
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Figure 4-5. Noise components and their
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Another metric that is used to assess helicopter noise is the Effective Perceived Noise
Level (EPNL), which is used for civil noise certification and is intended to be representative
of the annoyance of an individual flyover. This metric is a modification of the Perceived
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Noise level (PNL) that has a correction to account for tonal noise (PNLT) and the duration.
In Fig. 9 the EPNL contours are plotted on a stationary plane 150 m below the aircraft
(ground reflection is not included in any of the predictions in this thesis). The grid of black
lines on the plane indicates the observer locations used to generate this contour plot. As
might be expected, the highest EPNLdB levels are below the aircraft on the flightpath,
which corresponds to 𝑦 = 0.
EPNL contours are shown for three different altitudes: 150m, 250 m, and 350 m
(detailed results can be found in Appendix B).
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In Fig. 4-6 a), b), and c) the EPNL contours have similar EPNL level at the very edge of
the grid, but along the center line, the EPNL experiences a very significant drop from 92 dB
to 85 dB with increasing altitude. As the altitude increases, the area of region with EPNL
higher than 90 dB actually also shrinks. Part of the reason to explain this reduction is
because of the near field terns in the acoustic pressure formulation; as the distance increases,
the near field term, which has 1/𝑟 2 dependence will become smaller (Eqn. 2.5 and 2.6).

Flying higher does help noise reduction along the flight path, but the noise reduction is not
obvious to the sides of the flight path
150 m
200 m
250 m
300 m
350 m

100

EPNL, dB

95
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80

75

-500
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Y Location, m

Figure 4-7. EPNL at x = 0 plane, -700 < y < 700
m, for altitudes from 150m to 350m, in 50 m
increments

A third metric that has been taken into consideration is the Sound Exposure Level
(SEL). SEL is the logarithmic measure of the A-weighted, Sound Pressure Level squared
and integrated over a stated period of time or event (SEL has a normalized period of 1
second), relative to a reference sound pressure value. SEL has unit of decibel (dBA). In
Fig. 4-8, the SEL contours are plotted on a same grid that was used for EPNL at the same
position.
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c) SEL contours, VH = 100 kts,
altitude = 350 m
Figure 4-8. SEL contour at altitude sweep

Similar to EPNL, the highest SEL levels are below the aircraft on the flightpath (y = 0)
as shown in Fig. 4-9. Contour lines for both EPNL and SEL (Fig. 4-6 and Fig. 4-8) are
essentially vertical lines because aircraft is in level flight and each point along a constant 𝑦
value receives the same noise level and duration. The line plot of SEL vs. Distance on the

flightpath (y = 0) in Fig. 4-9 has shown that a 10 – 15 SEL dBA reduction occurs by 700 m
to either side of the centerline. Due to the loading noise, the SEL levels on the right side
(y>0) is higher ― this feature has also been captured by EPNL plot in Fig. 4-7. Increasing
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altitude also contributes to a significant noise reduction on the flight path. But this benefit is
nearly gone by 200 m to either side of the flightpath.
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Figure 4-9. SEL at x = 0 plane, -700 < y < 700 m, for altitudes from 150m to 350m, in 50
m increments

4.1.3 Level fly over at speed sweep
The second case investigates the impact of varying forward speeds. The helicopter in
the simulation is flown at an altitude of 150 m but with different speeds ranging from 60 kts
to 140 kts with either 10 kts or 20 kts increments. The contour of EPNL has been examined
for at all cases, and four of them are selected to be presented at below in Fig. 4-10 (cases
that are not selected here are shown in Appendix B). Like the cases set up for altitude
sweep, all the level flight cases were set to integrate from minimum time of −95 seconds

(95 seconds before it reaches to the reference point) to the maximum time of 65 seconds (65
seconds after it reaches to the reference point) in PSU-WOPWOP. For some numerical
reasons, for 60 kts case, the time range may not be long enough for all points to calculate the
ENPL and SEL resulting in small fluctuations shown on the contours, but as the velocity
increases, this small fluctuation disappears, and the contour becomes fully smooth.

The EPNL at the center line, which also is along the flight path, should be much higher
than the levels on the edge of the observer grid. Furthermore, from 60 kts (Fig. 4-10 a.) to
100 kts (Fig. 4-10 c), the region with high noise (above 92 dB, which corresponds to colors
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yellow and red on the contour) becomes narrower, but when the velocity increases beyond
100 kts, the region start to expand. At speeds below 100 kts, the edge of the observer grid
has similar EPNL level of 80 dB, but as the forward speed increases, both the central area
along the flight path and the regions nearer to the edges of the grid experience increase (e.g.,
on the edges the levels go up from 80 dB to 85 dB).

a) EPNL contours, VH = 60 kts,
altitude = 150 m

b) EPNL contours, VH = 80 kts, altitude
= 150 m

c) EPNL contours, VH = 100 kts,
d) EPNL contours, VH = 140 kts,
altitude = 150 m
altitude = 150 m
Figure 4-10. EPNL contours for speed sweep

The contours of SEL have also been checked at all cases; four of them are selected to
be presented in Fig. 4-11. Like the results have been presented for EPNL contours, the SEL
at the centerline (i.e., the flight path) is much higher than the levels on the edge of the
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observer grid. From 60 kts (Fig. 4-11 a.) to 100 kts (Fig. 4-11 c.), the region with high noise
becomes narrower, but similar to the cases in EPNL contours as the velocity increases
beyond 100 kts, the region start to expand. Also, at speeds below 100 kts, the edge of the
observer grid has similar SEL level of 76 dBA, but as the forward speed increases from 60
kts to 140 kts, the edge of the observer grid also has SEL levels increased from 76 dBA up
to 81 dBA.
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Figure 4-11. SEL contours for speed sweep

A best way to understand changes with increasing velocity is to examine both the EPNL
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(in Fig. 4-12) and the SEL (in Fig. 4-13) levels on 2-D line plots along the 𝑥 = 0 line.

Figure 4-12 shows the EPNL comparison along the 𝑥 = 0 line on the observer plane, which

shows the impact of forward speeds ranging from 60 to 140 kts. It is generally expected that
as the forward speed increases, the helicopter noise increases. Although the current
predictions do not include HSI noise, the trend for noise away from the centerline,
especially for |y| > 200 m is that the levels tend to increase with increasing forward velocity.

95

90

90

85

SEL, dBA

95

ENPL, dB

100

85

75

80

75

80

-500

0

Y Location, m

500

70
-600

-400

-200

0

200

400

600

Y Location, m

Figure 4-12. EPNL along x = 0 plane, -700 < Figure 4-13. SEL along x = 0 plane, -700 < y
y < 700 m for forward speeds ranging from < 700 m for forward speeds ranging from 60
60 kts to 140 kts
kts to 140 kts

At 700 m to either side of the flight path (the limits of the axis show in Fig. 4-12) the
EPNL levels are as much as 4-5 EPNLdB higher for 140 kts as compared to 100 kts and
lower. The increase would likely be even higher if the impact of HSI noise were also
included. Thus it is true that for higher speeds the total area of a contour of a particular
level of EPNL will increase, possibly substantially. For the lower speed (≤ 100 kts), this
trend is not nearly as strong and the lowest speed does not necessarily correspond with the
lowest EPNL level. This is also true for all speeds on flightpath (𝑦 = 0) where the lowest

speed, 60 kts, actually has the highest EPNL levels (if only by a small amount). The

features that are observed on EPNL 2-D line plot can be also observed on SEL line plot
along the 𝑥 = 0 in Fig. 4-13.
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To understand the counterintuitive results found in some the cases (lower speeds with
higher EPNL and SEL levels), it is useful to examine the PNLT plots along the flight path
(shown in Fig. 4-14). In Fig. 4-14 a), the PNLT is plotted vs distance, i.e., the PNLT level
when the aircraft is at the specified location relative to a reference microphone at 𝑥 = 0.
When the observer is ahead of the helicopter (e.g., 𝑥 < −200 𝑚), the high speed cases

have substantially higher levels, which indicates high in-plane noise levels (thickness and
HSI noise). In fact in this region the levels decrease as a direct function of a reduction in
forward speed. The noise levels overhead and when the helicopter is down range (𝑥 > 0)

are primarily due to broadband noise and to a lesser extent loading noise. These are not as
strongly impacted by helicopter velocity.
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Figure 4-14. PNLT along the flight path y = 0 for forward speeds ranging from 60 kts to 140
kts

Although the change in PNLT levels with forward speed make sense for helicopter
positions 𝑥 < −200 𝑚, this plot does not help us to understand how the EPNL levels along

the flightpath can be larger for lower forward speeds. To understand that it is useful to plot
PNLT vs time, as is shown in Fig. 4-14 b). EPNL uses the maximum value pf PNLT plus a
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duration correction based on the first time that the PNLT is within 10 dB of the maximum
PNLT and the last time the PNLT is within 10 dB of the maximum PNLT. For the level
flight case shown in Fig. 4-14 b), the 10 dB down point is approximately 87 to 88 dB for all
the flight speeds, but the duration correction will be less for the higher speed cases because
PNLT levels fall off quickly after the helicopter flies overhead (𝑡 > 0). In contrast, for the

60 kts forward speed case the PNLT curve rises more slowly and then reduces more slowly

than the higher speed cases; hence, the EPNL level is higher due to the duration correction.

These results shows how the noise prediction system can be used to verify or refute
conventional expectations about what will reduce noise and also provide insight into the
various physical mechanism or attributes of the metric when results are not intuitive.

4.2 Descent/climb
The final demonstration of the noise prediction system and how it can be used
considered two important operations: climb (take off) and descent (approach) cases. For
each of the cases, the helicopter forward speed was 100 kts while the aircraft was trimmed
in either a 3 or 6 degree descent and 3 or 6 degree climb. The CHARM/flight simulator
system generated the trim information, which was used with the CHARM standalone code
coupled to PSU-WOPWOP to predict the noise.

During this investigation, a large observer grid was used for these computations to
capture the full directivity of the most intense contours of Sound Exposure Level (SEL).
SEL for the two descent cases was compared with a 100 kts level flight case, as were the
two climb cases.
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4.2.1 Descent
4.2.1.1 Procedure
The descent cases are considered first. In each descent case, the fight path altitude was
chosen so that the helicopter had a 350 m altitude at the reference observer (𝑥, 𝑦) = (0,0)

(SEE sketch in Fig. 4-16). To achieve this, each case has a different initial altitude. The
helicopter flies from 𝑥 = −1400 m to 𝑥 = 3000 m along the centerline 𝑦 = 0. The

observer grid (Fig. 4-15) for descent flight cases is an equal space observer grid, with
increment of 200 m in longitudinal and lateral direction.

Figure 4-15. The observer grid for descent flight test cases, −1400 < 𝑥 < 3000 m,
−600 < 𝑦 < 600 m
Based on this time setting, the 10 dB difference in A-weighted sound pressure Level
(LAmax) criteria for FAA certification should be achieved after the maximum LAmax, the
minimum and maximum time are set to −31 to 62 seconds for 3 degree descent, and -30 to
61 seconds for 6 degree descent case. The flight path is shown in Fig. 4-16.
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Figure 4-16. The schematic of descent flight paths

Initially, the trim information from the CHARM/flight simulator system has a descent
rate that is smaller than theoretical expected value. A further study of the CHARM/flight
simulator system has shown that, the rate of climb, or inertial frame 𝑧 velocity (in ground

coordinate system), differs from the 𝑧 body velocity (aircraft coordinate system, also known
as w) because of the different reference frames in which they are defined. The first is

defined in the right-handed orthogonal frame North-East-Down, where the 𝑥 axis is pointing

to North, the 𝑦 axis is pointing to east and the 𝑧 axis is perpendicular to the surface of the

Earth. The second axis system, which is also a right-handed orthogonal frame, has its axes
coincident with the main moments of inertia of the aircraft. Especially for cruise conditions
or for very gentle maneuvers, the body frame has almost the same orientation as the inertial
frame but very likely, depending on the trim condition, it will be slightly rotated. This
implies that even if the rate of climb is zero, the 𝑤 will not necessarily be zero. The angles
that define the rotation are called Euler angles. The rotational matrix from the body frame

to the inertial frame is given as below in Eqn. 4.1. So even if the vertical velocities, in both
frames and in absolute value, might appear similar, they will not be completely equal,
except for some particular cases of trim in which the two 𝑧 axis coincides or almost
coincide, such as in level flight.
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The CHARM/flight simulator system has both 𝑤 and 𝑑ℎ in the output file. The

CHARM/flight simulator system and the CHARM standalone code both use an aircraft
frame for computation, whereas PSU-WOPWOP observer locations were defined in a
ground frame (North-East-Down frame). The z- component of velocity in the aircraft frame
is not necessarily the vertical descent or climb rate in the ground fixed frame (𝑑ℎ). The
CHARM/flight simulator system will use 𝑤 as rate of climb/descent in PSU-WOPWOP

input file; it has to be changed to 𝑑ℎ to match up with the coordinates system that has been

used by PSU-WOPWOP input namelist file.

In the descent test, SEL for the two descent cases was compared with a 100 kts level
flight case at an altitude of 350 m, because the helicopter had a same altitude at the
reference observer (𝑥, 𝑦) = (0,0).
Table 4-1. Comparison of velocity component 𝐰 in aircraft frame and change rate
of height 𝒅𝒅 in NED frame
velocity component ‘w’ in
descent rate ‘𝒅𝒅’ in ground
aircraft frame
fixed frame
-2.74 m/s
3-Degree Descent -1.44 m/s
6-Degree Descent

-3.73 m/s

-5.375 m/s

57

a) Coordinate system in descent flight case

b) Coordinate system for climb flight case
Figure 4-17. Coordinates transformation ―from aircraft frame to ground frame for a)
decent case, and b) climb case
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4.2.1.2 Results and discussion
First of all, the acoustic pressure time history at the reference microphone (𝑥 = 0 , 𝑦 =

0 ) m has been compared. The CHARM standalone code was set to generate the blade

loading at 𝑛𝑛 = 120 without using reconstruction. A higher resolution may capture more

features of BVI; but due to the problem of high frequency spurious signals when using high
resolution with reconstruction, increment of 3 azimuthal degree per step should be sufficient
to capture the BVI.

As an evidence of the existence of impulsive noise due to the BVI, the acoustic
pressure time history that the 6 degree descent case experiences the strongest BVI (Fig. 418). The 3 degree descent case also has some BVI spikes in the acoustic pressure time
history.
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Figure 4-18. Loading acoustic pressure vs. time, helicopter velocity 100 kts, 3 or 6 deg.
descent or level flight at altitude of 350 m

The SEL levels were compared with a level flight case at 350 m in Fig. 4-19. Along the
flight path (𝑦 = 0 m) the 6 degree descent case generates a larger high SEL region than the
3 degree case (The high SEL region may be defined as the area above 88 dBA). The 3

degree descent case SEL contour magnitude and region highest SEL is initially similar to the
level flight case, but as the helicopter continues to approach the ground (towards to the end
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point of 𝑥 = 3000 𝑚) the SEL contours increases in area and the SEL level increases to 4

to 5 dBA higher than the level flight case. The steeper descent angle (6 degree descent)

generates higher SEL levels in two ways: 1) the aircraft is progressively closer to the ground
as 𝑥 increases from 0 up to 4000 m; and 2) the 6 degree descent case contains significant
BVI noise. The presence of more intense BVI noise can be deduced by reexamining the
three cases (6 degree descent, 3 degree descent, and level flight) at 𝑥 = 0, where the

helicopter is at the same altitude of 350 m. The SEL levels at the cross section 𝑥 = 0 and
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along the flight path 𝑦 = 0 have also been plotted in Fig. 4-20.
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Figure 4-19. SEL contour plots for various descent angles.

By comparing the SEL at x = 0 among all cases (Fig. 4-20 a.), it can be noticed that a
steeper descent angle led to a higher level of SEL along the y axis ― the 6 degree descent
has higher SEL levels even though the distance is the same. The aircraft was operating at
same weight and altitude for each case; hence, the loading noise should be nominally the
same with the exception that BVI noise is occurring in the 6 deg. case and not occurring (or
the interactions are less strong) in the 3 deg. descent case. The 6 degree descent case has a
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higher SEL all along the flight path, and it rises quickly when the aircraft approaches the
landing point because of both the altitude changes and a stronger BVI presence. As
expected, the level flight at 350 meter maintains the lowest SEL level.

Furthermore, in the 6 degree descent case, the SEL levels are significantly higher prior
to the 𝑥 = 0 location where the helicopter is farther from the ground than either the 3

degree descent or level flight. Indeed, acoustic pressure time history plot shown at the
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beginning of this section (Fig 4-18) confirms the presence of BVI.
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Figure 4-20. SEL along x = 0 plane and y = 0 plane for various descent angles and level
flight (350 m), VH = 100 kts.

According to the SEL contours two different descent angle, it can be concluded that a
descent steady flight condition will definitely will generate impulsive noise; this
CHARM/PSU-WOPWOP system can help to find the descent rate that should minimize
BVI noise. The system noise prediction indicates the 6 degree descent is a high BVI noise
condition ― as expected, in the HAI’s flight guide (Fig. 4-2 a. and b.), the level flight case
generate the minimum amount of BVI noise.
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4.2.2 Climb
4.2.2.1 Procedure
Similar to the descent cases, in each climb case, the flight path altitude was set to have
the same altitude (150 m) at the reference microphone ((𝑥, 𝑦) = (0,0) the altitude was 150
m) (shown in Fig. 4-21). The helicopter approaches the reference location from 𝑥 =

−1100 m and the computation ends when the helicopter reaches 𝑥 = 4200 m. In order to

get 10 dB difference in A-weighted sound pressure Level (LAmax) criteria for FAA

certification after the maximum LAmax, the minimum and maximum time are set to −21 to

84 seconds for 6 degree climb, and −21 to 82.5 seconds for 3 degree climb case.

Figure 4-21. The schematic of climb flight paths.

The observer grid was similar to the descent cases but has small changes on the x
boundary. The x location of the observer grid ranged from −1000 m to 4000 m in 200 m
increments. The noise prediction for the climb cases was performed at 3 degree and 6

degree angles. The SEL contours have also been compared with the level flight case with
altitude of 150 m.
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Figure 4-22. The observer grid for climb flight test cases, −1000 < 𝑥 < 4000 m,
−600 < 𝑦 < 600 m
Each case is designed to have similar forward speed of 100 kts. The climb rate
experiences similar problem as the descent cases have due to different reference coordinates
systems in the CHARM/Flight simulation system and the CHARM standalone code. A
correction has also been applied to the CHARM/Flight simulator results such that the final
climb rates match to the theoretical values. After the correction, the new climb rate, 𝑑ℎ, is

listed in Table 4-2.

Table 4-2. Comparison of velocity component 𝐰 in aircraft frame and change rate of
height 𝒅𝒅 in NED frame
velocity component ‘w’ in
descent rate ‘𝒅𝒅’ in ground
aircraft frame
fixed frame
2.332 m/s
3-Degree Climb 3.951 m/s
6-Degree Climb

6.464 m/s

5.221 m/s

4.2.2.2 Results and discussion
In the climb test, SEL contours are compared first. The results show that the main
effect here is that the distance from the helicopter to the ground is continually increasing. At
the reference point, (𝑥, 𝑦) = (0,0) m, the levels are essentially the same for each cases ―
as would be expected because the distance is the same. Any differences in loading are too
small to identify in Fig. 4-23. In both Fig. 4-19 and Fig. 4-23 (which cannot be compared
directly because the level flight altitude is different), it is also evident that the region of
highest noise levels is predominantly along the flight path.
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Figure 4-23. SEL contour plots for various climb angles.

By comparing the climb cases to the level flight case, it can be concluded that the best
way to reduce the noise along the flight path is to have a steeper climb angle. If the region
with a SEL level higher than 85 dBA is identified as the high noise region, the 6 degree
climb case has a smaller high noise region than the 3 degree climb case; the high noise
region ends at 𝑥 = 800 m on 6 degree case, but it extends up to 𝑥 = 1800 m for the 3

degree climb angle. Once again, the best explanation for this phenomenon is because of the
distance from the helicopter to the ground is increasing. Another way to view the relation
between climb angle and the SEL level along the flight path is to check the SEL vs. 𝑥

location along the center line y = 0 m (Fig. 4-24a). The view of SEL level along the center
line demonstrates the fact that a high climb angle will result in noise reduction because of
the altitude change. At 𝑥 location of 4000 m, the corresponding altitudes for 6 degree and 3
degree climb cases are about 570 m and 360 m above the ground. Compared to the level

flight case with altitude 150 m, it is not surprise to see that a higher climb rate will reduce
the noise in a shorter time. Indeed, the takeoff condition for the noise certification requires
noise measurement for the vehicle during maximum rate of climb.
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Figure 4-24. SEL along 𝑥 = 0 plane and 𝑦 = 0 plane for various climb angles and level
flight (150 m), VH = 100 kts.
The SEL level along line 𝑥 = 0 has also been examined and it is shown in Fig. 4-24b.

At the reference point, because the distance from the helicopter to the reference microphone
(located at (𝑥, 𝑦) = (0,0) m) is the same, a same SEL level for all three cases is the same

as expected.

Height plays an important role in SEL level during climb cases. Comparing the results
to “Fly Higher Chart” from HAI (Fig. 4-1), increment of 1300 ft (at the end of 6 degree
climb case) resulted in a SEL reduction of 7 dBA.
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CHATPER 5: SUMMARY AND FUTURE WORK

5.1 Summary and conclusions
The rotorcraft noise prediction system outlined in this thesis has been shown to provide
predictions that match flight test data reasonably well for the Bell 430 aircraft. Although the
in-plane noise is somewhat underpredicted, as a whole the prediction system seems to
capture the details of the noise and provide information to assess the source of noise in
various flight conditions. These computations are quite fast – although contour plots of
EPNL, SEL, and other quantities can take more time.

The CHARM standalone code was coupled with PSU-WOPWOP for noise prediction.
This system has been checked by running a validation test. The results have shown that in
the housekeeping run, the noise was underpredicted at uprange (Fig. 3-7) because of the
exclusion of HSI noise; a further check has shown that at the tip speed in the housekeeping
run would result in scaling the peak negative pressure of the prediction by a factor of 1.6
(Fig. 3-11). In the descent test, the CHARM/PSU-WOPWOP system captured the BVI
noise in loading acoustic time history. For both cases, PSU-WOPWOP had high frequency
content on acoustic pressure history by using a loading file generated with reconstructed
high azimuthal resolution. This could be due to numerical issues of the CHARM standalone
code (or improper settings used in CHARM).

MPI parallel computation is very effective for saving time. For the cases with contours
of EPNL and SEL that have been presented in Chapter 4, each observer will take over 30
minutes for integration. If running a level flight case with 182 observers on a PC, the
computation time will be more than three days. Nevertheless, MPI parallel computation
only took 1 hour to accomplish the noise prediction of the case by assigning 3 nodes (each
node has 32 processors) for each case.
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When examining the standard recommendations about how to fly more quietly, i.e., fly
higher and fly slower, it was found these recommendation generally result in lower noise for
the Bell 430 aircraft. At 100 kts, dropping the altitude from 350 m to 150 m resulted in
EPNL increase of 8 – 9 dB along the flight path.

This result matches to HAI’s

recommendation and Fly Higher Chart in Fig. 4-1. Flying slower, such as decreasing the
speed from 140 kts to 100 kts (operate in same altitude) does reduce the EPNL and SEL
significantly. However, at some locations or some flight conditions the results were not
always intuitive. For example along the flight path the EPNL levels were higher for the 60
kts case than for the higher speeds. On the right side of the aircraft, the noise levels actually
went up a little with increase in altitude. These results demonstrate the need to be able to
interrogate the solution and to have a physics-based noise prediction system.

Descent flight generated more impulsive noise; this CHARM/PSU-WOPWOP system
can help to find the descent rate that should minimize BVI noise. In climb cases, height
plays an important role in SEL level. A steeper climb angle is recommended for Bell 430 in
taking off.
Further work is planned for this model, including evaluation of additional rotorcraft,
studying wider range of flight conditions, and including segmented approaches or time
varying flight conditions with acceleration.

5.2 Future work
5.2.1 Update the flight path for descent/climb cases
For both the climb and descent tests, the current case set up in PSU-WOPWOP has a
starting altitude of 40 m (6 degree climb) or terminal altitude of 30 m (6 degree descent).
The descent/climb case should be more persuasive if the flight path was set to match up the
flight path for noise certification.
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In fact, a further test in decent/climb can be designed to have a starting location at same
altitude; the flight operation begin with a level flight for a reasonable amount of time
followed by either maximum rate of climb or descent (Fig. 5.1). The climb/descent results
should also be compared with the level flight operation to observe the directivity shift due to
different flight paths.

Figure 5-1. Future flight path for noise prediction and location of observer grid

This new design of descent/climb flight paths will allow comparison of the descent to
climb directly. On the other hand, it has a disadvantage of requiring more complicated data
for input into PSU-WOPWOP (aperiodic loading file). Detailed information on setting up
aperiodic cases by using flight path option in PSU-WOPWOP is discussed in Appendix C.

5.2.2 New computational algorithm
Currently, for a case with an integration time of 90 seconds, PSU-WOPWOP takes 20 30 minutes to compute the noise at each single observers. It has been found that one major
reason for long computational time is because of the thickness noise predictions. Yang and
Brentner [28] have purposed a “dual-compact thickness”, which applies two loading lines to
mimic the thickness noise. Based on this theory, PSU-WOPWOP can predict the thickness
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noise in substantially less computation time; integration of a whole surface grid is replaced
by a new integration across only two compact loading lines.

5.2.3 Other directions
There are still several factors and directions that are worthy to be considered in the
future. During this project, as the altitude increases, the temperature, atmospheric pressure,
and the speed of sound actually will not stay at the same value. Considering those factors
actually may improve the accuracy of noise predictions. Secondly, this CHARM/PSUWOPWOP system will be used for noise prediction in maneuvers. Currently, the CHARM
standalone code was used for both validation tests and noise predictions for level flight
cases. The CHARM/flight simulator coupling in future work because it can handle both the
steady and unsteady flight, including accelerations and turns. HAI has suggested avoiding
rapid bank angle turns and that maneuvers should be performed smoothly [1]. It is worth
performing a study on the relation between maneuvers and noise levels. Another direction
deserving attention is the noise produced by different aircraft. As part of the FAA’s noise
abatement project in the future, helicopters that are larger than Bell 430, such as Sikorsky S76 C++, should also been tested by using same flight path. Currently, a new case based on
Sikorsky S-76 C++ has already been set up to perform a series of new tests; the noise
prediction is expected in the future.
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APPENDIX A: Comparison of the CHARM standalone code
and CHARM/Flight simulator

PSU-WOPWOP requires blade loading files as input; as a results, CHARM has been
introduced to generate the loading files with consideration of airwake and airloads. There
are two methods of employing CHARM to generate loading files: using CHARMstandalone version or CHARM-flight simulator coupling.

The standalone version of CHARM requires input of aircraft trim properties (ψ, θ, ϕ,
etc.). Predictions of rotor loading and blade motions for PSU-WOPWOP can be done by
CHARM standalone code; although it is not able to handle aircraft maneuvers, this code has
the ability to provide high temporal resolution loading to PSU-WOPWOP in BVI flight
conditions. The standalone version of CHARM also contains versions of the CHARM rotor
and wake modules.
Another approach can be used to predict the rotor loading and blade motions is the CHARM
module, which has been fully coupled with the flight simulator.

The implementation

procedure of this coupling between CHARM and the flight simulator is a closed loop, with
the CHARM rotor module both receiving input from and providing data to the flight
simulation (Fig A-1).

The time dependent blade airloads and blade motions will be

provided to PSU-WOPWOP to complete the noise predictions.
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Figure A-1. Integration Method – CHARM fully coupled with flight simulator.

There are key differences between the two methods; the Flight simulator/CHARM
module trims the helicopter, but the CHARM standalone code does not. Thus, the CHARM
standalone code needs trim information from external sources; in this case, the trim
information is generated from the CHARM/flight simulator module. A comparison of
prediction between these two methods has been made before running noise abatement test.
A baseline case of constant level flight at 60 knots has been selected. The acoustic pressure
time history was examined for comparison. The same observer arrays that have been used
for the “housekeeping” case validation were used for this comparison, except the altitude
was increased to 150 m. The loading noise was determined at 4 locations: -2000 ft, -1000
ft, overhead, and 100 ft. Comparison results in Fig. A-2 have shown that the acoustic
pressure from the CHARM standalone code and CHARM/flight simulator loading are quite
close.

There are some differences between the two methods; the possible source for the
difference is due to slightly different trim. For this thesis, the rotor loading information was
generated by CHARM standalone with proper trim information from CHARM
module/flight simulator, but for the future predictions, the Matlab flight simulator/CHARM
Module/PSU-WOPWOP will be the first choice.
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a) Comparison at -2000 ft

b) Comparison at -1000 ft

c) Comparison at overhead
d) Comparison at 1000 ft
Figure A-2. Comparison of CHARM standalone and CHARM module at 60 knots
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APPENDIX B: Contour plots for EPNL and SEL

In the thesis, due to the consideration of length, in the level flight section only a few
cases were selected and discussed. This section presents a full version of EPNL and SEL
contour plots for the level flight test for both altitude sweep and speed sweep. The
descent/climb contour results are not included because the thesis already includes all the
descent/climb contour plots in Chapter 4.

Altitude sweep

EPNL contours, VH = 100 kts, altitude =
150m

EPNL contours, VH = 100 kts, altitude =
200m

EPNL contours, VH = 100 kts, altitude =
250m

EPNL contours, VH = 100 kts, altitude =
300m
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EPNL contours, VH = 100 kts, altitude =
350m
Figure B-1. EPNL contours for altitude sweep

SEL contours, VH = 100 kts, altitude = 150m

SEL contours, VH = 100 kts, altitude = 200m

SEL contours, VH = 100 kts, altitude = 250m

SEL contours, VH = 100 kts, altitude = 300m
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SEL contours, VH = 100 kts, altitude = 350m
Figure B-2. SEL contours for altitude sweep

Speed sweep

EPNL contours, VH = 60 kts, altitude = 150m EPNL contours, VH =70 kts, altitude = 150m
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EPNL contours, VH = 80 kts, altitude = 150m EPNL contours, VH = 90 kts, altitude =
150m

EPNL contours, VH = 100 kts, altitude =
150m

EPNL contours, VH = 120 kts, altitude =
150m

EPNL contours, VH = 140 kts, altitude =
150m
Figure B-3. EPNL contours at speed sweep
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SEL contours, VH = 60 kts, altitude = 150m

SEL contours, VH =70 kts, altitude = 150m

SEL contours, VH = 80 kts, altitude = 150m

SEL contours, VH = 90 kts, altitude = 150m

SEL contours, VH = 100 kts, altitude = 150m

SEL contours, VH = 120 kts, altitude = 150m
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SEL contours, VH = 140 kts, altitude = 150m
Figure B-4. SEL contours at speed sweep
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APPENDIX C: Setting up the PSU-WOWOP case for Bell
Helicopter 430
It is suggested to have a check on the following factors before setting up a PSUWOPWOP namelist file to run the noise prediction.
Coordinates system for observers and aircraft velocity
During this test, the PSU-WOPWOP set up a case with the origin located at the center
of gravity of the helicopter at time = 0 second. The coordinate system defines positive x as
level forward flight direction, positive y as direction of ψ = 90o, and positive z pointing to
the ground. The main rotor is located by applying a change of base in namelist file to shift
the rotor shaft from default position (origin location) to the right position. Similar to the
main rotor, the tail rotor also is shifted from the center of gravity to the right location, but it
is also tilted by 90 degree respect to the x-axis.
Blade coordinate system
During this project, PSU-WOPWOP ran the noise prediction by using the distributed
geometry from Bell for thickness noise computation and compact loading from CHARM
standalone for loading noise computation. Setting up a case with Bell’s geometry but using
CHARM’s loading potentially has a problem: the default coordinate system in Bell’s
geometry did not match up with the coordinate system in CHARM’s loading file.
A deeper study has shown that the coordinate systems are quite different from each other
(Figure 4), which leads to two problems:
1. When COPTER’s geometry has been applied to CHARM case, due to the difference
of coordinate systems, the blade geometry does not line up with blade compact
loading vector
2. Due to the different settings in the coordinate systems, in the observer location input,
the “x location” will stand for two different location for COPTER and CHARM.
Therefore, an input with same x and z location in both namelist file will lead to two
different observer locations.
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a) COPTER’s coordinate system

b) CHARM’s coordinate system
Figure C-1. Difference in COPTER and CHARM’s coordinates
In this case, for the PSU-WOPWOP namelist file, a proper coordinate system
transformation has to be applied to ensure both Bell’s geometry and the CHARM loading
values are located in same coordinate systems.
Blade loading vector
PSU-WOPWOP computes the loading noise based on the input loading files which
contain the components of the loading vector. By default, the loading vector points opposite
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to the force direction. In this case, the blade is providing lift, which is point from the blade
bottom to blade top; in level flight, the loading vectors should point towards the “ground”.
Loading vectors can be visualized in a 3-D plot file named Sigma surface, as part of PSUWOPWOP output file.

To visualize the ground plane in a Sigma surface, PSU-WOPWOP allows for the
observer location to be viewed. When the helicopter should have the main rotor rotating
clockwise with the leading edge coming first, the loading vectors should point in the same
direction as the gravity vector. The blade loading vectors along the blade span should have
a reasonable typical shape.

Plotting the z-component of the loading vector is the second way to check for
validation.

A contour of the disk plane should have a maximum value that matches the

rotor thrust. Also, any discontinuity on the contour is unexpected.

The blade orientation
A common mistake in setting up the case by using CHARM/PSU-WOPWOP system is
the blade rotational direction and lift direction on main rotor and tail rotor. In PSUWOPWOP, the rotational direction should matches to the real helicopter, otherwise the noise
prediction is less persuasive; even though the prediction with wrong direction share
common features as the prediction from right case set up.
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Figure C-2. The rotation direction of the blade is different from each other
The best way to examine if the blade is rotating in right direction is to run the PSUWOPWOP case with only one blade and check the blade motion on a Sigma surface.
The second way to verify if the blade motion is correct is to check the loading vectors on a
Sigma surface. A counter clockwise blade rotation may also result in having an opposite
direction of the loading vectors. The loading vector should always be pointing to the
“ground”.

Figure C-3. The direction of loading vectors
The tail rotor is another source that may have incorrect rotation directions. For the
sigma surface, the tail rotor should have similar source time as the main rotor. Also, the tail
rotor rotational direction and loading vector direction have to be checked; incorrect tail rotor
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rotation may have correct direction for the loading vectors, but the airfoil may experience
the problem of trailing edge coming first, which can affects the thickness noise prediction
results.
Full version of PSU-WOPWOP namelist input file for housekeeping run
&EnvironmentIn
nbSourceContainers = 1
nbObserverContainers = 1
spectrumFlag =.true.
SPLdBFLAG =.true.
SPLdBAFlag =.true.
OASPLdBFlag =.true.
OASPLdBAFlag =.true.
PNLTFlag = .true.
acousticPressureFlag =.true.
thicknessNoiseFlag =.true.
loadingNoiseFlag =.true.
totalNoiseFlag =.true.
debugLevel =
3
ASCIIOutputFlag = .true.
sigmaflag = .true.
loadingSigmaFlag = .true.
pressureSigmaFlag = .true.
normalSigmaFlag = .true.
! observerSigmaflag = .true.
! nbwall = 1
/
&EnvironmentConstants
rho = 1.224670
c = 340.4616
/
&ObserverIn
nbBase = 0 ! 1
Title ='Observers' ! observer title
!attachedTo = 'Aircraft'
!fileName = 'charmobs.inp'
!!! IF the observer grid file, charmobs.inp is
not called, then using the setting of single OB
xloc = 0. !609.756
yloc = 0.0

zloc = 60.976
nt = 16384
tmin = 0.0
tmax = 0.5
AtmAtten = .true.
segmentSize
= 0.5,
segmentStepSize
= 0.5,
windowFunction
= ‘hanning Window',
/
!&CB
Title ='Aircraft motion'
TranslationType = 'KnownFunction'
AH =
0.000
0.000
0.000 !
acceleration
VH = 41.148
0.000
0.000 ! velocity
Y0 =
0.000
0.000
0.000 ! position
/
&WallIn
normalVector
= 0.0, 0.0, 1.0,
pointOnPlane
= 0.0, 0.0, 60.0,
/
&ContainerIn
Title ='Aircraft' ! first container is Aircraft
nbContainer = 2 ! number of rotors
nbBase = 2 !3 ! - aircraft velocity
/
! &CB
Title ='Aircraft motion'
TranslationType = 'KnownFunction'
AH =
0.000
0.000
0.000 !
acceleration
VH =
41.148
Y0 =
0.000
0.000
0.000 ! position
/
&CB
Title ='Coord system rotation'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
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AxisValue = 0.0, 1.0, 0.
AngleValue= 3.14159265
/
&CB
Title ='AC Noise UP'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 1.0, 0.0
! AngleValue = 0.122173 !7 Degree
! AngleValue = 0.087266 !5 Degree
AngleValue = 0.0558505 !3.2 Degree
! AngleValue = 0.0349066 !2 Degeree
! AngleValue = 0.0 !0 Degree
! AngleValue = -0.0349066 !-2 Degree
/
&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 , 0.004318,
1.8288
/
&CB
Title =‘hub Pitch'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 1.0, 0.0
AngleValue = -0.069813 !-4 Degree-0.01396
/
&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
TotalBladeAreaFlag = 'UserValue',
TotalBladeArea = 9.23547,
BladeRadiusFlag = 'UserValue',
BladeRadius
= 6.4008,
RotSpeedFlag
= 'Compute',
CLBarFlag
= 'Compute',
TotalThrustFlag = 'UserValue',
TotalThrust
= 40697.3,
HubAxisFlag
= 'Compute',
/
!**************************************
!**************************************
&ContainerIn
Title = 'Loading Blade 1'
patchGeometryFile = 'geometry1.dat'
patchLoadingFile = 'loading11.dat'
periodicKeyOffset = 0.00000 ! seconds
nbBase = 2 ! One change of base
dTau =
2.3977598E-03
!
TWOPI/(NPSI*(OMEGA[1]) !72
/
&CB
Title = 'Rotate around y axis'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 1.0, 0.0
AngleValue = 3.141593
/
&CB
Title ='Initial azimuth angle'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,-1.0
AngleValue = -3.141593
/
!**************************************
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!**************************************
&ContainerIn
Title = 'Thickness Blade 1'
patchGeometryFile = 'patch1_127kt_R1.dat'
periodicKeyOffset = 0.00000 ! seconds
nbBase = 2!3 ! One change of base
dTau = 2.3977598E-03
/
&CB
Title ='Initial azimuth angle'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,-1.0
AngleValue = -3.141593
/
&CB
Title ='Match Loading Blade'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,1.0
AngleValue = 1.57079
/
!**************************************
!**************************************
&ContainerIn
Title = 'Loading Blade 2'
patchGeometryFile = 'geometry1.dat'
patchLoadingFile = 'loading12.dat'
periodicKeyOffset = 0.04316 ! seconds
nbBase = 2 ! One change of base
dTau = 2.3977598E-03
/
&CB
Title = 'Rotate around y axis'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 1.0, 0.0
AngleValue = 3.141593
/
&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 = 'patch1_127kt_R1.dat'
periodicKeyOffset = 0.04316 ! seconds
nbBase = 2 !3 ! One change of base
dTau = 2.3977598E-03
/
&CB
Title ='Initial azimuth angle'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,-1.0
AngleValue = -1.570796
/
&CB
Title ='Match Loading Blade'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,1.0
AngleValue = 1.57079
/
!**************************************
******************
!**************************************
******************
&ContainerIn
Title = 'Loading Blade 3'
patchGeometryFile = 'geometry1.dat'
patchLoadingFile = 'loading13.dat'
periodicKeyOffset = 0.08632 ! seconds
nbBase = 2 ! One change of base
dTau = 2.3977598E-03
/
&CB
Title = 'Rotate around y axis'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 1.0, 0.0
AngleValue = 3.141593
/
&CB
Title ='Initial azimuth angle'
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AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,-1.0
AngleValue = 0.0000000E+00
/
!**************************************
!**************************************
*
&ContainerIn
Title = 'Thickness Blade 3'
patchGeometryFile = 'patch1_127kt_R1.dat'
periodicKeyOffset = 0.08632 ! seconds
nbBase = 2 !3 ! One change of base
dTau = 2.3977598E-03
/
&CB
Title ='Initial azimuth angle'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,-1.0
AngleValue = 0.0000000E+00
/
&CB
Title ='Match Loading Blade'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,1.0
AngleValue = 1.57079
/
!**************************************
***
!**************************************
***
&ContainerIn
Title = 'Loading Blade 4'
patchGeometryFile = 'geometry1.dat'
patchLoadingFile = 'loading14.dat'
periodicKeyOffset = 0.12948 ! seconds
nbBase = 2 ! One change of base
dTau = 2.3977598E-03
/
&CB
Title = 'Rotate around y axis'
AxisType = 'TimeIndependent'

AngleType = 'TimeIndependent'
AxisValue = 0.0, 1.0, 0.0
AngleValue = 3.141593
/
&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 = 'patch1_127kt_R1.dat'
periodicKeyOffset = 0.12948 ! seconds
nbBase = 2 !3 ! One change of base
dTau = 2.3977598E-03
/
&CB
Title ='Initial azimuth angle'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,-1.0
AngleValue = 1.570796
/
&CB
Title ='Match Loading Blade'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,1.0
AngleValue = 1.57079
/
!======================================
!======================================
&ContainerIn
Title = 'Rotor 2'
nbContainer = 4
nbBase = 4
PeggNoiseFlag = .true.
/
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&CB
Title =‘hub Translation'
TranslationType = 'TimeIndependent'
TranslationValue =
7.45998, -0.567182,
0.7366
/
&CB
Title =‘hub Roll'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 1.0, 0.0, 0.0
AngleValue = -1.57080
/
&CB
Title =‘hub Pitch'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 1.0, 0.0
AngleValue = 0.00000
/
&CB
Title ='Rotation'
rotation = .true.
AngleType = 'KnownFunction'
Omega = -197.00000 ! rotation rate (rps)
Psi0 = 0.00000 ! psi offset (radians)
AxisValue = 0.0, 0.0,-1.0
/
&PeggIn
TotalBladeAreaFlag = 'UserValue',
TotalBladeArea = 0.532257,
BladeRadiusFlag = 'UserValue',
BladeRadius
= 1.04775,
RotSpeedFlag
= 'Compute',
CLBarFlag
= 'Compute',
TotalThrustFlag = 'UserValue',
TotalThrust
= 1375.7,
HubAxisFlag
= 'Compute',
/
!**************************************
!**************************************
&ContainerIn
Title = 'Loading Blade 1'
patchGeometryFile = 'geometry2.dat'
patchLoadingFile = 'loading21.dat'

periodicKeyOffset = 0.00000 ! seconds
nbBase = 1 ! One change of base
dTau = 4.4297698E-04
/
&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 = 'patch1_127kt_R2.dat'
periodicKeyOffset = 0.00000 ! seconds
nbBase = 2 ! One change of base
dTau = 4.4297698E-04
/
&CB
Title ='Initial azimuth angle'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,-1.0
AngleValue = -3.141593
/
&CB
Title ='match CHarm2'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,-1.0
AngleValue = 1.5707963 !1.65
/
!**************************************
!**************************************
&ContainerIn
Title = 'Loading Blade 2'
patchGeometryFile = 'geometry2.dat'
patchLoadingFile = 'loading22.dat'
periodicKeyOffset = 0.01595 ! seconds
nbBase = 1 ! One change of base
dTau = 4.4297698E-04
/
&CB

90

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 = 'patch1_127kt_R2.dat'
periodicKeyOffset = 0.01595 ! seconds
nbBase = 2 ! One change of base
dTau = 4.4297698E-04
/

&CB
Title ='Initial azimuth angle'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,-1.0
AngleValue = 0.0000000E+00
/
&CB
Title ='match CHarm2'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,-1.0
AngleValue = 1.5707963 !1.65
/
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APPENDIX D: Using the CHARM/Flight Simulator to Trim
the Helicopter

The CHARM/flight simulator system generates the output file as PSU-WOPWOP input
namelist file, but there is a problem: after a specific amount of trim in the CHARM/flight
simulator system, it will take the velocity component, 𝑢, 𝑣, 𝑤 (velocity in aircraft frame) as
the input velocity for PSU-WOPWOP.

PSU-WOPWOP is capable of performing noise prediction based on any input
coordinate system; it can be executed at the coordinate system from previous Appendix, or
in an aircraft frame coordinate system. No matter which coordinate system is selected to
build up the namelist file, the input information, such as velocity, has to match the
coordinate system that is used in the namelist file, otherwise, the prediction will be
incorrect. For the descent/climb cases, instead of using the ‘𝑤’ from the CHARM/flight
simulator, a state variable that describes the change rate of height (named ‘𝑑ℎ’ in the
CHARM output) should be the correct input for PSU-WOPWOP namelist file, if the PSUWOPWOP set up a case by using a coordinate frame with z component pointing to the
ground. Part of the trim information from CHARM/flight simulator for descent/climb cases
are listed below.

Meaning of variables in following figures of trim information at descent/climb cases:
𝑥, 𝑦, 𝑧:

The position coordinated in the North-East-Down frame.

𝑑ℎ:

The rate of change in height, in the North-East-Down frame.

𝑝, 𝑞, 𝑟:

Roll, pitch and yaw rate (rad/s) in body frame

𝜆0 𝜆1𝑐 𝜆1𝑠 :

The inflow through the rotor.

𝑢, 𝑣, 𝑤:

The velocities in the body frame.

ψ, θ, ϕ:

The yaw, pitch, and roll angle respected to the body frame

̇ , 𝛽0̇ :
𝛽1𝑠 , 𝛽1𝑐, 𝛽𝑜 , 𝛽̇1𝑠 , 𝛽1𝑐

The flapping angle and the flapping angle time derivative
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Figure D-1. 6 deg. climb - 𝑥, 𝑦, 𝑧, 𝑢, 𝑣, 𝑤 vs. time

Figure D-2. 6 deg. climb - 𝑑ℎ vs. time
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Figure D-3 6 deg. climb - ψ, θ, ϕ, 𝑝, 𝑞, 𝑟, vs. time

̇ , 𝛽0̇ vs. time
Figure D-4. 6 deg. climb - 𝛽1𝑠 , 𝛽1𝑐, 𝛽𝑜 , 𝛽̇1𝑠 , 𝛽1𝑐
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Figure D-5. 6 deg. climb - 𝜆0 𝜆1𝑐 𝜆1𝑠 vs. time

Figure D-6. 3 deg. climb - 𝑥, 𝑦, 𝑧, 𝑢, 𝑣, 𝑤 vs. time
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Figure D-7. 3 deg. climb - 𝑑ℎ vs. time

Figure D-8. 3 deg. climb - ψ, θ, ϕ, 𝑝, 𝑞, 𝑟, vs. time
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̇ , 𝛽0̇ vs. time
Figure D-9. 3 deg. climb - 𝛽1𝑠 , 𝛽1𝑐, 𝛽𝑜 , 𝛽̇1𝑠 , 𝛽1𝑐

Figure D-10. 3 deg. climb - 𝜆0 𝜆1𝑐 𝜆1𝑠 vs. time
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Figure D-11. 3 deg. descent - 𝑥, 𝑦, 𝑧, 𝑢, 𝑣, 𝑤 vs. time

Figure D-12. 3 deg. descent - 𝑑ℎ vs. time
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Figure D-13. 3 deg. descent - ψ, θ, ϕ, 𝑝, 𝑞, 𝑟, vs. time

̇ , 𝛽0̇ vs. time
Figure D-14. 3 deg. descent - 𝛽1𝑠 , 𝛽1𝑐, 𝛽𝑜 , 𝛽̇1𝑠 , 𝛽1𝑐
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Figure D-15. 3 deg. descent - 𝜆0 𝜆1𝑐 𝜆1𝑠 vs. time

Figure D-16. 6 deg. descent - 𝑥, 𝑦, 𝑧, 𝑢, 𝑣, 𝑤 vs. time
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Figure D-17. 6 deg. descent - 𝑑ℎ vs. time

Figure D-18. 6 deg. descent - ψ, θ, ϕ, 𝑝, 𝑞, 𝑟, vs. time
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̇ , 𝛽0̇ vs. time
Figure D-19. 6 deg. descent - 𝛽1𝑠 , 𝛽1𝑐, 𝛽𝑜 , 𝛽̇1𝑠 , 𝛽1𝑐

Figure D-20. 6 deg. descent - 𝜆0 𝜆1𝑐 𝜆1𝑠 vs. time
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APPENDIX E: Setting up A Case to Run Aperiodic Loading
File for Descent/Climb Cases in PSU-WOPWOP

To perform a noise prediction along the flight path that has been introduced in Section
5.2.1, aperiodic loading files are required; this loading file should contain the loading
information from the starting time until the end of level flight, followed by new loading
information during climb/descent. PSU-WOPWOP can compute the helicopter noise based
on certain flight path. A option named flight paths in PSU-WOPWOP namelist file allows
an input of aperiodic motion; it brakes the flight path into segments, separated by waypoints.

PSU-WOPWOP can perform a noise prediction by following a specific flight path, such
as a level flight followed by a constant climb or desscent. Utilizing the flight path is
important; on FAA’s noise certification process, it requires the helicopter to perform a level
flight at altitude of 150 m then followed by a flight at maximum rate of climb. Without
using the flight path function in PSU-WOPWOP, the level flight and the climb/descent
maneuver is required to be run separately, and then the pressure files are combined from the
two cases which gives a single pressure time history. Based on the pressure time history the
SEL and EPNL values are integrated manually. The advantage of using the flight path
setting is to avoid this complex process.

How to set up flightpath change in PSU-WOPWOP namelist file
Flight paths are a subcategory of a Change of Base in the PSU-WOPWOP namelist file.
It allows for aperiodic motion without the need for high temporal resolution. It breaks the
flight path into segments, separated by waypoints. A minimum of two waypoints must be
included. For a flight beginning with level flight then followed by climb, the total
waypoints should be three; the first point marks the beginning, the second marks for the end
of level flight, which also is the beginning of climb, and the third point stands for the end of
climb flight. Each waypoint contains the coordinates of the helicopter position with respect
to the origin point in the observer frame. In this case, the origin is set to be located at the
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helicopter’s CG at 𝑡 = 0 sec; level forward direction is defined as positive 𝑥, and positive 𝑧
is defined to have same direction as the gravity. The flight path can be checked by plotting

the Sigma Surface in FieldView. As shown in Fig. E-2, the aircraft begin with a level flight
followed by a steady climb ― as expected.

Figure E-1. The flight path plot of using flightpath function in PSU-WOPWOP

How to create the aperiodic loading data file
For PSU-WOPWOP loading input file (nψ = 72 with 50 radial locations), the periodic
format will have the coordinates of 50 loading vectors (to match up with the total number of
radial locations) at each azimuthal location (which is 72+1 = 73; periodic format has an
extra azimuthal step such that the last one repeats the loading vector at 1st azimuthal
location). In this case, the main rotor has period of 0.1726387 seconds; each azimuthal step
corresponds to 2.39776E-3 seconds.

A periodic loading file can combine the periodic loading for both level flight and climb.
In the example case, the total integration time is 4 seconds, with t = -2 to 0 seconds is the
level light at 350 m, and t = 0 to 2 seconds is the climb flight. The case also has nψ = 72 for
both level flight and climb. A periodic file contains the coordinates of 50 loading vectors at
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each time step; in this case, because the rotor has period of 0.1738267 seconds, and the
azimuthal step per revolution is 72, the aperiodic file should have the loading information at
each time step of 2.39776E-3 seconds; similar to the periodic file, in a periodic loading file,
the loading information will be written at each “time” step instead of at each azimuthal step.
The aperiodic loading file began the level flight loading information from initial time
around -2 seconds up to 0, then followed by the climb flight loading information from 0 up
to the time around 2. Specific details about how to set up the loading file in either periodic
or aperiodic format can be found in the PSU-WOPWOP manual

A Problem With Aperiodic Data File in PSU-WOPWOP
A testing code has been completed; this testing code is able to combine the periodic
loading file for both level flight and climb/descent flight into aperiodic loading file. By
comparing the loading disk plane in the Sigma-surface in Fig. E-2, it has shown that current
version of PSU-WOPWOP is experiencing a numerical error (a small “gap” in one blade
period) in reading the aperiodic loading file. This bug will be removed in a future version of
PSU-WOPWOP.
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a) Aperiodic loading at 1 blade revolution, nψ = 120

b) Periodic loading at 1 blade revolution, nψ = 120
Figure E-2. Numerical issue experienced by aperiodic file
PSU-WOPWOP Namelist Setting with Flightpath Function

&EnvironmentIn
nbSourceContainers = 1
nbObserverContainers = 1
spectrumFlag =.false.
acousticPressureFlag =.false.
thicknessNoiseFlag =.false.
loadingNoiseFlag =.false.
totalNoiseFlag =.true.
debugLevel =
3
ASCIIOutputFlag = .true.
sigmaflag = .true.

loadingSigmaFlag = .true.
pressureSigmaFlag = .true.
normalSigmaFlag = .true.
observerSigmaflag = .true.
/
&EnvironmentConstants
rho = 1.224670
c = 340.4616
/
&ObserverIn
nbBase = 1

106

Title ='Observers'
xLoc
=0
yLoc
=0
zLoc
= 350,
nt
= 8001
tmin = -2
tmax = 2
segmentSize
= 0.5,
segmentStepSize
= 0.5,
windowFunction
= ‘hanning Window',
AtmAtten = .true.
/
&CB
Title ='Aircraft motion'
TranslationType = 'KnownFunction'
AH =
0.000
0.000
0.000 !
acceleration
VH = 51.4
0.000
0.000 ! velocity
Y0 =
0.000
0.000
0.000 ! position
/
&ContainerIn
Title ='Aircraft' ! first container is Aircraft
nbContainer = 1 !2 ! number of rotors
nbBase = 3 !3 ! - aircraft velocity
/
!&CB
! Title ='Aircraft motion'
! TranslationType = 'KnownFunction'
! AH =
0.000
0.000
0.000 !
acceleration
! VH = 51.4 0.0
-20.0 ! velocity
! Y0 =
0.000
0.000
0.000 ! position
!/
&CB
flightPath = .true.
flightPathAccel="constantVelocity"
flightPathProfile="custom"
nbWayPoints = 3
/
&WP
tauMin = -3.
yStart = -102.8, 0.0, 0
VH = 51.4, 0.0, 0.0
/
&WP

yStart = 0.0, 0.0, 0
VH = 51.4 0.0, -20
/
&WP
yStart = 102.8, 0.0, -40
VH = 51.4, 0.0, -20
/
&CB
Title ='Coord system rotation'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 1.0, 0.
AngleValue= 3.14159265
/
&CB
Title ='AC Noise UP'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 1.0, 0.0
ANgleValue = -0.027
/
&ContainerIn
Title = 'Rotor 1'
nbContainer = 2 !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 , 0.004318,
1.8288
/
&CB
Title =‘hub Pitch'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 1.0, 0.0
AngleValue = -0.069813 !-4 Degree-0.01396
/
&CB
Title =‘hub Roll'
AxisType = 'TimeIndependent'
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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
TotalBladeAreaFlag = 'UserValue',
TotalBladeArea = 9.23547,
BladeRadiusFlag = 'UserValue',
BladeRadius
= 6.4008,
RotSpeedFlag
= 'Compute',
CLBarFlag
= 'Compute',
TotalThrustFlag = 'UserValue',
TotalThrust
= 40697.3,
HubAxisFlag
= 'Compute',
/
!**************************************
!**************************************
&ContainerIn
Title = 'Loading Blade 1'
patchGeometryFile = 'geometry1.dat'
patchLoadingFile = 'Loading11.dat'
nbBase = 2 ! One change of base
/
&CB
Title = 'Rotate around y axis'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 1.0, 0.0
AngleValue = 3.141593
/
&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 = 'patch1_127kt_R1.dat'
periodicKeyOffset = 0.00000 ! seconds
nbBase = 2!3 ! One change of base
dTau =
7.24275E-04
!
TWOPI/(NPSI*(OMEGA[1]) !72
/
&CB
Title ='Initial azimuth angle'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,-1.0
AngleValue = -3.141593
/
&CB
Title ='Match Loading Blade'
AxisType = 'TimeIndependent'
AngleType = 'TimeIndependent'
AxisValue = 0.0, 0.0,1.0
AngleValue = 1.57079
/
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