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ABSTRACT
This research consists of two parts: the main part of this research is the study of active
rotor control for in-plane rotor noise reduction. The objective of this part of the research is
to develop a methodology to find a loading solution that results in noise reduction at a
single observer or over an area (at multiple observers), and propose potential active devices
that may realize the loading solution to reduce in-plane noise. Another part of the research
is the study of thickness noise prediction method, which aims to develop a new thickness
noise prediction method able to provide fast and relatively accurate thickness noise
prediction.
In this research, a new thickness noise prediction method, called dual compact
thickness noise model is developed. In this dual compact model, at each radial location,
the airfoil is divided into two parts and the uniform pressure distribution is integrated on
the front and rear part respectively. This generates two loading lines acting at different
chordwise locations, and the loading noise generated by these two loading lines reproduces
the acoustic signal of the normal thickness noise. The positions of the two loading lines are
determined to be 𝑥𝑓 = 0.133 and 𝑥𝑟 = 0.867 in a baseline case by matching normal thickness
noise and the dual compact result at an in-plane observer directly ahead of the rotor. The
dual compact thickness noise model is validated through thickness noise computation for
a wide variety of cases, in which different airfoils, blade planforms, and tip Mach numbers,
are considered. The dual compact thickness noise result is in good agreement with normal
thickness noise for each case. Additionally, the locations of the two loading lines are kept
unchanged for all the cases. The computation time is significantly reduced by using the
dual compact thickness noise model as compared to the normal thickness noise
computation (typically 25 times faster). Finally, the accuracy of dual compact thickness
noise model can be further improved by simultaneously adjusting the magnitude and
location of the two loading vectors in dual compact thickness noise model.
In the study of active control for in-plane noise reduction, first a methodology to find
a loading solution (of point control force) that results in noise reduction at a single observer
is developed. A governing equation of the loading solution is established and the loading
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solution is obtained by solving the governing equation numerically. Here, the loading
solution is the component of loading vector in radiation direction (𝐿𝑟 ). The key feature of
loading solution (𝐿𝑟 ) is a rapid increase on the advancing side, resulting in a loading noise
positive peak canceling the thickness noise negative peak at the in-plane observer directly
ahead of the rotor. Additionally, loading solutions at different radial and chordwise
locations are obtained. The analysis shows that larger rate of increase is required when the
point control force is moved from the blade tip to the root. While loading solutions at
different chordwise locations are very similar.
Additionally, two methodologies to find a loading solution that results in noise
reduction over an area are developed. The first method is referred to as the combination
methodology. This method is a linear combination of the control force loading solutions
that each completely cancels thickness noise at different single observer locations. An
optimizer is used to determine the weights (or coefficients) for each loading solution. The
second method is called the prescribed formula methodology. This method is to model the
control force loading solution using a prescribed formula and then use an optimizer to solve
the unknown parameters in the prescribed formula. For each methodology, both chordwise
and spanwise forces are considered for noise reduction over a broad area. Results indicate
that the two chordwise force solutions (computed by the combination and prescribed
formula methodology respectively) can provide over 6 dB noise reduction over the
observer azimuth range from 150 to 210 deg., and over the observer elevation range from
-50 to 50 deg. The two spanwise force solutions are able to provide over 6 dB noise
reduction in the observer azimuth range from 130 to 230 deg., and in the observer elevation
range from -30 to 30 deg.
Finally, two active devices are proposed for in-plane noise reduction. An active flap is
studied to generate chordwise force to reduce in-plane noise. The optimal flap deployment
schedule (to minimize noise) is found using an evolutionary algorithm optimizer coupled
with a rotor analysis tool (RCAS) and an acoustic prediction code (PSU-WOPWOP). Using
an active flap for noise reduction at a single observer and over an area are both studied.
Results indicate that 5.8 dB noise reduction can be achieved at an in-plane observer directly
ahead of the rotor using the active flap. Additionally, active flap is able to provide noise
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reduction over the observer azimuth range from 150 to 210 deg. with the average reduction
level of 3 dB. The active flap does not cause any significant power penalty but results in a
significant increase of vibratory hub loads. A rotating winglet is studied to generate
spanwise force to reduce in-plane noise. The optimal schedule of winglet rotation angle is
determined using a MATLAB optimizer coupled with a simple model to compute
aerodynamic force acting on the winglet and together with the noise prediction code (PSUWOPWOP). Results indicate that winglet is able to provide over 6 dB noise reduction over
the observer azimuth range from 120 to 240 deg., and over the observer elevation range
from -40 to 40 deg. The winglet causes a slight increase in rotor profile power, and also
causes force and moment acting on the blade. The spanwise force is the dominant
component and its average value is 4000N. The pitching moment on blade by the winglet
is about 300 Nm, and the bending moment is within the range of about 150 to 300 Nm.
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Chapter 1
Introduction
1.1 Background and Motivation

1.1.1

Helicopter Rotor Noise

Acoustics is a very important issue for both civilian and military rotorcraft. For the
military, the survivability of a helicopter is very much related to its acoustic characteristics.
In the civil market, the noise problem must be solved to ensure passenger comfort and
community acceptance. As the noise certification requirements of the Federal Aviation
Administration (FAA) and International Civil Aviation Organization (ICAO) for new
helicopters has become more stringent, helicopter noise has become nearly as important as
performance, safety, reliability and manufacturability.
Helicopter noise is usually divided into three categories, which are engine noise, drive
train noise and rotor noise. Rotor noise now is the most important among these three noise
sources. Rotor noise can be divided into two main categories: discrete frequency noise and
broadband noise. Discrete frequency noise is composed of deterministic components of
thickness and loading noise, blade-vortex interaction (BVI) noise and high-speed
impulsive (HSI) noise; while broadband noise consists of the non-deterministic loading
noise sources of turbulent ingestion noise, blade-wake interaction noise and blade selfnoise (Ref. 1).
Thickness noise and loading noise are known together as rotational noise. Thickness
noise is caused by the displacement of the fluid by the rotor blade, while loading noise is
generated due to the forces acting on the fluid created by the moving blade surface.
Thickness noise and loading noise have different directivity characteristic. Specifically,
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thickness noise mainly propagates along the rotor-plane while loading noise propagation
direction is concentrated below the rotor-plane, as shown in Fig. 1.1 (Ref. 2).
BVI noise is caused by a shed tip vortex interacting with a following blade (Refs. 3
and 4). This interaction between the tip vortex and the following blade(s) results in a rapid
fluctuation in the force on the airfoil and impulsive loading noise. BVI noise usually occurs
when the helicopter descends with low forward speed. Prediction of BVI noise requires the
information of impulsive loading on the blade caused by the interaction.
HSI noise occurs when the advancing tip Mach number is high, i.e., approaching Mach
1.0 (Ref. 5). Its directivity is similar to the thickness noise, which mainly propagates along
the rotor-plane, as shown in Fig. 1.1. HSI noise is a significant noise source when it occurs
and it is related to the transonic flow around the blade.
Broadband noise is important because human ear is sensitive to its frequency range,
which is typically between 200 and 5000 Hz. There are many physical generation
mechanisms for broadband noise (Refs. 1 and 6). For example, broadband noise can be
generated by the turbulence ingestion into the rotor. This turbulence can occur in the
atmosphere or come from the blade wake. Turbulence occurring on the blade itself can
result in broadband noise as well, which is defined as blade-self noise. Blade self-noise can
be caused by the turbulence within the boundary layer of rotor blade. In addition, tip vortex
formation, laminar vortex shedding and trailing edge noise are also generation mechanisms
for blade self-noise.
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Figure 1.1. Primary radiation directions for different helicopter rotor noise sources (Ref.
2).

1.1.2

In-Plane Rotor Noise

The focus of this research is active rotor control for in-plane rotor noise reduction. Inplane rotor noise reduction is particularly important for two reasons. First, helicopters
typically operate at relatively low altitudes and the main rotor tip path plane has a slight
downward tilt; hence, a distant observer is near the extended tip path plane of the main
rotor, as shown in Fig. 1.2 (Ref. 7). Additionally, in-plane rotor noise levels are high and
mainly radiate low frequency noise (whose frequency is typically less than 200 Hz) that
propagates larger distances than higher frequency noise. High frequency component of inplane noise is low, and radiates smaller distance because it is attenuated by the atmospheric
absorption, although it includes the frequency range to which human hearing is most
sensitive (1000 – 4000 Hz). Therefore, ultimately the in-plane rotor noise needs to be
minimized to make the helicopter more acceptable and quiet far away.
At moderate advancing tip Mach numbers, thickness noise is the dominant contributor
to the in-plane rotor noise, while at high advancing tip Mach number, HSI noise occurs and
becomes the dominant contributor to in-plane rotor noise. The advancing tip Mach number
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at which HSI noise occurs is not the normal operating condition for most helicopters and
therefore HSI noise will not be included in this research.
Thickness noise is determined by the blade geometry and helicopter operating
condition. Its value strongly depends on the tip Mach number, and the highest amplitude
of thickness noise radiates ahead of the advancing blade. This is because the advancing
blade tip has the highest Mach number on the rotor, resulting in thickness noise is
maximum at an in-plane observer directly ahead of the rotor.

Figure 1.2. Distant observer which is near the extended tip path plane of main rotor (Ref.
7).

1.2 Control for In-Plane Rotor Noise Reduction
This research is the study of active rotor control for in-plane noise reduction. In
general, there are two approaches that can be used for rotor noise reduction: passive control
and active control. In this section, passive control and active control for in-plane rotor noise
reduction are each introduced.

1.2.1

Passive Control for In-Plane Rotor Noise Reduction

Noise reduction can be achieved through passive means such as reduction of rotor
rotational speed and blade tip design. Lowering the blade tip speed can reduce the rotor
noise because the Doppler amplification effect caused by the source Mach number is
reduced. The blade tip region is the main contributor to the rotor noise because the source
Mach number is maximum in this region. Therefore, the blade tip region is the most
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effective area to reduce rotor noise. Thinning, tapered, and swept blade tips can reduce inplane rotor noise. Farassat (Ref. 8) found, in a theoretical study, that reducing the tip speed
of the rotor, reducing the thickness ratio of airfoil at blade tip (thinning the blade tip), and
changing the thickness distribution of the airfoil section at blade tip, are each able to reduce
thickness noise effectively. Lee and Mosher (Refs. 9 and 10) performed acoustic
measurements for a helicopter rotor in the NASA Ames 40-by-80-Foot Wind Tunnel to
study the effects of blade tip shapes on rotor noise. Four tip shapes were tested: rectangular,
swept, tapered and swept-tapered in planform, as shown in Fig. 1.3 (Ref. 9). It was found
that tapered, swept, swept-tapered blade tip are all effective for reducing the in-plane rotor
noise. At moderate advancing tip Mach numbers, swept blade is more effective for
reducing in-plane noise (thickness noise), while at high advancing tip Mach numbers
(above 0.9), swept-tapered blade is more effective for reducing in-plane noise (HSI noise).
Baeder (Ref. 11) used an Euler/Navier-Stokes solver to examine the in-plane noise from a
rotor in hover. He conducted a parametric study to investigate the effects of sweep, taper
and thinning on the in-plane rotor noise. Results indicated that at moderate tip Mach
numbers, thinning and tapered blade tip are more effective for reducing the rotor thickness
noise, while at high tip Mach numbers, swept blade tip is more effective for delaying
delocalization and reducing HSI noise.
However, the rotor blade design requirements for reducing noise are not always
consistent with performance, aerodynamic, and structural requirements. For example,
lowering rotor rotational speed may affect the rotor performance adversely. Specifically,
helicopters are generally limited by gearbox torque especially in the regions of high air
density. In gearbox torque-limited regions a reduction of rotor rotational speed means less
power available for the rotor, resulting in the deterioration of helicopter performance (Ref.
12). Additionally, change of rotational speed may have an adverse impact on the
functionality of passive vibration reduction device designed for a particular excitation
frequency (Ref. 12). Thinning the blade tip has an impact on the blade structure. Although
tapered and swept blade tips may provide benefits for the rotor aerodynamics, the optimum
of taper and sweep for aerodynamics may not be identical to that for acoustics. For
example, usually a 2:1 taper ratio over the blade tip region is about the optimum for a
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helicopter blade to significantly improve the figure of merit in hover (Ref. 13). However,
larger amount of taper which results in more noise reduction, will reduce the aerodynamic
benefits. In addition, the amount of sweep is usually kept low (< 20° ) to ensure the
positions of center of gravity and center of pressure are not too far rearward, but more
sweep provides more noise reduction (Ref. 13). In one word, the eventual rotor design is
actually a compromise by considering each aspect (e.g. aerodynamics, acoustics, and
structure). Therefore, passive rotor control probably cannot provide sufficient noise
reduction, and active rotor control is needed to reduce rotor noise.

Figure 1.3. Four tip shapes tested (Ref. 9).
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1.2.2
Active Rotor Control for BVI Noise Reduction, Vibration Reduction and
Performance Enhancement
Active rotor control has been studied for several decades, but most studies were for
BVI noise reduction, vibration reduction, and performance enhancement. Although these
studies did not directly assess in-plane noise reduction, the active approaches used by them
may be useful for in-plane noise reduction as well. Therefore, in this section, a brief
introduction of active rotor control for BVI noise reduction, vibration reduction, and
performance enhancement is given. Active rotor control can be achieved through Higher
Harmonic Control (HHC), Individual Blade Control (IBC), active flaps and active twist.
Nguyen et al. (Ref. 14) conducted an experiment in the NASA Ames 80 by 120-Foot Wind
Tunnel and demonstrated that HHC is highly effective in reducing BVI noise of a fullscale, isolated XV-15 rotor. Jacklin et al. (Ref. 15) conducted a full-scale wind tunnel test
in the 40 by 80-Foot Wind Tunnel at the NASA Ames Research Center using a BO 105
helicopter rotor and demonstrated that significant simultaneous reductions in both BVI
noise and hub vibrations could be obtained using multi-harmonic IBC input. Wilbur et al.
(Refs. 16 and 17) conducted an experiment in the NASA Langley Transonic Dynamics
Tunnel using a four-bladed aeroelastically-scaled, active-twist model rotor and
demonstrated that the active twist control can provide reduction in fixed-system vibratory
loads in forward flight. Booth and Wilbur (Ref. 18) conducted a wind tunnel test of an
active-twist rotor system and showed that active-twist control is able to provide a reduction
in BVI noise for rotor operating conditions where BVI noise is dominant. Friedmann et al.
(Refs. 19-23) conducted computational studies and demonstrated that actively controlled
trailing edge flap is effective for BVI noise and vibration reduction, as well as performance
enhancement. In addition, Friedmann et al. (Refs. 24 and 25) also considered using
microflaps to reduce BVI noise and vibration, and to improve rotor performance. A recent
work by Kody et al. (Refs. 26 and 27) also demonstrated that active flap can provide
vibration reduction and performance enhancement. Experimental studies (Refs. 28-31)
have been conducted as well to demonstrate the effectiveness of active flap to vibration
and BVI noise reduction, and rotor performance enhancement.

8

1.2.3

Active Rotor Control for In-Plane Noise Reduction

Although many studies on active rotor control for BVI noise reduction, vibration
reduction, and performance enhancement have been conducted, research on active rotor
control for in-plane noise reduction is very limited. In this section, the theoretical and
experimental study of active rotor control for in-plane noise reduction is introduced
respectively.

1.2.3.1

Theoretical Study

Gopalan and Schmitz (Refs. 32-36) developed a methodology of active rotor control
for in-plane rotor noise reduction. The basic idea of their methodology is to use the noise
generated by a control source to cancel the thickness noise generated by the entire blade at
the target observer. This means ideally the noise generated by the control source and the
thickness noise of the entire blade have same phase and equal-and-opposite magnitude,
which results in the sum of them (total noise) is zero at the target observer. Gopalan and
Schmitz considered using point volume source or point control force to generate noise that
cancels the thickness noise at the target observer, as shown in Figs. 1.4 and 1.5 (Ref. 32).
They obtained the control solution by either solving the governing equation or solving
parameters of a prescribed formula by optimization. Both methods can generate a controller
solution that provides good noise cancellation at the target observer. They also studied the
effectiveness of controller solution on the noise reduction at other observers. The noise
reduction becomes less effective when the observer is moved from the target location,
especially for observers located at different azimuthal positions.
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Figure 1.4. Schematic of single on-blade point volume source (Ref. 32).

Figure 1.5. Schematic of single on-blade point control force (Ref. 32)

One important characteristic of the solution, for both point volume and point control
forces, is that there is always a rapid increase occurring on the advancing rotor blade near
90 deg. azimuth, as shown in Fig. 1.6 (Ref. 35). The reason is that this rapid increase around
90 deg. blade azimuth can result in the noise with a positive peak that cancels the negative
peak of thickness noise at the target observer directly ahead of the rotor.
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(a)

(b)

Figure 1.6. Solution of controller for noise reduction at target observer directly ahead of
the rotor. (a) point volume source; (b) control force (Ref. 35).

The control solutions of point volume source and point control force are able to
provide good noise cancellation at the target observer, as shown in Fig. 1.7 (Ref. 35). For
a forward flight case in which advance ratio is 0.3 and advancing tip Mach number is 0.82,
the point volume source and point control force are able to provide 31.6 dB and 28.5 dB
reduction respectively, at the target observer directly ahead of the rotor.

(a)

(b)

Figure 1.7. Acoustic pressure at target observer directly ahead of the rotor. (a) point
volume source; (b) point control force (Ref. 35).
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In addition, Gopalan and Schmitz also considered using multiple force controllers (at
different radial locations) simultaneously in order to increase the noise reduction area, as
shown in Fig. 1.8 (Ref. 36). Each force controller is modelled as a finite span segment on
which the loading (drag coefficient) is distributed uniformly at each blade azimuth. Their
results indicated that using multiple force controllers is effective in widening the noise
reduction area. As shown in Fig. 1.9 (Ref. 36), a 9 dB reduction in the peak of thickness
noise can be obtained over a 60 deg. observer azimuth angle range using two distributed
drag controllers in the outer 20% of the blade, for a forward flight case in which advancing
tip Mach number is 0.82.

Figure 1.8. Schematic of distributed control force (Ref. 36).
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Figure 1.9. Peak noise reduction field in dB using two distributed drag controllers in the
outer 20% of the blade (Ref. 36).

1.2.3.2

Experimental Study

An experimental study on active rotor control for in-plane noise reduction has been
conducted as well. Sim et al. (Refs. 37-39) conducted an experiment in a joint
DARPA/Boeing/NASA/Army wind tunnel test and demonstrated that it is possible to
reduce in-plane noise using the full-scale Boeing-SMART rotor with active flaps, as shown
in Fig. 1.10 (Ref. 38).
Their acoustic measurements indicated that noise reduction at an in-plane observer in
front of the rotor (target observer) can be achieved using the carefully chosen flap
deployment schedules, for a level flight condition at advance ratio of 0.3. Figure 1.11 (Ref.
38) shows acoustic pressure time history and spectra of baseline and active flap case (best
noise reduction) at the target observer. Results indicated that acoustic pressure peak-topeak value is reduced by active flap and the overall sound pressure level (OASPL) is
reduced by 4.6 dB. For the flap deployment schedule resulting in noise reduction at the
target observer, the most important characteristic is that the active flap is moving from a
flap down position to a flap up position on the advancing side.
Sim et al. also analyzed the noise reduction mechanism of active flap. The active flap
alters the blade loading so that the loading noise is able to partially cancel the thickness
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noise at the in-plane observer location ahead of the rotor (target observer). Specifically, the
aerodynamic force and moment induced by the active flap alters the blade torsion response
on the advancing side, which changes the local angle of attack at each radial location. The
change of angle of attack causes the change of lift, which is responsible for the generation
of in-plane force needed for the noise reduction at target observer (an increase of in-plane
force on the advancing side is needed for the noise reduction at target observer), as shown
in Fig. 1.12 (Ref. 38). Drag was shown not very sensitive to the change of angle of attack
and was determined not to be the primary contribution to the in-plane force variation.
Additionally, the effect of active flap (for noise reduction) on the vibration load was
considered as well. The results indicated that the hub shear force is increased due to the
active flap.

(a)

(b)

Figure 1.10. (a) Boeing-SMART rotor with active trailing-edge flap; (b) Boeing-SMART
rotor in wind tunnel (Ref. 38).
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Figure 1.11. Acoustic pressure time history and frequency spectra of baseline and active
flap case at an in-plane observer (Ref. 38).

Figure 1.12. Effects of active flap on blade aerodynamic forces (Ref. 38).

Sim et al. (Ref. 40) also studied using the localized, non-harmonic active flap motions
to reduce in-plane noise by testing the full-scale AATD/Sikorsky/UTRC active flap
demonstration rotor in the NFAC’s 40- by 80-Foot anechoic wind tunnel, as shown in Fig.
1.13 (Ref. 40). Noise reduction effectiveness of the localized, non-harmonic flap motion is
compared to that of four-per-rev harmonic flap motion and closed-loop acoustics flap
motion. All three methods can provide basically the same noise reduction at a three-bythree microphone array located near the rotor-plane and in front of the rotor, for the nominal
operating condition at 415 RPM and 120 knots wind tunnel speed. Figure 1.14 (Ref. 40)
shows the acoustic pressure of baseline and active flap case (non-harmonic flap
deployment) at an in-plane observer directly ahead of the advancing blade tip, where a 3.2
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dB reduction is achieved. The flap deployment schedules on the advancing side of these
three approaches are similar: the flap is moving from a flap down position to a flap up
position on the advancing side, which is vital for the generation of loading noise cancelling
thickness noise at in-plane observers ahead of the rotor. Additionally, the active flap
operated in this localized, non-harmonic manner resulted in no more than 2% rotor
performance penalty, but caused higher hub vibration levels.
In addition, Ananthan et al. (Ref. 41) analyzed the capability of active trailing-edge
flap for in-plane noise reduction of SMART rotor using a loosely-coupled CFD-CSD
simulation methodology and validated the prediction results through the comparison with
experimental results of the joint DARPA/Boeing/NASA/Army wind tunnel test. A phasesweep study of the sinusoidal (1.5 deg. amplitude, 3/rev) flap deployment schedule was
conducted, and results indicated that the maximum noise reduction (up to 4.65 dB) can be
obtained around the phase angle of 240 deg. The optimum phase is consistent with the
experimental result, and the noise reduction levels are comparable to the measurements.

Figure 1.13. Sikorsky active flap demonstration rotor in NFAC 40-by 80-Foot Wind
Tunnel (Ref. 40).
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Figure 1.14. Acoustic pressure time history of baseline and active flap case (non-harmonic
flap deployment) at an in-plane observer directly ahead of the advancing blade tip (Ref.
40).

Sargent and Schmitz (Refs. 7, 42, 43) conducted experiments in the University of
Maryland acoustic chamber using an approximately 1/7th scale rotor that is operated at a
hover tip Mach number of 0.661 and demonstrated that noise reduction can be achieved at
an in-plane observer position in front of the rotor by using on-blade, tip air blowing control,
as shown in Fig. 1.15 (Ref. 7). The on-blade, tip located, unsteady air blowing produces
noise that is able to cancel thickness noise at the target observer.
Sargent and Schmitz used two different valve controls to control the exit velocity of
tip blowing, which are 2/rev sinusoidal and single pulse valve control respectively, as
shown in Fig. 1.16 (Ref. 7). Figure 1.17 (Ref. 7) shows the acoustic pressure at an in-plane
observer using 2/rev sinusoidal and single pulse valve control separately. It can be seen
that tip blowing control is able to provide noise reduction but the reduction is not significant
(2/rev sinusoidal valve control: 1.2 dB reduction; single pulse valve control: 0.3 dB
reduction). This is because of the failure to produce a very desirable exit velocity profile,
which is due to the valve control system that is not able to generate sustained periods of
rapidly increasing flow.
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Sargent and Schmitz also studied the noise generation mechanism of the tip blowing
control. The tip air blowing consists of two source mechanisms, which are mass source
(monopole) and force source (dipole). The mass source is related to the mass flow rate of
the jet while the force source is caused by the force on the fluid by the jet flow. The noise
reduction contribution of these two source mechanisms are comparable.

(a)

(b)

Figure 1.15. (a) Active Jet Acoustic Control Experimental Test Rotor (AJAX ETR); (b)
AJAX ETR and microphone positions in University of Maryland acoustic chamber (Ref.
7).
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(a)

(b)

Figure 1.16. Valve control and measured jet exit velocity. (a) 2/rev sinusoidal valve
control; (b) single pulse valve control (Ref. 7).

(a)

(b)
Figure 1.17. Measured acoustic pressure at an in-plane observer. (a) 2/rev sinusoidal
valve control; (b) single pulse valve control (Ref. 7).
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1.3 Research Objective
It is already known that in-plane rotor noise is a very important issue for helicopters.
Thickness noise is the main contributor to in-plane noise when the advancing tip Mach
number is not too high. Passive control methods can be used to reduce in-plane noise, but
often result in some performance penalty. Therefore, active rotor control is needed to
achieve in-plane noise reduction without significant performance penalty. The present
research is focused on the study of active rotor control for in-plane rotor noise reduction.
The objectives of this research are presented as follows:

1) To develop a methodology to find a loading solution (for point control force) that
results in noise reduction at a single observer. To understand the relation between
the loading solution and resulting noise at the observer and identify the key
features of loading solution for noise reduction. In addition, to compute loading
solutions at different radial and chordwise locations in order to study the effect of
point control force location on the loading solution.

2) To develop a methodology to find a loading solution (for point control force) that
results in noise reduction over a broad area (multiple observers). Both chordwise
and spanwise forces will be studied to reduce in-plane noise. Additionally, to
physically understand the relation between the loading solution and resulting noise
results, and identify the key features of the loading solution (chordwise and
spanwise force) for noise reduction over an area.

3) To propose potential active devices that may realize the loading solution for inplane noise reduction. Additionally, to develop a methodology to determine the
optimal deployment schedule of active devices that results in maximum noise
reduction, and physically understand the noise reduction mechanism of active
devices. The impact of active devices on power and vibratory load will be
examined as well.
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1.4 Thesis Outline
This dissertation consists of six chapters, which are organized as follows:

1) In chapter 1, the background and motivation of this research is introduced.
Additionally, a review of in-plane rotor noise reduction methods is presented and
the research objectives are stated.

2) In chapter 2, a review of thickness noise prediction methods is presented and some
acoustic theories relevant to this research are introduced.

3) In chapter 3, a new thickness noise prediction method, which is called dual
compact thickness noise model, is developed. The derivation of this method is
given first, followed by the validation of this dual compact model through
thickness noise computation for a wide variety of cases, in which different airfoils,
blade planforms, and tip Mach numbers, are considered. In addition, considerable
computation time reduction caused by this dual compact model is demonstrated by
a real example. Finally, an extension of this dual compact thickness noise model
is given, which is able to further improve the prediction accuracy.

4) In chapter 4, first a methodology to find a loading solution that results in noise
reduction at a single observer is developed. Additionally, loading solution for
different radial and chordwise locations are computed to examine the effect of
point control force location on the loading solution. Following this, two
methodologies to find a loading solution that results in noise reduction over an area
(multiple observers) are developed. Both chordwise and spanwise force are studied
for in-plane noise reduction.

5) In chapter 5, two active devices are proposed for in-plane noise reduction.
Specifically, an active flap is studied to generate chordwise force for noise
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reduction. The optimal flap deployment schedule that results in maximum noise
reduction is determined by an evolutionary algorithm optimizer coupled with a
rotor comprehensive analysis tool and an acoustic prediction tool. A rotating
winglet is studied to generate spanwise force to reduce in-plane noise. The optimal
schedule of winglet rotation angle is found using a MATLAB optimizer coupled
with a simple model for computing aerodynamic force on the winglet together with
an acoustic prediction tool.

6) In chapter 6, a summary of the research effort and concluding remarks are given.
The main contributions of this research, and the recommendations for future work
are also presented.
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Chapter 2
Acoustic Theory
In addition to the study of active rotor control for in-plane noise reduction, a new
thickness noise prediction method, which is called dual compact thickness noise model has
been developed in this research. Therefore, in this section, a brief review of the thickness
noise prediction method is presented. Following this, some acoustic theories relevant to
this research are introduced to facilitate reader’s understanding of the thesis.

2.1 Thickness Noise Prediction Method
In 1936, Gutin (Ref. 44) obtained the first theoretical result for loading noise.
Ernsthausen (Ref. 45) and Deming (Ref. 46) worked independently on the development of
thickness noise theory. Ernsthausen explained the origin and characteristics of thickness
noise qualitatively while Deming obtained an expression for the far-field thickness noise.
In 1956, Arnoldi (Ref. 47) developed a thickness noise expression in the frequency domain.
In 1963, Van de Vooren and Zandbergen (Ref. 48) obtained a solution for the noise
generated by the source and doublet distribution which is situated at the helicoidal surface
described the propeller. They applied this solution to the prediction of thickness and
loading noise of propellers in forward flight. Most research work focused on propeller
noise, because at that time helicopter was still in its infancy and researchers paid more
attention to performance, safety and reliability than noise.
In 1969, Ffowcs Williams and Hawkings (Ref. 49) published the paper “Sound
Generated by Turbulence and Surfaces in Arbitrary Motions”. Their theory generalized
Lighthill’s acoustic analogy approach (Ref. 50) to include the effects of very general types
of surfaces and motions. With the knowledge of generalized function, they rearranged the
Navier-Stokes equation and derived the Ffowcs Williams-Hawkings equation (FW-H
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equation). On the left hand side of FW-H equation is wave operator, and on the right hand
side are three source terms: the monopole term, the dipole term and the quadrupole term,
respectively.
The paper of Ffowcs Williams and Hawkings encouraged the theoretical research on
the helicopter rotor noise prediction. Researchers derived different formulations of the
solution to FW-H equation and applied it to the rotor noise prediction. Hawkings and
Lowson (Ref. 51) derived a formulation for the acoustic spectrum of thickness and loading
noise and applied the formulation to the computation of noise generated by open rotors
operating at supersonic tip speeds. The main restrictions of their theory are that the
observers are in acoustic far field, and forward motion of the rotor is not allowed. Farassat
(Refs. 52-55) derived a method to calculate thickness noise. This method is in time domain
and valid for both near and far field noise computations. It consists of two expressions, and
the expression is selected based on the value of 𝑀𝑟 . Hanson (Ref. 56) derived a time domain
method and used it to predict noise of propellers operating at supersonic or high subsonic
tip speeds. Hanson (Ref. 57) also developed a frequency domain method and applied it to
the noise prediction of propellers in forward flight. This method has been used successfully
for the acoustic design of turbopropellers. Woan and Gregorek (Ref. 58) derived a time
domain method and applied it to predict noise of propellers in forward flight, and studied
the effect of propeller geometry and tip Mach number on noise. The restriction of Woan
and Gregorek’s method is that blade tip speed must be subsonic. Jou’s method (Ref. 59) is
an extension of Hawkings and Lowson’s method (Ref. 51). Jou applied his method to the
noise prediction of propellers in forward flight and studied the effect of forward flight
speed on the directivity of the sound field.
Two most widely used thickness noise formulas are the thickness noise terms of
Formulation 1 (Refs. 2 and 60) and Formulation 1A (Refs. 2 and 60) developed by Farassat.
Both of these formulas are time-domain integral formulations. The integrand of each source
point is evaluated at its own retarded time (the time when the sound is emitted) and the
integration is performed over the actual blade surface. One disadvantage of Formulation 1
is that the time derivative is outside the integral, which will increase the difficulty of
numerical implementation, especially for moving observers. In Formulation 1A, the time
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derivative of the integral is taken inside the integral, which improves the accuracy and
speed of noise computation. Thickness noise computations with Formulation 1A requires
the surface geometry of the rotor and its motion. Based on Formulation 1A, Brentner (Ref.
61) developed a computer program which is called WOPWOP that computes the noise of
rotating blades. Brentner et al. (Refs. 62 and 63) used this code to study the effect of real
blade motion on thickness and loading noise.
Another approach to computing the thickness noise is known as the Isom’s thickness
noise formulation. In 1975, Isom derived a thickness noise formula for a hovering rotor
blade which is valid for a far-field observer (Ref. 64). In Isom’s formulation, the far-field
thickness noise can be computed with the loading noise formula of the FW-H equation if
the surface loading vector is defined as a uniform pressure distribution (𝑙⃗ = −𝜌0 𝑐02 𝑛⃗⃗).
Farassat (Ref. 65) showed that Isom’s thickness noise formulation can be used to compute
far-field thickness noise generated by a body in arbitrary motion. Ffowcs Williams
demonstrated that Isom’s thickness noise formulation can be extended to the near-field as
well. This extension was reported by Farassat (Ref. 66). The Isom’s thickness noise
formulation only requires knowledge of the surface geometry and the motion – as was the
case for the thickness noise term in Formulation 1A. Farassat and his colleagues found that
it is important to integrate the constant pressure loading over the blade tip area when using
Isom’s thickness noise formulation (Refs. 67 and 68).
Succi’s method (Refs. 54, 60, 69) is a compact source formula of thickness noise.
Recently, Lopes (Ref. 70) derived the compact formula of thickness noise term of
Formulation 1 and Formulation 1A. The main advantage for compact source formula is the
computation speed. Detailed discussion of Succi’s method and Lopes’s method will be
presented later in this chapter.

2.2 FW-H Equation
In 1969, Ffowcs Williams and Hawkings developed the FW-H equation by
reformulating the continuity and momentum equation with the use of the generalized
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function theory (Ref. 49). A brief introduction of the derivation of FW-H equation, based
on Ref. 2, is presented here.
Let the implicit function 𝑓(𝑥⃗, 𝑡) = 0 describe a moving surface enclosing the noise
sources (e.g., rotor blades), where the surface 𝑓 = 0 is called source surface. The region
outside the source surface is denoted by 𝑓 > 0 while the region inside the source surface
is denoted by 𝑓 < 0. The objective is to derive a wave equation for the computation of
acoustic field outside the source surface. If the wave equation that is developed is valid in
the entire three-dimensional space then the free space Green’s function for the wave
equation in unbounded space can be used to solve the problem. Ffowcs Williams and
Hawkings were able to achieve this by “embedding” the exterior flow problem into
unbounded space by assuming the flow quantities could be represented by a combination
of their exterior values outside the surface 𝑓 = 0 and inside the surface the flow variables
were set to their values in the undisturbed medium. This results in a discontinuity of flow
variable on the source surface. Thus, generalized function theory needs be used to address
the differentiation of discontinuous functions.
The mass continuity and conservation of momentum equations within the fluid (i.e.,
in the exterior of source surface) are:
𝜕𝜌
𝜕
(𝜌𝑢𝑖 ) = 0
+
𝜕𝑡 𝜕𝑥𝑖
𝜕
𝜕
(𝜌𝑢𝑖 ) +
(𝜌𝑢𝑖 𝑢𝑗 + 𝑃𝑖𝑗 ) = 0
𝜕𝑡
𝜕𝑥𝑗

(2.1)

(2.2)

where 𝜌 is fluid density, 𝑢𝑖 are the components of fluid velocity and 𝑃𝑖𝑗 is the compressive
stress tensor (Ref. 50). Now, the ordinary derivatives of Eqs. (2.1) and (2.2) are replaced
with generalized derivatives which are valid in the entire space.
As an aside, consider the function 𝑞(𝑥⃗) with a discontinuity across the surface 𝑓(𝑥⃗) =
0 and a jump of ∆𝑞 across the surface. Based on the generalized function theory, the
generalized derivative of 𝑞(𝑥⃗) is
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∂𝑞
𝜕𝑞
𝜕𝑓
=
+ ∆𝑞
𝛿(𝑓)
∂𝑥𝑖 𝜕𝑥𝑖
𝜕𝑥𝑖

(2.3)

where a bar over the derivative is used to denote the generalized derivative, 𝜕𝑞 ⁄𝜕𝑥𝑖 is the
ordinary derivative of 𝑞(𝑥⃗) and 𝛿(𝑓) is the Dirac delta function.
Now replacing the derivatives in Eq. (2.1) with generalized derivatives, and using the
definition given in Eq. (2.3), the generalized version of Eq. (2.1) can be written as

𝜕𝜌
𝜕
𝜕𝜌
𝜕𝑓
(𝜌𝑢𝑖 ) =
+
+ (𝜌 − 𝜌0 ) 𝛿(𝑓)
𝜕𝑡 𝜕𝑥𝑖
𝜕𝑡
𝜕𝑡
+

𝜕
𝜕𝑓
(𝜌𝑢𝑖 ) + 𝜌𝑢𝑖
𝛿(𝑓)
𝜕𝑥𝑖
𝜕𝑥𝑖

(2.4)

where 𝜌0 is the density of undisturbed medium.
Next, some simple relations are used:
𝜕𝑓
= −𝑣𝑛
𝜕𝑡

(2.5)

𝜕𝑓
= 𝑛̂𝑖
𝜕𝑥𝑖

(2.6)

where 𝑣𝑛 is the dot product of source surface velocity and the unit outward normal vector
to the source surface, and 𝑛̂𝑖 is the unit outward normal vector to the source surface, and
|∇𝑓| = 1 (Note: the function 𝑓 can always be redefined as 𝑓 ⁄|∇𝑓| such that |∇𝑓| = 1 on the
surface 𝑓 = 0. Ref. 2). Substituting Eqs. (2.5) and (2.6) into Eq. (2.4) and using Eq. (2.1),
Eq. (2.4) can be written as

𝜕𝜌
𝜕
(𝜌𝑢𝑖 ) = [𝜌0 𝑣𝑛 + 𝜌(𝑢𝑛 − 𝑣𝑛 )]𝛿(𝑓)
+
𝜕𝑡 𝜕𝑥𝑖

(2.7)
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where 𝑢𝑛 is the component of fluid velocity in the direction of unit outward normal vector
to the source surface.
Similarly, the left hand side of Eq. (2.2) with generalized derivatives can be written as

𝜕
𝜕
𝜕
𝜕𝑓
𝜕
(𝜌𝑢𝑖 ) +
(𝜌𝑢𝑖 𝑢𝑗 + 𝑃𝑖𝑗 ) = (𝜌𝑢𝑖 ) + 𝜌𝑢𝑖
𝛿(𝑓) +
(𝜌𝑢𝑖 𝑢𝑗 + 𝑃𝑖𝑗 )
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑡
𝜕𝑡
𝜕𝑥𝑗
+(𝜌𝑢𝑖 𝑢𝑗 + ∆𝑃𝑖𝑗 )

𝜕𝑓
𝛿(𝑓)
𝜕𝑥𝑗

(2.8)

Substituting Eqs. (2.5) and (2.6) into Eq. (2.8) and using Eq. (2.2), Eq. (2.8) can be
written as

𝜕
𝜕
(𝜌𝑢𝑖 ) +
(𝜌𝑢𝑖 𝑢𝑗 + 𝑃𝑖𝑗 ) = [𝜌𝑢𝑖 (𝑢𝑛 − 𝑣𝑛 ) + ∆𝑃𝑖𝑗 𝑛𝑗 ]𝛿(𝑓)
𝜕𝑡
𝜕𝑥𝑗

(2.9)

Finally, taking 𝜕⁄𝜕𝑡 of both sides of Eq. (2.7) and 𝜕⁄𝜕𝑥𝑖 of both sides of Eq. (2.9),
and then subtract the later from the former, result in
2

2

𝜕 𝜌
𝜕
𝜕
−
(𝜌𝑢𝑖 𝑢𝑗 + 𝑃𝑖𝑗 ) = {[𝜌0 𝑣𝑛 + 𝜌(𝑢𝑛 − 𝑣𝑛 )]𝛿(𝑓)}
2
𝜕𝑡
𝜕𝑥𝑖 𝑥𝑗
𝜕𝑡
−

𝜕
{[𝜌𝑢𝑖 (𝑢𝑛 − 𝑣𝑛 ) + ∆𝑃𝑖𝑗 𝑛𝑗 ]𝛿(𝑓)} (2.10)
𝜕𝑥𝑖

2

Then if 𝜕 [𝑐02 (𝜌 − 𝜌0 )]⁄𝜕𝑥𝑖2 is subtracted from both sides of Eq. (2.10) and the equation
is rearranged such that the wave operator on the left hand, the resulting equation is
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2

2

1 𝜕
𝜕
𝜕
( 2 2 − 2 ) 𝑝′ (𝑥⃗, 𝑡) = {[𝜌0 𝑣𝑛 + 𝜌(𝑢𝑛 − 𝑣𝑛 )]𝛿(𝑓)}
𝜕𝑡
𝑐0 𝜕𝑡
𝜕𝑥𝑖
𝜕
− 𝜕𝑥 {[∆𝑃𝑖𝑗 𝑛̂𝑗 + 𝜌𝑢𝑖 (𝑢𝑛 − 𝑣𝑛 )]𝛿(𝑓)}
𝑖

2

𝜕̅
+ 𝜕𝑥 𝑥 [𝑇𝑖𝑗 𝐻(𝑓)]
𝑖 𝑗

(2.11)

Eq. (2.11) is the FW-H equation, in which 𝑝′ (𝑥⃗, 𝑡) is the acoustic pressure at observer
position 𝑥⃗ and observer time t, 𝑝′ = 𝑐02 (𝜌 − 𝜌0 ) in the acoustic field, and 𝑐0 is the speed
of sound of undisturbed medium. Additionally, 𝑇𝑖𝑗 = 𝜌𝑢𝑖 𝑢𝑗 + 𝑃𝑖𝑗 − 𝑐02 (𝜌 − 𝜌0 )𝛿𝑖𝑗 is the
Lighthill stress tensor, in which 𝛿𝑖𝑗 is the Kronecker delta. 𝐻(𝑓) is Heaviside function.
∆𝑃𝑖𝑗 𝑛̂𝑗 is the local force (per unit area) on the fluid, which is attributed to the surface
pressure and viscous forces. Usually the viscous force can be neglected, and thus ∆𝑃𝑖𝑗 𝑛̂𝑗 =
(𝑝 − 𝑝0 )𝛿𝑖𝑗 . On the left hand side of Eq. (2.11) is the wave operator, while on the right
hand side are three source terms, which are monopole, dipole and quadrupole sources,
respectively. Monopole and dipole sources are typically, known as thickness and loading
noise, respectively. Both of them are surface sources, which act only on the source surface
𝑓 = 0. The quadrupole source term is a volume source, which acts in the volume outside
the source surface 𝑓 = 0.
If the source surface is impermeable (no flow through it), then the component of the
fluid and surface velocity normal to the source surface are equal (𝑢𝑛 = 𝑣𝑛 ). Therefore, Eq.
(2.11) can be simplified as
1 𝜕̅ 2
𝜕̅ 2
𝜕
𝜕
( 2 2 − 2 ) 𝑝′ (𝑥⃗, 𝑡) = {[𝜌0 𝑣𝑛 ]𝛿(𝑓)} −
{[∆𝑃𝑖𝑗 𝑛̂𝑗 ]𝛿(𝑓)}
𝜕𝑡
𝜕𝑥𝑖
𝑐0 𝜕𝑡
𝜕𝑥𝑖
2

𝜕̅
+ 𝜕𝑥 𝑥 [𝑇𝑖𝑗 𝐻(𝑓)]
𝑖 𝑗

(2.12)
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2.3 Formulation 1A
Formulation 1A developed by Farassat is one form of the solutions to the FW-H
equation. This formulation excludes the quadrupole term of the FW-H equation and it is
valid for any rigid-body surface motion. It is the most widely used formulation for rotor
thickness and loading noise prediction. A brief introduction of the derivation process of
Formulation1A is given in this section based on Ref. 71.
First the derivation process on a simple, inhomogeneous wave equation is
demonstrated, and then the results will be used on the FW-H equation to derive
Formulation 1A.
The wave equation is
2

2

1 ∂
∂
( 2 2 − 2 ) Φ(𝑥⃗, 𝑡) = 𝑄(𝑥⃗, 𝑡)𝛿(𝑓)
𝑐0 𝜕𝑡
𝜕𝑥𝑖

(2.13)

An integral representation of the solution can be written using the Green’s function. The
Green’s function of the wave equation in unbounded space is 𝛿(𝑔)⁄4𝜋𝑟, where 𝑔 = 𝜏 −
𝑡 + 𝑟⁄𝑐 and 𝑟 = |𝑥⃗ − 𝑦⃗|. Here 𝜏 and 𝑡 are source time and observer time, respectively, and
𝑦⃗ and 𝑥⃗ are source position and observer position, respectively. Thus 𝑟 is the distance
between observer and source point (radiation distance). For a fixed observer position 𝑥⃗ and
observer time 𝑡, 𝑔 = 0 represents a sphere whose center is at 𝑥⃗ and radius is 𝑐0 (𝑡 − 𝜏).
Farassat called this sphere the collapsing sphere (Ref. 8). The source surface is defined by
𝑓 = 0. The formal solution of Eq. (2.13) is
𝑡
−∞

∞

1
𝑄(𝑦,
⃗⃗⃗⃗ 𝜏)𝛿(𝑓)𝛿(𝑔)d𝑦⃗d𝜏
−∞ 𝑟

4𝜋Φ(𝑥⃗, 𝑡) = ∫ ∫

(2.14)

Using a change of variable 𝜏 → 𝑔 and integrating over 𝑔, the following equation can
be obtained.
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∞

1
4𝜋Φ(𝑥⃗, 𝑡) = ∫ [ 𝑄(𝑦⃗, 𝜏)𝛿(𝑓)] d𝑦⃗
ret
−∞ 𝑟

(2.15)

in which the subscript ret denotes that the integrand of each source point is evaluated at its
own retarded time (i.e. 𝜏 = 𝑡 − 𝑟⁄𝑐 ). For a fixed observer point 𝑥⃗ and observer time 𝑡, as
the source time 𝜏 approaches the observer time 𝑡 (−∞ < 𝜏 < 𝑡), the radius of collapsing
sphere reduces to the observer point. For any source time 𝜏, the collapsing sphere surface
contains all points that can potentially emit a signal that will reach the observer 𝑥⃗ at time
𝑡. At each source time, the intersection of collapsing sphere and source surface represent
the collection of source points that do emit a signal that reaches the observer 𝑥⃗ at time 𝑡.
The collection of all the intersections of the collapsing sphere and source surface at each
source time forms a space-time space Farassat called the Σ surface, which is defined by
𝐹(𝑦⃗; 𝑥⃗, 𝑡) = 0 (Ref. 71). Thus, Eq. (2.15) can be written as
∞
1
4𝜋Φ(𝑥⃗, 𝑡) = ∫ [ 𝑄(𝑦⃗, 𝜏)] 𝛿(𝐹)d𝑦⃗
ret
−∞ 𝑟

(2.16)

Now the relations derived by Farassat (Ref. 72) are used.
d𝐹dΣ
|∇𝐹|

(2.17)

|∇𝐹| = [Λ]ret

(2.18)

d𝑦⃗ =

Λ2 = 1 + 𝑀𝑛2 − 2𝑀𝑛 cos 𝜃

(2.19)

in which 𝑀𝑛 = 𝑣𝑛 ⁄𝑐0 , and 𝜃 is the angle between outward normal vector to the source
surface and radiation direction 𝑟⃗ = 𝑥⃗ − 𝑦⃗. Based on Eqs. (2.17), (2.18) and (2.19), Eq.
(2.16) can be written as
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4𝜋Φ(𝑥⃗, 𝑡) = ∫
𝐹=0

[

1 𝑄(𝑦⃗, 𝜏)
] dΣ
𝑟 Λ
ret

(2.20)

which is a surface integral over the Σ surface.
Now, the relation derived by Farassat (Ref. 8) is utilized.
𝑑Σ
d𝑆
=
|1 − 𝑀𝑟 |
Λ

(2.21)

where 𝑑𝑆 is the element area of source surface 𝑓 = 0 (source surface is assumed to be
rigid), and 𝑀𝑟 is the component of Mach number of source surface in the radiation
direction. By using Eq. (2.21), Eq. (2.20) can be written as

𝑄(𝑦⃗, 𝜏)
[
] d𝑆
𝑓=0 𝑟|1 − 𝑀𝑟 | ret

4𝜋Φ(𝑥⃗, 𝑡) = ∫

(2.22)

This process, which was just demonstrated for the example inhomogeneous wave
equation can now be applied to the FW-H equation. Let’s first start with the FW-H
thickness noise. Thickness noise is the solution of the equation
1 𝜕̅ 2
𝜕̅ 2
𝜕
( 2 2 − 2 ) 𝑝𝑇′ (𝑥⃗, 𝑡) = [𝜌0 𝑣𝑛 𝛿(𝑓)]
𝜕𝑡
𝑐0 𝜕𝑡
𝜕𝑥𝑖

(2.23)

Based on Eq. (2.22), the solution of Eq. (2.23) can easily be written as

4𝜋𝑝𝑇′ (𝑥⃗, 𝑡) =

𝜕
𝜌0 𝑣𝑛
∫ [
] d𝑆
𝜕𝑡 𝑓=0 𝑟|1 − 𝑀𝑟 | ret

(2.24)

which is the thickness noise component of Farassat’s formulation 1 (Refs. 2 and 60).
Farassat derived a relation between the derivative with respect to observer time and the
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derivative with respect to source time (Ref. 2) so that the time derivative in Eq. (2.24) could
be taken inside the integral analytically. This relation is
𝜕
1
𝜕
| =[
| ]
𝜕𝑡 𝑥
1 − 𝑀𝑟 𝜕𝜏 𝑥

(2.25)

ret

where |x indicates that the observer position is fixed during the computation of the time
derivative. In taking the time derivative inside the integral, some simple relations (Ref. 60)
are used:
𝜕𝑟
= −𝑣𝑟
𝜕𝜏

(2.26)

𝜕𝑟̂𝑖 𝑟̂𝑖 𝑣𝑟 − 𝑣𝑖
=
𝜕𝜏
𝑟

(2.27)

where 𝑣𝑟 is the component of source surface velocity in the radiation direction, 𝑟̂ is the unit
vector in the radiation direction 𝑟̂ = 𝑟⃗⁄𝑟, with components 𝑟̂𝑖 , and 𝑣𝑖 are the components
of the velocity of source surface. Applying relations (2.25) – (2.27) to the thickness noise
integral in Eq. (2.24), yields:

𝜌0 (𝑣̇𝑛 + 𝑣𝑛̇ )
[
] d𝑆
2
𝑓=0 𝑟|1 − 𝑀𝑟 |
ret

4𝜋𝑝𝑇′ (𝑥⃗, 𝑡) = ∫

𝜌0 𝑣𝑛 (𝑟𝑀̇𝑟 + 𝑐0 𝑀𝑟 − 𝑐0 𝑀2 )
+∫ [
] d𝑆
𝑟 2 |1 − 𝑀𝑟 |3
𝑓=0
ret

(2.28)

⃗⃗⃗ ⁄𝜕𝜏) ∙ 𝑟̂ and 𝑀 is the magnitude
in which 𝑣̇𝑛 = (𝜕𝑣⃗⁄𝜕𝜏) ∙ 𝑛̂, 𝑣𝑛̇ = 𝑣⃗ ∙ (𝜕𝑛̂⁄𝜕𝜏), 𝑀̇𝑟 = (𝜕𝑀
⃗⃗⃗|. This is the thickness noise term
of the Mach number (vector) of source surface, 𝑀 = |𝑀
in Farassat’s formulation 1A.
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Loading noise component of the FW-H equation is expressed as an inhomogeneous
wave equation with the FW-H dipole source term:
1 𝜕̅ 2
𝜕̅ 2
𝜕
[𝑙 𝛿(𝑓)]
( 2 2 − 2 ) 𝑝𝐿′ (𝑥⃗, 𝑡) = −
𝜕𝑥𝑖 𝑖
𝑐0 𝜕𝑡
𝜕𝑥𝑖

(2.29)

with 𝑙𝑖 = ∆𝑃𝑖𝑗 𝑛̂𝑗 , is the local force (per unit area) on the fluid.
Based on Eq. (2.14), the solution of Eq. (2.29) can be written as

𝑝𝐿′ (𝑥⃗, 𝑡) = −

𝜕 𝑡 ∞ 1
∫ ∫
𝛿(𝑔)𝑙𝑖 𝛿(𝑓)d𝑦⃗d𝜏
𝜕𝑥𝑖 −∞ −∞ 4𝜋𝑟

(2.30)

The space derivative can be taken inside the integral.
𝑡

∞

𝜕 𝛿(𝑔)
[
] 𝑙𝑖 𝛿(𝑓)d𝑦⃗d𝜏
−∞ 𝜕𝑥𝑖 4𝜋𝑟

𝑝𝐿′ (𝑥⃗, 𝑡) = − ∫ ∫
−∞

(2.31)

Now the relation derived by Farassat is used (Ref. 71).
𝜕 𝛿(𝑔)
1 𝜕 𝑟̂𝑖 𝛿(𝑔)
𝑟̂𝑖 𝛿(𝑔)
[
]=−
[
]−
𝜕𝑥𝑖 4𝜋𝑟
𝑐0 𝜕𝑡 4𝜋𝑟
4𝜋𝑟 2

(2.32)

Substituting Eq. (2.32) into Eq. (2.31), Eq. (2.31) can be written as
𝑡

𝑝𝐿′ (𝑥⃗, 𝑡)

∞

=∫ ∫ {
−∞ −∞

1 𝜕 𝑟̂𝑖 𝛿 (𝑔)
𝑟̂𝑖 𝛿 (𝑔)
[
]+
} 𝑙 𝛿(𝑓)d𝑦⃗d𝜏
𝑐0 𝜕𝑡 4𝜋𝑟
4𝜋𝑟 2 𝑖

Using Eqs. (2.14) through (2.22), Eq. (2.33) can be written as

(2.33)
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4𝜋𝑝𝐿′ (𝑥⃗, 𝑡) =

1 𝜕
𝑙𝑟
𝑙𝑟
∫ [
] d𝑆 + ∫ [ 2
] d𝑆
𝑐0 𝜕𝑡 𝑓=0 𝑟|1 − 𝑀𝑟 | ret
𝑓=0 𝑟 |1 − 𝑀𝑟 | ret

(2.34)

in which 𝑙𝑟 = 𝑙⃗ ∙ 𝑟̂ (𝑙𝑖 𝑟̂𝑖 ), is the component of loading vector on the fluid (per unit area) in
the radiation direction.
Using Eqs. (2.25) through (2.27), Eq. (2.34) can be written as

4𝜋𝑝𝐿′ (𝑥⃗, 𝑡) =
+

1
𝑙𝑟̇
𝑙𝑟 − 𝑙𝑀
∫ [
]
d𝑆
+
∫
[
] d𝑆
2
2
𝑐0 𝑓=0 𝑟|1 − 𝑀𝑟 |2 ret
𝑓=0 𝑟 |1 − 𝑀𝑟 | ret
𝑙𝑟 (𝑟𝑀̇𝑟 + 𝑐0 𝑀𝑟 − 𝑐0 𝑀2 )
1
∫ [
] d𝑆
𝑐0 𝑓=0
𝑟 2 |1 − 𝑀𝑟 |3
ret

(2.35)

⃗⃗⃗)⁄|𝑀
⃗⃗⃗ |.
in which 𝑙𝑟̇ = (𝜕𝑙⃗⁄𝜕𝜏) ∙ 𝑟̂ , and 𝑙𝑀 = (𝑙⃗ ∙ 𝑀
Equations (2.28) and (2.35) are thickness noise and loading noise term of Formulation
1A, respectively.

2.4 Isom’s Thickness Noise Formulation
Isom’s thickness noise formulation is another approach to the computation of
thickness noise. The basic concept of Isom’s thickness noise is that thickness noise can be
computed using the loading noise formula if the surface loading vector is defined as 𝑙⃗ =
−𝜌0 𝑐02 𝑛̂ (i.e., a uniform pressure distribution with 𝑝 = 𝜌0 𝑐02 ). A brief introduction to the
derivation process of Isom’s thickness noise formulation is given here based on Ref. 71.
Ffowcs Williams suggested using the relations given by Farassat (Ref. 71).
𝜕
[1 − 𝐻(𝑓)] = 𝑣𝑛 𝛿(𝑓)
𝜕𝑡

(2.36)
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𝜕
𝜕𝑓
[1 − 𝐻(𝑓)] = −
𝛿(𝑓) = −𝑛̂𝑖 𝛿(𝑓)
𝜕𝑥𝑖
𝜕𝑥𝑖

(2.37)

where 𝑛̂𝑖 is the unit outward normal vector to the surface 𝑓 = 0. Applying the wave
operator to the function [1 − 𝐻(𝑓)]𝜌0 𝑐02 and using Eqs. (2.36) and (2.37), the following
equation can be obtained.
1 𝜕̅ 2
𝜕̅ 2
𝜕
( 2 2 − 2 ) {[1 − 𝐻(𝑓)]𝜌0 𝑐02 } = [𝜌0 𝑣𝑛 𝛿(𝑓)]
𝜕𝑡
𝑐0 𝜕𝑡
𝜕𝑥𝑖
+

𝜕
[𝜌 𝑐 2 𝑛̂ 𝛿(𝑓)]
𝜕𝑥𝑖 0 0 𝑖

(2.38)

By comparing Eq. (2.38) from Eq. (2.23), it is evident that the first term on the right hand
side of Eq. (2.38) is the same as the thickness noise term in the FW-H equation. Also note
that in Eq. (2.38), the term 1 − 𝐻(𝑓) = 0 in the volume exterior to the source surface 𝑓 =
0; therefore, the inhomogeneous wave equation for the thickness noise in the FW-H
equation can be written as:

(

1 𝜕̅ 2
𝜕̅ 2
𝜕
′ (𝑥
[𝜌0 𝑐02 𝑛̂𝑖 𝛿(𝑓)]
−
2 𝜕𝑡 2
2 ) 𝑃𝑇 ⃗, 𝑡) = − 𝜕𝑥
𝑐0
𝜕𝑥𝑖
𝑖

(2.39)

Comparing Eq. (2.29) and Eq. (2.39), it can be seen that thickness noise source is identical
to loading noise source if the loading on the source surface is a uniform pressure
distribution of magnitude 𝜌0 𝑐02 . Isom was first to recognize this relationship, but his
derivation (Ref. 64) was only valid in the acoustic far field. Ffowcs Williams
communicated the derivation outlined here, and Farassat published a note to that effect,
assessing credit to Ffowcs Williams (Ref. 66).
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2.5 Compact Source Formula for Loading Noise
The thickness and loading noise terms of Formulation 1A (Eqs. (2.29) and (2.35)) are
both integral formulas (over the source surface), which are called noncompact source
formulas. In some circumstances, the retarded time (corresponding to one observer time)
at each point on the source surface can be assumed to be essentially constant, and the
integrand (at this retarded time) is assumed to be constant over the source surface, and
therefore it can be taken outside the integral. This results in that the integral is reduced to
a product of the integrand and the area of source surface. This is known as the compact
source approximation. The main advantage of compact source approximation is the
computation speed. In this section, the criteria to judge the compactness of source are
presented first, followed by an introduction of compact source formula for loading noise.
For a fixed observer position 𝑥⃗ and observer time 𝑡, 𝐿𝑠 will be used to denote the
dimension for the Σ surface and use 𝑟𝑚𝑖𝑛 to denote the minimum value of the radiation
distance. Additionally, Δ𝜏 will denote the difference between the maximum and minimum
retarded time of all the points on the source surface, and use 𝑇̃ to denote the period of
fluctuation of force on the fluid generated by the source surface. If
𝐿𝑠 ≪ 𝑟𝑚𝑖𝑛

(2.40)

∆𝜏 ≪ 𝑇̃

(2.41)

the source surface can be treated as a compact source (Ref. 71). If the source is compact,
or compact in some dimension, then for a fixed observer position and observer time, the
retarded time of each point on this compact source surface is essentially identical, and the
variable related to noise computation (such as the radiation distance and surface velocity)
at this retarded time of each point on this compact source surface is also constant. For
example, consider the loading noise term of Formulation 1A (Eq. (2.35)). Based on this
analysis, loading noise generated by a compact source surface can be written as
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1
𝐿̇𝑟
𝐿𝑟 − 𝐿𝑀
4𝜋𝑝𝐿′ (𝑥⃗, 𝑡) = [
] +[ 2
]
2
𝑐0 𝑟|1 − 𝑀𝑟 | ret
𝑟 |1 − 𝑀𝑟 |2 ret
1 𝐿𝑟 (𝑟𝑀̇𝑟 + 𝑐0 𝑀𝑟 − 𝑐0 𝑀2 )
+[
]
𝑐0
𝑟 2 |1 − 𝑀𝑟 |3
ret

(2.42)

⃗⃗ stands for the force on the fluid generated by the compact source surface.
where 𝐿
Although a helicopter rotor is a distributed source, and not compact as previously
defined, the rotor blade thickness dimension, and quite possibly the chord dimension,
would meet the criteria for the compactness. So if a helicopter rotor blade is assumed
compact in the chordwise direction, then the variation of retarded time along the chordwise
direction is neglected and only spanwise variation of the retarded time is considered. Using
the chordwise compact loading model, the surface integration becomes a line integration
along the spanwise direction. This line is usually situated at the quarter chord (from the
leading edge) because it is approximately the aerodynamic center of the blade. The loading
acting on this line is compact loading (force per unit span length). The chordwise compact
loading model is widely used for loading noise prediction because it is much faster than
the loading noise computation using distributed loading because of the decrease of
computation grid required to numerical evaluate the surface integrals in Formulation 1A.
Additionally, in rotor aerodynamic computations – especially those based on blade element
analysis – only the blade section loads are known; hence, it is expedient to use the
chordwise compact approximation and avoid reconstructing the distributed blade surface
loading.
If the loading noise term in Formulation 1A is modified to include the chordwise
compact assumption, it can be written as:

4𝜋𝑝𝐿′ (𝑥⃗, 𝑡)

𝑅
1 𝑅
𝐿̇𝑟
𝐿𝑟 − 𝐿𝑀
= ∫ [
]
d𝑦
+
∫
[
] d𝑦
2
2
𝑐0 0 𝑟|1 − 𝑀𝑟 |2 ret
0 𝑟 |1 − 𝑀𝑟 | ret

+

1 𝑅 𝐿𝑟 (𝑟𝑀̇𝑟 + 𝑐0 𝑀𝑟 − 𝑐0 𝑀2 )
∫ [
] d𝑦
𝑐0 0
𝑟 2 |1 − 𝑀𝑟 |3
ret

(2.43)
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⃗⃗ is the force on the fluid (per unit span length), d𝑦 is the differential span length
where 𝐿
and 𝑅 is the rotor radius.
The chordwise compact loading approximation is quite accurate for loading noise
prediction (Ref. 73), with some error noticeable in the rotor plane (Ref. 63). The most
important reason for the loading noise difference generated by chordwise compact loading
and distributed loading (loading noise computed by the distributed loading is assumed to
be accurate) is that compact loading cannot take into account the chordwise variation of
retarded time, which is important for accurate in-plane rotor noise prediction. This can be
explained by using Farassat’s concept of the collapsing sphere. Figure 2.1 is a schematic
that shows the intersection of collapsing sphere and one blade section at four different
source times. The relative velocity of collapsing sphere to the blade section is 𝑐0 (1 − 𝑀𝑟 ).
For a moderate speed forward flight case, 𝑀𝐴𝑇 (advancing tip Mach number) is about 0.8
or higher, which means the relative velocity 𝑐0 (1 − 𝑀𝑟 ) could be very small (about 0.2𝑐0
or less) on the advancing side for an in-plane observer. Therefore, for an in-plane observer
in front of the advancing side, the source time (retarded time) at different chordwise
positions could differ significantly. In contrast, an observer located below the rotor (which
is where loading noise is dominant) results in the collapsing sphere crossing the blade
surface much more quickly – because the thickness of the blade is a small percentage of
the chord. Furthermore, the value of 𝑀𝑟 is very small because the velocity of the blade is
nearly perpendicular to the radiation direction 𝑟̂ , so the relative velocity is approximately
𝑐0 .
Collapsing Sphere

c0
Mr








Figure 2.1. Schematic of collapsing sphere, blade section and their intersection at different
source time.
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2.6 Compact Source Formula for Thickness Noise
Although the compact source approximation has been widely used for loading noise
computation, its application to thickness noise has been very limited. In this section, two
compact source formulas of thickness noise are introduced: Succi’s method and Lopes’
method.

2.6.1

Succi’s Method

Succi’s method (Refs. 54, 60, 69) is a compact source formula for thickness noise and
loading noise computation. Its basic idea is that the blade is divided into many small
segments and each segment can be treated as a compact source. The noise generated by the
entire blade is computed by summing over the noise of each segment. Here, a brief
introduction of the derivation of Succi’s thickness noise formula is given based on Ref. 71.
To derive the thickness noise formula of Succi’s method, Eqs. (2.23) and (2.36) are
used.
1 ∂2
∂2
𝜕
( 2 2 − 2 ) 𝑝𝑇′ (𝑥⃗, 𝑡) = [𝜌0 𝑣𝑛 𝛿(𝑓)]
𝜕𝑡
𝑐0 𝜕𝑡
𝜕𝑥𝑖

(2.23)

𝜕
[1 − 𝐻(𝑓)] = 𝑣𝑛 𝛿(𝑓)
𝜕𝑡

(2.36)

Substituting Eq. (2.36) into Eq. (2.23), the following equation is obtained.
1 𝜕2
𝜕2
𝜕2
′ (𝑥
( 2 2 − 2 ) 𝑝𝑇 ⃗, 𝑡) = 2 [𝜌0 (1 − 𝐻(𝑓))]
𝜕𝑡
𝑐0 𝜕𝑡
𝜕𝑥𝑖

(2.44)

Next, using the Green’s function of wave equation in unbounded space, 𝛿(𝑔)⁄4𝜋𝑟, the
formal solution of Eq. (2.44) is
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4𝜋𝑝𝑇′ (𝑥⃗, 𝑡) =

𝜕2 𝑡 ∞ 1
∫ ∫ [ 𝜌 (1 − 𝐻(𝑓))𝛿(𝑔)] d𝑦⃗d𝜏
𝜕𝑡 2 −∞ −∞ 𝑟 0

(2.45)

The variable of integration 𝜏 can be changed through a change of variable 𝜏 → 𝑔. Then the
integration over 𝑔 can be performed, resulting in the following equation:

4𝜋𝑝𝑇′ (𝑥⃗, 𝑡)

𝜕 2 ∞ 𝜌0
= 2 ∫ [ (1 − 𝐻(𝑓))] d𝑦⃗
𝜕𝑡 −∞ 𝑟
ret

(2.46)

Now making use of the concept of Σ surface, defined by 𝐹 = 0, Eq. (2.46) can be written
as

4𝜋𝑝𝑇′ (𝑥⃗, 𝑡)

𝜕 2 ∞ 𝜌0
𝜕2
𝜌0
[1
= 2 ∫ {[ ]
− 𝐻(𝐹)]} d𝑦⃗ = 2 ∫ [ ] d𝑦⃗
𝜕𝑡 −∞ 𝑟 ret
𝜕𝑡 𝐹<0 𝑟 ret

(2.47)

And through some further changes of variables as

4𝜋𝑝𝑇′ (𝑥⃗, 𝑡) =

𝜕2
𝜌0
∫ [
] d𝑦⃗
2
𝜕𝑡 𝑓<0 𝑟(1 − 𝑀𝑟 ) ret

(2.48)

Now for each blade segment (which should be a compact source), the thickness noise
from that segment is found to be

4𝜋𝑝𝑇′ (𝑥⃗, 𝑡) =

𝜕2
𝜌0
[
∫ d𝑦⃗]
𝜕𝑡 2 𝑟(1 − 𝑀𝑟 ) 𝑓<0

ret

=

𝜕2
𝜌0 𝜓
[
]
𝜕𝑡 2 𝑟(1 − 𝑀𝑟 ) ret

(2.49)

in which 𝜓 is the volume inside the compact source surface 𝑓 = 0.
The observer time differentiation in Eq. (2.49) can be changed to source time
derivatives (and taken inside the square brackets) by using Eq. (2.25), which results in:
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4𝜋𝑝𝑇′ (𝑥⃗, 𝑡) = 𝜌0 [

1
𝜕
1
𝜕
𝜓
{
(
)}]
1 − 𝑀𝑟 𝜕𝜏 1 − 𝑀𝑟 𝜕𝜏 𝑟(1 − 𝑀𝑟 ) ret

(2.50)

Thickness noise generated by the entire blade is obtained by summing over the thickness
noise of each blade segment.

4𝜋𝑝𝑇′ (𝑥⃗, 𝑡) = ∑ [
𝑘

𝜌0 𝜓𝑘 𝜕
1
𝜕
1
{
(
)}]
1 − 𝑀𝑟 𝜕𝜏 1 − 𝑀𝑟 𝜕𝜏 𝑟(1 − 𝑀𝑟 ) ret

(2.51)

where 𝜓𝑘 is the volume of the kth segment.
Using Eqs. (2.26) and (2.27), the final expression for Eq. (2.51) can be written as

4𝜋𝑝𝑇′ (𝑥⃗, 𝑡) = ∑ [
𝑘

2
𝜌0 𝜓𝑘
𝑐0 𝜕𝑀𝑖
𝑐0
̈
)
{(1
−
𝑀
(𝑀
−
3
𝑀
)
+
3
(
𝑀
)
𝑟
𝑟
𝑟(1 − 𝑀𝑟 )5
𝑟 𝑖 𝜕𝜏
𝑟 𝑟

+ 3 (𝑀̇𝑟 −

𝑐0 2 2 𝑐0
𝑐0
𝑀 ) + (𝑀̇𝑟 − 𝑀2 ) (1 + 4𝑀𝑟 + 𝑀𝑟2 )}]
𝑟
𝑟
𝑟
ret

(2.52)

⃗⃗⃗⁄𝜕𝜏 2 ) ∙ 𝑟̂ . Eq. (2.52) is the formula of Succi’s method that is used for
where 𝑀̈𝑟 = (𝜕 2 𝑀
numerical computations.
Succis’s method (Eqs. (2.51) and (2.52)) indicates that rotor blade thickness noise is
directly related to the volume of the blade. The main advantages for Succi’s method are
the ease of implementation and fast computation speed.

2.6.2

Lopes’ Method

Recently, Lopes (Ref. 70) derived a compact source formula of the thickness noise
terms of Formulation 1 and Formulation 1A. The fundamental idea of Lopes’ method is
similar to that of Succi’s method, which is that the blade is divided into many segments
and each segment may be treated as compact source. The difference is that Lopes only
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divided the blade along spanwise direction and represented the blade segment volume by
the product of airfoil cross section area and the segment span length. Therefore, thickness
noise computation becomes a line integration along the spanwise direction, and the airfoil
cross section area at each radial location is required. A brief introduction of Lopes’
thickness noise formula is given here based on Ref. 70.
Using Eq. (2.48) as the starting point,

4𝜋𝑝𝑇′ (𝑥⃗, 𝑡)

𝜕2
𝜌0
= 2∫ [
] d𝑦⃗
𝜕𝑡 𝑓<0 𝑟(1 − 𝑀𝑟 ) ret

(2.48)

the blade segment volume is equal to the product of airfoil cross section area and the
segment span length.
d𝑦⃗ = 𝐴𝑐𝑠 d𝑦

(2.53)

where d𝑦⃗ is segment volume, and 𝐴𝑐𝑠 and d𝑦 are airfoil cross section area and span length
of the segment, respectively.
Using Eq. (2.53), Eq. (2.48) can be written as

4𝜋𝑝𝑇′ (𝑥⃗, 𝑡) =

𝜕2
𝜌0 𝐴𝑐𝑠
∫ [
] d𝑦
2
𝜕𝑡 𝑓=0 𝑟(1 − 𝑀𝑟 ) ret

(2.54)

in which the integration is performed along the compact line defined by 𝑓 = 0.
Using Eq. (2.25), Eq. (2.54) can be written as

4𝜋𝑝𝑇′ (𝑥⃗, 𝑡) = ∫
𝑓=0

[

𝜌0 𝐴𝑐𝑠 𝜕
1
𝜕
1
{
(
)}] d𝑦
1 − 𝑀𝑟 𝜕𝜏 1 − 𝑀𝑟 𝜕𝜏 𝑟(1 − 𝑀𝑟 ) ret

(2.55)

Equations (2.54) and (2.55) are Lopes’ compact thickness noise formula of
Formulation 1 and Formulation 1A respectively.
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2.6.3

Discussion

Generally, both Succi’s method and Lopes’ method can provide basically accurate
thickness noise prediction. However, there are limitations for them. The prediction
accuracy of Succi’s method strongly depends on the chordwise resolution of grid, which
potentially increases the computation time. Lopes’ method is a line integration thus
computation time is decreased as compared to that of Succi’s method. Nevertheless, Lopes’
method cannot distinguish the difference of thickness noise generated by different airfoils
as long as they have the same cross section area, but it seems thickness noise of different
airfoils with the same area could be different. Results showed that thickness noise
computed by Lopes’ method overpredicts in the high frequency range, and the discrepancy
increases for an airfoil with a smaller thickness to chord ratio, as shown in Figs. 2.2 and
2.3 (Ref. 70). The reason for that may be because the retarded time difference at different
chordwise location, which cannot be taken into account by compact model, is greater for a
longer chord.
A new thickness noise prediction method that aims to provide fast and relatively
accurate thickness noise prediction, has been developed in this dissertation, which will be
described thoroughly in the next chapter.

Figure 2.2. Seven airfoils with the same cross sectional area. The compact source formula
of thickness noise will predict thickness nose for each of these airfoils (Ref. 70).
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Figure 2.3. Thickness noise predictions at an observer directly ahead of the rotor with
different cross sectional shapes and same cross sectional area (Ref. 70).
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Chapter 3
Dual Compact Thickness Noise Model
In this chapter, a thickness noise prediction method, which is called the dual compact
thickness noise model, is developed. The development of this model is introduced
thoroughly in the first subsection, followed by the validation of this model through
thickness noise computation for different cases, in which different airfoils, blade
planforms, and tip Mach numbers, are considered. The most important advantage of the
dual compact thickness noise model is the significant saving of computation time as
compared to the normal thickness noise computation, which is demonstrated by a real
example in the third subsection. Finally, a modification to the dual compact thickness noise
model is proposed to further improve its prediction accuracy.

3.1 Dual Compact Thickness Noise Model
Isom’s thickness noise establishes the initially surprising fact that thickness noise can
be computed by using the distinctly different loading noise integrals if there is a uniform
pressure distribution (𝜌0 𝑐02 ) applied to the blade surface. However, the concept of compact
loading model cannot be used for Isom’s thickness noise computation because the uniform
pressure distribution integrates to zero net loading. Now if the airfoil is divided into two
parts and the integration is conducted for the front part and rear part separately, the
integrated loading is no longer zero because when the constant pressure is integrated only
over a portion of the airfoil, the result is nonzero for each region. Then a compact model
with two loading lines is obtained. If the two loading lines are positioned appropriately, the
sum of the loading noise generated by the two loading lines approximates the actual
thickness noise.
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3.1.1

Strength and Location of Loading Vectors

The dual compact thickness noise model is demonstrated for a baseline case. The
baseline case is a notional test rotor comprised of a single rectangular, untwisted rotor blade
with a NACA 0012 airfoil used throughout the span. The rotor blade has a span of 5.79m
and a chord of 0.381m. The advance ratio (𝜇) is 0.3 and the corresponding advancing tip
Mach number is 𝑀𝐴𝑇 = 0.8.
The blade is divided into several segments along the radial direction. For each blade
segment, the airfoil is divided at the maximum thickness position. The two loading vectors
are obtained by integrating the distributed loading (uniform pressure distribution) on the
front part and rear part respectively, as shown in Fig. 3.1. In fact, at each radial position,
the two loading vectors are equal and opposite forces of magnitude 𝜌0 𝑐02 ℎ, where ℎ is the
maximum thickness of the airfoil, which are directed in the chordwise direction (both
pointing toward the airfoil’s maximum thickness location).

Figure 3.1. Pressure distribution and integrated loading vector on the front and rear part of
an airfoil.

The two loading vectors act at different chordwise positions, which are determined by
matching normal thickness noise (computed by distributed geometry) and the dual compact
thickness noise model at one in-plane observer location directly ahead of the rotor, where
thickness noise is maximum. The distance between this in-plane observer and the rotor hub
is 100 rotor radii. The best locations for the two loading lines are determined through
numerical experiments to be 𝑥𝑓 = 0.133 and 𝑥𝑟 = 0.867 in the baseline case, where 𝑥𝑓 and
𝑥𝑟 denote the non-dimensional chordwise location of front and rear lines, respectively. The
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two locations are symmetrical relative to the middle chord position so that the phase of
dual compact thickness noise can be approximately consistent with that of the normal
thickness noise. A schematic of the two loading lines of dual compact thickness noise
model is shown in Fig. 3.2. It needs to be noted that loading vector normal to the blade root
and tip area (especially blade tip) needs to be included because loading normal to blade tip
is important in Isom’s thickness noise computation (Ref. 67). Using these two loading
lines, the dual compact thickness noise can be computed using the compact loading noise
formula (Eq. (2.43)).

Figure 3.2. Loading lines of dual compact thickness noise model.

Figure 3.3 shows the signal (loading noise) generated by the front loading line, the
signal generated by the rear loading line and the sum of these two signals. If the two loading
lines are located at the same position, the signals generated by each loading line will cancel
the other exactly. However, the two loading lines are located at different chordwise
positions; therefore, the retarded time for each line is different. This difference in retarded
time results in the signal generated by the sum of the front and rear lines, which is an
approximation of the normal thickness noise. All the acoustic computations in this chapter
were generated with PSU-WOPWOP (Refs. 74-76).
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Figure 3.3. Signal generated by front and rear line and dual compact thickness noise.

3.1.2

Baseline Case Result

A comparison of the acoustic pressure time history of normal thickness noise
computation and dual compact thickness noise approximation at multiple in-plane
observers is shown in Fig. 3.4. In Fig. 3.4, there are eight in-plane observers which are
equally spaced – each 45 deg. apart – and the distance between each observer and the rotor
hub is 100 rotor radii. As illustrated in Fig. 3.4, the dual compact thickness noise
approximation agrees well with normal thickness noise computation for the baseline
configuration at each in-plane observer location. Comparison of the acoustic spectrum of
normal thickness noise and the dual compact thickness noise approximation at each inplane observer is plotted in Fig. 3.5. Similarly, the spectrum of dual compact thickness
noise is in good agreement with that of normal thickness noise at most observers (the
discrepancy is within 1 dB). The discrepancy at observers whose observer azimuth (𝜓𝑜𝑏𝑠 )
are 0, 45 and 315 deg. is relatively large as compared to that of other observers, the
deviation for the in-plane observers whose observer azimuth angle are 45 and 315 deg. is
about 4 dB, and the deviation for the in-plane observer of 0 deg. observer azimuth angle is
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about 14 dB. However, the amplitude of the noise at these three observer locations is very
small as compared to the maximum thickness noise location.

Figure 3.4. Comparison of acoustic pressure time history of normal thickness noise
computation and dual compact thickness noise approximation at in-plane observers
(baseline case).
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Figure 3.5. Comparison of acoustic spectrum of normal thickness noise computation and
dual compact thickness noise approximation at in-plane observers (baseline case).

In addition, the dual compact thickness noise approximation is compared to normal
thickness noise computation at out-of-plane observer locations, as shown in Figs. 3.6 and
3.7. These observers are located at four observer azimuth angles (0 deg., 90 deg., 180 deg.
and 270 deg.) and three observer elevation angles (𝜃𝑜𝑏𝑠 ) below the rotor plane (-15 deg., 45 deg. and -75 deg.). Acoustic pressure time histories at out-of-plane observers at
azimuths of 0 deg. and 180 deg. are shown in Fig. 3.6, and results at out-of-plane observers
at azimuths of 90 deg. and 270 deg. are shown in Fig. 3.7. Thickness noise decreases
significantly as the observer moves away from the rotor-plane, and at the same elevation
angle, thickness noise at an observer in front of the rotor is much greater than that at an
observer behind the rotor. There is an observable difference between the normal thickness
noise computation and the dual compact approximation at out-of-plane observer locations
(especially at high elevation angles), but the magnitude of the negative peak is very small
compared to the maximum thickness noise. Generally, the agreement of normal thickness
noise computation and dual compact thickness noise approximation is good at each out-ofplane observer.
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Figure 3.6. Comparison of acoustic pressure time history of normal thickness noise
computation and dual compact thickness noise approximation at out-of-plane observers at
azimuth of 0 deg. and 180 deg. (baseline case).

Figure 3.7. Comparison of acoustic pressure time history of normal thickness noise
computation and dual compact thickness noise approximation at out-of-plane observers at
azimuth of 90 deg. and 270 deg. (baseline case).
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Computation speed is significantly improved by using dual compact thickness noise
model as compared to the normal thickness noise computation. For the baseline case, the
computation time of normal thickness noise computation (one observer) is 4.574s while
that of dual compact thickness noise model is 0.156s (29 times faster) when both
computations were conducted using one Intel Core i5 processor. The reason for the
computation time reduction is that the normal thickness noise computation uses a
distributed geometry while the dual compact thickness noise model only needs two lines
of geometry data. In particular, the grid for distributed geometry is 21 (spanwise) by 100
(chordwise) points, while the dual compact grid is 21 (spanwise) by 2 (chordwise).

3.2 Validation of Dual Compact Thickness Noise Model
The validity and accuracy of the dual compact thickness noise model is examined by
computing thickness noise for a wide variety of cases with both the normal method
(considered exact) and the dual compact approximation. Three major parameters are
considered: airfoil, planform, and advancing tip Mach number. Each of these parameters
will be investigated in the following sections. The locations of two loading lines
determined in the baseline case are kept unchanged for all the following cases in this
chapter.

3.2.1

Airfoil Study

The applicability and accuracy of the dual compact thickness noise model is first
examined for different airfoil shapes. Five representative cases are shown in Table 3.1. An
NACA 0012 airfoil is used in the baseline case (case 1). Cases 2 and 3 are also NACA 4digit symmetrical airfoils, but with 6 percent (case 2: NACA 0006) and 24 percent (case 3:
NACA 0024) thickness to chord ratio, respectively. Case 4 is a highly cambered airfoil
(NACA 9312). Case 5 is a thick wind turbine airfoil (S830) and case 6 is a supercritical
airfoil (SC(2)-0714). For this study, the test rotor was comprised of a single rectangular,
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untwisted rotor blade with the airfoil being studied used throughout the entire span. The
rotor blade span is 5.79m and chord is 0.381m. In each case the advance ratio (𝜇) is 0.3
corresponding to an advancing tip Mach number 𝑀𝐴𝑇 = 0.8.
Table 3.1. Airfoils studied

Airfoil

Case 2

Case 3

Case 4

Case 5

Case 6

NACA 0006

NACA 0024

NACA 9312

S830

SC(2)-0714

For cases 2 through 6, only thickness noise at the in-plane observer directly ahead of
the helicopter (𝜓𝑜𝑏𝑠 = 180 deg.) is shown because thickness noise is maximum at this
location. Both acoustic pressure time history and spectrum for cases 2 through 6 are shown
in Figs. 3.8 through 3.12.
For case 2 (NACA 0006, Fig. 3.8) and case 3 (NACA 0024, Fig. 3.9), thickness noise
decreases or increases as compared to the baseline case because of the change of airfoil
thickness (blade volume). The acoustic pressure time history shows that the dual compact
thickness approximation predicts the thickness noise accurately. In the spectrum, the x axis
is the harmonic number which denotes the multiple of blade passage frequency (BPF). The
spectrum indicates that the dual compact model underpredicts in the low frequency range
and overpredicts in the high frequency range, although these errors are small (within 2 dB).
The discrepancy is slightly over 2 dB in the frequency range of 40 to 50 BPF, but the noise
level in this frequency range is very small. Comparison of the acoustic pressure time history
of case 4 (NACA 9312, Fig. 3.10) shows that the dual compact thickness noise model
slightly underpredicts the thickness noise negative peak of the highly cambered airfoil. In
the spectrum, the dual compact thickness noise model underpredicts between 2 and 18 BPF
– up to approximately 1 dB.
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(a)
Figure 3.8.

(b)

Comparison of normal thickness noise computation and dual compact

thickness noise approximation at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (case 2, NACA 0006
airfoil) (a) acoustic pressure time history; (b) acoustic spectrum.

(a)
Figure 3.9.

(b)

Comparison of normal thickness noise computation and dual compact

thickness noise approximation at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (case 3, NACA 0024
airfoil) (a) acoustic pressure time history; (b) acoustic spectrum.
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(a)

(b)

Figure 3.10. Comparison of normal thickness noise computation and dual compact
thickness noise approximation at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (case 4, NACA 9312
airfoil) (a) acoustic pressure time history; (b) acoustic spectrum.

For the wind turbine airfoil (case 5, Fig. 3.11) the difference between normal and dual
compact thickness noise is the largest of any of the cases that were examined and the dual
compact thickness model now overpredicts the thickness noise negative peak. In the
spectrum, the dual compact result overpredicts all of the harmonics computed (up to 50
BPF) by about 2-3 dB. The discrepancy is relatively large for the higher harmonics, but the
noise in higher frequency range is much smaller than that in low frequency range. For the
supercritical airfoil (case 6, Fig. 3.12), the negative peak of the acoustic pressure time
history is also overpredicted by the dual compact thickness noise model and the positive
peaks before and after the negative peak are not captured as well as the previous cases. The
spectrum indicates that the dual compact result underpredicts in the first 3 BPF and then
overpredicts the higher harmonics. The difference is largest for the first harmonic (5 dB),
and the discrepancy for the higher frequency range is within about 2 dB. Although the error
is larger for the wind turbine airfoil and the supercritical airfoil, these cases are the least
representative of rotorcraft airfoil sections.
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(a)

(b)

Figure 3.11. Comparison of normal thickness noise computation and dual compact
thickness noise approximation at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (case 5, S830 airfoil)
(a) acoustic pressure time history; (b) acoustic spectrum.

(a)

(b)

Figure 3.12. Comparison of normal thickness noise computation and dual compact
thickness noise approximation at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (case 6, SC(2)-0714
airfoil) (a) acoustic pressure time history; (b) acoustic spectrum.

All the above comparison results indicate that the approximate method predicts both
acoustic pressure time history and spectrum of the thickness noise quite well for a wide
range of airfoil shapes. The location of the two loading lines, which is determined in the
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baseline case, is fixed for all the different airfoils. At other observer locations and for other
airfoils not shown here, the results were equally good (or even better). These results show
that the dual compact noise approximation works well for a wide range of airfoil types –
especially those that are typically used for helicopter rotors.

3.2.2

Blade Planform Study

The next test of the dual compact thickness model is to consider its accuracy and
validity for various blade planforms. Several different blade planforms were examined; and
a representative sample of these planforms is discussed in this section. The schematic of
each planform is shown in Table 3.2.

Table 3.2. Blade planform studied

Planform

Case 7

Case 8

Case 9

Case 10

chord = 0.2 m

chord = 0.8 m

tapered tip

swept tip

Cases 7 and 8 correspond to 0.2m chord and 0.8m chord, respectively, as compared to
0.381m chord of the baseline case. Case 9 is a blade with a tapered tip. The chord length
of this blade is 0.381m from the root cutout to 0.9R and then linearly tapers to 50% of the
root chord at blade tip. Case 10 is a swept-tip blade, with 30 degree tip sweep initiated at
0.8R. The other parameters of the rotor blades considered in cases 7 through 10 are
identical to that of baseline rotor blade (5.79m radius, untwisted, 𝜇 = 0.3, and 𝑀𝐴𝑇 = 0.8).
Comparisons of the acoustic pressure time histories and the spectrums between normal
thickness noise and dual compact thickness noise computations for cases 7 through 10 are
shown in Figs. 3.13 through 3.16, respectively. Again, only noise at a forward, in-plane
observer 𝜓𝑜𝑏𝑠 = 180 deg. is shown.
Generally speaking, normal thickness noise and dual compact thickness noise are in
good agreement for these cases. The change in blade chord seems to have the most impact
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on the dual compact approximation accuracy. For the smaller chord length (case 7, chord
= 0.2m, Fig. 3.13), dual compact thickness noise slightly underpredicts the negative peak
of acoustic pressure time history, while for the larger chord length (case 8, chord = 0.8m,
Fig. 3.14), dual compact thickness noise overpredicts the negative peak of the acoustic
pressure time history. Correspondingly, in the spectrum, for case 7 (chord = 0.2m, Fig.
3.13), the dual compact model slightly underpredicts in the low frequency range of 2 to14
BPF, and the difference is within 1 dB. And for case 8 (chord = 0.8m, Fig. 3.14), the dual
compact result overpredicts in the frequency range of 12 to 50 BPF. The deviation increases
(from 0.5 to 14 dB) as the increase of harmonic number (from 12 to 50 BPF), however, the
noise in the higher frequency range is very small. The error in the spectrum indicates that
the shape of the acoustic pressure time history is slightly inaccurate.

(a)

(b)

Figure 3.13. Comparison of normal thickness noise computation and dual compact
thickness noise approximation at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (case 7, chord =
0.2m) (a) acoustic pressure time history; (b) acoustic spectrum.
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(a)

(b)

Figure 3.14. Comparison of normal thickness noise computation and dual compact
thickness noise approximation at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (case 8, chord =
0.8m) (a) acoustic pressure time history; (b) acoustic spectrum.

For the tapered tip and swept tip blade, there is a radial component of the dual compact
loading vectors. For the tapered tip blade (case 9, Fig. 3.15), the acoustic pressure time
history negative peak is slightly overpredicted by the dual compact thickness noise model.
In the spectrum, the dual compact result slightly overpredicts in the entire frequency range,
and the discrepancy is within 1 dB except the first harmonic. For the swept tip blade (case
10, Fig. 3.16), the negative peak of acoustic pressure time history is predicted accurately
by the dual compact thickness noise model and the asymmetry of the positive peaks before
and after the negative peak are captured well. For the spectrum, there is slight
overprediction (within 2 dB) in the frequency range of 20 to 50 BPF. The discrepancy is
relatively larger for the higher harmonics (40 – 50 BPF), but the normal thickness noise
drops rapidly in the higher frequency range.
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(a)

(b)

Figure 3.15. Comparison of normal thickness noise computation and dual compact
thickness noise approximation at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (case 9, tapered tip)
(a) acoustic pressure time history; (b) acoustic spectrum.

(a)

(b)

Figure 3.16. Comparison of normal thickness noise computation and dual compact
thickness noise approximation at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (case 10, swept tip)
(a) acoustic pressure time history; (b) acoustic spectrum.

The previous results indicate that chord length variation has an effect on the accuracy
of the dual compact thickness noise model. The dual compact model overpredicts the
thickness noise of a thicker chord case, but the error is not large. Again, the nondimensional
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location of two loading lines is unchanged for all the different blade planforms and the
agreement between normal thickness noise and dual compact thickness noise is good for
all the cases.

3.2.3

Tip Mach number study

Four cases with different tip Mach numbers are considered in this section to study the
accuracy and validity of the dual compact thickness noise model for various operating
conditions. The advancing tip Mach number is studied here because it is the most important
parameter in determining thickness noise amplitude. Table 3.3 shows the four
representative cases presented in this section.

Table 3.3. Tip Mach number cases studied
Case 11

Case 12

Case 13

Case 14

Tip Mach

forward flight

forward flight

hover (𝑀𝐻 )

hover (𝑀𝐻 )

Number

𝑀𝐴𝑇 = 0.676

𝑀𝐴𝑇 = 0.860

𝑀𝐻 = 0.676

𝑀𝐻 = 0.860

Cases 11 and 12 are forward flight cases with advancing tip Mach numbers (𝑀𝐴𝑇 ) and
advance ratios (𝜇) lower and higher than the baseline case. Cases 13 and 14 are hovering
cases with hovering tip Mach numbers (𝑀𝐻 ) lower and higher than the advancing tip Mach
number of the baseline case (which means the rotation speed is not the same as the baseline
case). The thickness noise acoustic pressure time history and spectrum for the baseline
rotor blade was computed for an in-plane observer located at 𝜓𝑜𝑏𝑠 = 180 deg. for cases
11 through 14, which are shown in Figs. 3.17 through 3.20.
For the forward flight case of low advancing tip Mach number (case 11, 𝑀𝐴𝑇 = 0.676,
Fig. 3.17), the dual compact thickness noise model slightly overpredicts the negative peak
of acoustic pressure time history, while for the forward flight case with high advancing tip
Mach number (case 12, 𝑀𝐴𝑇 = 0.86, Fig. 3.18), the agreement is very good. In the spectrum,
for low advancing tip Mach number (𝑀𝐴𝑇 = 0.676, Fig. 3.17), the dual compact thickness
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noise slightly overpredicts the SPL levels between 1 BPF and about 26 BPF. For the high
advancing tip Mach number (𝑀𝐴𝑇 = 0.86, Fig. 3.18), dual compact thickness noise slightly
underpredicts in the low frequency range (up to 16 BPF) and overpredicts in the higher
frequency range. In both cases, the error is approximately 1 dB or less for each harmonic
(although it is somewhat larger for the higher frequency range above the 30th harmonic).

(a)

(b)

Figure 3.17. Comparison of normal thickness noise computation and dual compact
thickness noise approximation at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (case 11, 𝑀𝐴𝑇 =
0.676) (a) acoustic pressure time history; (b) acoustic spectrum.
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(a)

(b)

Figure 3.18. Comparison of normal thickness noise computation and dual compact
thickness noise approximation at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (case 12, 𝑀𝐴𝑇 =
0.860) (a) acoustic pressure time history; (b) acoustic spectrum.

For the hovering case, the thickness noise is greater than that of the forward flight case
with the same tip Mach number. The dual compact thickness noise overpredicts the
negative peak of acoustic pressure time history for both low (case 13, 𝑀𝐻 = 0.676, Fig.
3.19) and high hovering tip Mach number (case 14, 𝑀𝐻 = 0.86, Fig. 3.20), and the
difference is larger than that of forward flight case. In the spectrum, for both low (𝑀𝐻 =
0.676, Fig. 3.19) and high hovering tip Mach number (𝑀𝐻 = 0.86, Fig. 3.20), dual compact
thickness noise overpredicts in the entire frequency range by about 2 dB (the discrepancy
is slightly larger in the higher frequency range above the 30th harmonic).
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(a)

(b)

Figure 3.19. Comparison of normal thickness noise computation and dual compact
thickness noise approximation at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (case 13, 𝑀𝐻 =
0.676) (a) acoustic pressure time history; (b) acoustic spectrum.

(a)

(b)

Figure 3.20. Comparison of normal thickness noise computation and dual compact
thickness noise approximation at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (case 14, 𝑀𝐻 =
0.860) (a) acoustic pressure time history; (b) acoustic spectrum.

Based on these comparison results, dual compact thickness noise works reasonably
well for different tip Mach numbers, both for forward flight or hovering cases. But for
hovering cases with high tip Mach number, the error is larger. This is likely due to the fact
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that the acoustic signal is stronger for a hover case with the same tip Mach number. Even
so, the agreement is probably still acceptable (especially when considering that at high tip
Mach numbers, high-speed impulsive noise must also be considered for accurate noise
prediction). For different tip Mach numbers, as in the previous computations, the
nondimensional locations of loading lines used for the dual compact thickness noise model
are not changed from the value determined for the baseline case.

3.2.4

Blade Twist Study

Two different rectangular blades with linear twist were considered (−9 deg. and −50
deg. of linear twist, respectively), but there was little change in the normal thickness noise
computation with the addition of twist (the differences were so small they are not shown
here). As the twist has very little impact on thickness noise, there is no need to make any
specific modifications to the dual compact thickness noise model for thickness noise
computation of a twisted blade.

3.3 Computation Time
A real case is computed to show the computation time reduction by using the dual
compact thickness noise model. The helicopter of this case is the Bell 430. Both the main
rotor and the tail rotor are included in the noise computation. The main rotor consists of
four blades and the tail rotor consists of two blades. In this computation, both the main
rotor and the tail rotor use rectangular, untwisted blades with a NACA 0012 airfoil used
throughout the span. The main rotor blade has a span of 6.4m and a chord of 0.366m, while
the tail rotor blade has a span of 1.05m and a chord of 0.244m. The forward velocity of the
helicopter is 100 knots, corresponding to an advancing tip Mach number 𝑀𝐴𝑇 = 0.836.
For this case, the acoustic pressure time history in the observer time range (0 – 30sec) at
one single observer is computed. This observer is in the main rotor plane and directly ahead
of the main rotor. The initial distance between the observer and the rotor hub is 1600m at
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t = 0 sec after which time the helicopter begins the flight toward the observer. The
dimension of the main rotor distributed geometry grid is 20 (spanwise) by 100 (chordwise),
while that of the main rotor dual compact grid is 20 (spanwise) by 2 (chordwise). For the
tail rotor, the grid dimension is identical: distributed geometry is 20 (spanwise) by 100
(chordwise), while the dual compact grid is 20 (spanwise) by 2 (chordwise). This
computation is conducted using one Intel Core i5 processor. The thickness noise
computation time of the distributed geometry (main rotor and tail rotor) is 1266.3 seconds
while it is 50.3 seconds for the dual compact model. The distributed geometry computation
time is approximately 25 times of that of the dual compact model.

3.4 Extension of Dual Compact Thickness Noise Model
The previous comparisons indicate that for a small group of cases, the agreement of
normal thickness noise and dual compact thickness noise is not as good as the majority of
cases. For example, the dual compact thickness model slightly underpredicts the negative
peak of thickness noise time history for chords thinner than the baseline case, and
overpredicts the negative peak of thickness noise time history for thicker chords. In order
to improve accuracy and account for these underpredictions and overpredictions, a
correction factor, K, was introduced into the dual compact thickness model. The dual
compact loading vector in the dual compact thickness noise model is multiplied by the
correction factor K so that the magnitude of new loading is K𝜌0 𝑐02 instead of 𝜌0 𝑐02 . This
correction factor varies the magnitude of the dual compact loading vectors used to compute
thickness noise, thus varying the magnitude of the dual compact thickness noise result. The
K factor is obtained by manually matching the acoustic pressure time histories of normal
thickness noise and dual compact thickness noise at the in-plane observer directly ahead of
the rotor. Figure 3.21 shows the acoustic time histories and the spectra of normal thickness
noise and dual compact thickness noise both with and without the K factor, for the thicker
chord case (chord = 0.8m). For this case, the value of K factor is 0.9. The computational
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results indicate that the K factor method can improve the agreement of the acoustic pressure
time histories, but the corresponding spectrum agreement is not significantly improved.

(a)

(b)

Figure 3.21. Comparison of normal thickness noise computation and dual compact
thickness noise approximation (adjust magnitude of loading vector) at in-plane observer
𝜓𝑜𝑏𝑠 = 180 deg. (case 8, chord = 0.8m) (a) acoustic pressure time history; (b) acoustic
spectrum.

Therefore, in order to improve the agreement of the acoustic pressure time history and
the spectrum simultaneously, a new method is proposed, which is to adjust the magnitude
and the locations of the loading vectors in the dual compact thickness noise model
simultaneously. The location of the loading vectors is first chosen and then the
corresponding K factor is determined by matching the acoustic pressure time histories of
normal thickness noise and the dual compact approximation at the in-plane observer
directly ahead of the rotor. Figure 3.22 shows the result of the thicker chord case (chord =
0.8m) by using this new method. In this case, the locations of the loading vectors are 𝑥𝑓 =
-0.1 and 𝑥𝑟 = 1.1, and the K factor is 0.47. The values of 𝑥𝑓 = -0.1 and 𝑥𝑟 = 1.1 indicate
that the two loading vectors are located outside the airfoil, but this is a prediction model
and thus the loading locations do not necessarily need to be located inside the airfoil. It can
be seen that by adjusting the magnitude and the locations of the loading vectors
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simultaneously, both the acoustic pressure time history and the spectrum now agrees very
well with the normal thickness noise computation. This demonstrates that by adjusting both
the amplitude and the locations of the loading vectors can be used to tailor the shape of the
spectrum and match the amplitude. More work is needed to determine when such a
capability might be useful (beyond just making the approximation provide more faithful
matching of the normal thickness noise computation). The study of the modification to dual
compact thickness noise model to improve its prediction accuracy was mainly conducted
by Greg Walsh.

(a)

(b)

Figure 3.22. Comparison of normal thickness noise computation and dual compact
thickness noise approximation (adjust magnitude and location of loading vector) at in-plane
observer 𝜓𝑜𝑏𝑠 = 180 deg. (case 8, chord = 0.8m) (a) acoustic pressure time history; (b)
acoustic spectrum.

3.5 Summary
In this chapter, a new thickness noise prediction method, dual compact thickness noise
model has been developed. In this dual compact model, at each radial location, the airfoil
is divided into two parts and the uniform pressure distribution is integrated on the front and
rear part respectively. This results in two loading lines acting at different chordwise
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locations, and the loading noise generated by these two loading lines approximates the
normal thickness noise. The positions of the two loading lines are determined to be 𝑥𝑓 =
0.133 and 𝑥𝑟 = 0.867 in a baseline case by matching normal thickness noise and dual
compact result at an in-plane observer directly ahead of the rotor. The dual compact
thickness noise model is then validated through the thickness noise computation for a wide
variety of cases, in which different airfoils, blade planforms, and tip Mach numbers, are
considered. Acoustic pressure time history and spectrum at an in-plane observer directly
ahead of the rotor is computed for each case. Results indicate that dual compact thickness
noise approximation is in good agreement with normal thickness noise computation for
each case. Additionally, the locations of the two loading lines are kept unchanged for all
the cases. Most importantly, the computation time is significantly reduced by using the
dual compact thickness noise model as compared to the normal thickness noise
computation (typically 25 times faster). Therefore it is reasonable to expect that the dual
compact thickness noise model can be used to predict thickness noise for helicopter rotors
with confidence that the solution is essentially accurate (and much faster!).
The dual compact thickness noise model is different from Succi’s method and Lopes’
method. It is inspired by Isom’s thickness noise formula and uses the concept of chordwise
compact loading model. The dual compact thickness noise model only requires the airfoil
thickness at each radial location (specific airfoil shape is not required), which is very useful
in the preliminary design process of rotorcraft where detailed information of blade
geometry is not typically available. In addition, the fact that this method employs two
loading vectors actually provides the possibility that the magnitude and location of loading
vectors can be adjusted to improve the prediction accuracy.
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Chapter 4
Active Rotor Control for In-Plane Noise Reduction
In this chapter, methodologies to find a loading solution that results in in-plane rotor
noise reduction are developed. Noise reduction at a single observer and over an area
(multiple observers) are both discussed. For noise reduction at a single observer location,
the loading solution is found by solving an ordinary differential equation. For noise
reduction over an area, two methodologies are developed to find a loading solution. One is
to combine the loading solution that cancels thickness noise at different single observer
locations and then using a linear combination of these solutions, with the coefficient for
each loading solution determined using an optimizer. The other method is to model the
loading solution (for noise reduction over an area) using a prescribed formula and the
unknown parameters in the prescribed formula are solved using an optimizer. Using these
two methodologies, both chordwise force and spanwise force are considered for noise
reduction over an area. In the study of active rotor control for in-plane noise reduction
(Chapters 4 and 5), the normal thickness noise prediction method (instead of the dual
compact thickness noise model) is used to compute thickness noise, because the normal
prediction method is more accurate, and its computation time is acceptable in this study.

4.1 Noise Reduction at Single Observer
Noise reduction at single observer is considered first. The fundamental idea, proposed
by Gopalan and Schmitz (Refs. 32-36), is that the thickness noise at a single observer
location can be cancelled by loading noise generated by blade mounted controller. In this
research, a point control force is used, which means that thickness noise is cancelled at a
single observer by the loading noise generated by the point control force on the blade. In
practice, any force controller would have to be distributed to some degree over the blade
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surface, but for this theoretical study it is useful to consider a point control force. The
methodology to find a loading solution of the point control force is developed, which is
followed by the computation results including the loading solutions determined for
different spanwise and chordwise location of the point control force to determine effect of
point control force location on the loading solution and noise reduction effectiveness.

4.1.1

Methodology

⃗⃗ ∙ 𝑟̂ ) is the
The component of the loading vector in the radiation direction (𝐿𝑟 = 𝐿
important component of the loading solution of point control force for noise reduction. In
this section, a governing equation for the loading solution is established. The governing
equation is solved numerically with the unique initial value that results in a periodic
solution.

4.1.1.1

Governing Equation

The loading noise generated by a point control force is computed based on the loading
noise term of Formulation 1A. Here, the point control force is treated as a compact source;
therefore, loading noise for a point control force can be computed using Eq. (2.42) (loading
noise formula for compact source surface).

4𝜋𝑝𝐿′ (𝑥⃗, 𝑡) =

1
𝐿̇𝑟
𝐿𝑟 − 𝐿𝑀
[
] +[ 2
]
2
𝑐0 𝑟|1 − 𝑀𝑟 | ret
𝑟 |1 − 𝑀𝑟 |2 ret

+

1 𝐿𝑟 (𝑟𝑀̇𝑟 + 𝑐0 𝑀𝑟 − 𝑐0 𝑀2 )
[
]
𝑐0
𝑟 2 |1 − 𝑀𝑟 |3
ret

(4.1)

⃗⃗ stands for the loading on the fluid by the point control force, and 𝑟 is the distance
in which 𝐿
between observer and point control force.
The term 𝐿̇𝑟 can be written as
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𝐿̇𝑟 =

⃗⃗ ∙ 𝑟̂ )
⃗⃗
(𝑣⃗ − 𝑟̂ 𝑣𝑟 )
𝜕(𝐿
𝜕𝐿
𝜕𝑟̂ 𝜕𝐿𝑟
⃗⃗ ∙
⃗⃗ ∙
∙ 𝑟̂ =
−𝐿
=
+𝐿
𝜕𝜏
𝜕𝜏
𝜕𝜏
𝜕𝜏
𝑟

(4.2)

where 𝑟̂ is the unit radiation vector.
Substituting Eq. (4.2) into Eq. (4.1), the loading noise of point control force can be
written as

𝑝𝐿′ (𝑥⃗, 𝑡) =
+

1
1
𝜕𝐿𝑟
1
𝐿𝑟
[
]
+
[ 2
]
2
4𝜋𝑐0 𝑟(1 − 𝑀𝑟 ) 𝜕𝜏 ret
4𝜋 𝑟 (1 − 𝑀𝑟 ) ret
1 𝐿𝑟 (𝑟𝑀̇𝑟 + 𝑐0 𝑀𝑟 − 𝑐0 𝑀2 )
[
]
4𝜋𝑐0
𝑟 2 (1 − 𝑀𝑟 )3
ret

(4.3)

where 𝐿𝑟 is the component of loading vector acting on the fluid in the radiation direction
⃗⃗ ∙ 𝑟̂ ) that is produced by the point control force. Equation (4.3) should be interpreted
(𝐿𝑟 = 𝐿
as everything on the right hand side occurs at the source time 𝜏 (retarded time) while the
left hand side is evaluated at the corresponding observer (arrival) time, 𝑡 = 𝜏 + 𝑟/𝑐0.
The thickness noise is cancelled by the sum of baseline loading noise and the loading
noise generated by the point control force at the target observer. Here, the baseline loading
noise is neglected because thickness noise is dominant for in-plane rotor noise. Therefore,
thickness noise is cancelled by the loading noise generated by the point control force
exclusively at the target observer. The governing equation for the loading solution of point
control force is
𝑝𝐿′ (𝑥⃗, 𝑡) = −𝑝𝑇′ (𝑥⃗, 𝑡)

(4.4)

where 𝑝𝐿′ (𝑥⃗, 𝑡) is the loading noise generated by the point control force and 𝑝𝑇′ (𝑥⃗, 𝑡) is the
thickness noise generated by the entire blade.
Substituting Eq. (4.3) into Eq. (4.4), the governing equation can be written as
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𝜕𝐿𝑟
𝑐0 (1 − 𝑀𝑟 )2 + 𝑟𝑀̇𝑟 + 𝑐0 (𝑀𝑟 − 𝑀2 )
+[
] 𝐿𝑟
𝜕𝜏
𝑟(1 − 𝑀𝑟 )
= − 4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )2 𝑝𝑇′

(4.5)

Equation (4.5) is the governing equation of the loading solution (𝐿𝑟 ) of point control
force. Note, this is not an equation for chordwise or drag force, but more generally the
component of force in radiation direction required to generate the desired loading noise.

4.1.1.2

Solution to the Governing Equation

The governing equation used to determine the periodic point control force (Eq. (4.5))
is a first-order linear ordinary differential equation.
𝑑𝑦
+ 𝑝(𝑥)𝑦 = 𝑟(𝑥)
𝑑𝑥

(4.6)

where 𝑝(𝑥) and 𝑟(𝑥) are periodic with period 2𝜋. Based on the relevant mathematical
theory (Ref. 77), there exists one and only one value of 𝑦(0) that results in the periodic
solution of Eq. (4.6). Here, 𝑦(0) refers to the value of 𝑦(𝑥) at 𝑥 = 0. A brief introduction
of the derivation process is now presented.
The corresponding homogeneous equation corresponding to Eq. (4.6) is
𝑑𝑦ℎ
+ 𝑝(𝑥)𝑦ℎ = 0
𝑑𝑥

(4.7)

If 𝑦ℎ is the solution of equation (4.7) such that 𝑦ℎ (0) = 1, the solution of Eq. (4.6)
satisfying 𝑦(0) = 𝜉 can be represented as
𝑥

𝑦(𝑥) = 𝑦ℎ (𝑥)𝜉 + 𝑦ℎ (𝑥) ∫
0

𝑟(𝑠)
𝑑𝑠
𝑦ℎ (𝑠)

(4.8)
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The solution of Eq. (4.6) has a period 2𝜋 if and only if 𝑦(𝑥) = 𝑦(𝑥 + 2𝜋) for all 𝑥, and
this is true if and only if 𝑦(0) = 𝑦(2𝜋). Substituting x = 0 and x = 2𝜋 into Eq. (4.8)
respectively and using the relation 𝑦(0) = 𝑦(2𝜋), the following equation is obtained
2𝜋

[1 − 𝑦ℎ (2𝜋)]𝜉 = 𝑦ℎ (2𝜋) ∫
0

𝑟(𝑠)
𝑑𝑠
𝑦ℎ (𝑠)

(4.9)

If 1 − 𝑦ℎ (2𝜋) is not zero, Eq. (4.9) can be written as
2𝜋

𝑦ℎ (2𝜋) ∫0 𝑟(𝑠)⁄𝑦ℎ (𝑠) 𝑑𝑠
𝜉=
1 − 𝑦ℎ (2𝜋)

(4.10)

Therefore, 𝜉 is the unique value for 𝑦(0) which yields a periodic solution of Eq. (4.6).
The corresponding homogeneous equation to Eq. (4.5) is
𝜕𝐿𝑟,ℎ
𝑐0 (1 − 𝑀𝑟 )2 + 𝑟𝑀̇𝑟 + 𝑐0 (𝑀𝑟 − 𝑀2 )
+[
] 𝐿𝑟,ℎ = 0
𝜕𝜏
𝑟(1 − 𝑀𝑟 )

(4.11)

where 𝐿𝑟,ℎ is the solution of Eq. (4.11).
Based on Eq. (4.10), the initial value 𝐿𝑟 (0) which yields the periodic solution to Eq.
(4.5) can be computed
2𝜋

𝐿𝑟,ℎ (2𝜋) ∫0 [− 4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )2 𝑝𝑇′ ]⁄𝐿𝑟,ℎ (𝑠) 𝑑𝑠
𝐿𝑟 (0) =
1 − 𝑦ℎ (2𝜋)

(4.12)

where 𝐿𝑟,ℎ is obtained by solving Eq. (4.11) numerically using a fourth-order Runge-Kutta
method (Ref. 78). After the initial value 𝐿𝑟 (0) yielding the periodic solution is obtained,
Eq. (4.5) is solved numerically using a fourth-order Runge-Kutta method. Additionally, the
thickness noise 𝑝𝑇′ is computed numerically using PSU-WOPWOP. The values of 𝑟,
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𝑀𝑟 , 𝑀̇𝑟 , 𝑀2 and observer time at each source time step are known from the acoustic
computation that provides 𝑝𝑇′ .

4.1.2

Results and Discussion

The loading solution (𝐿𝑟 ) of point control force is computed using the methodology
developed in section 4.1.1. Point control forces at different radial and chordwise positions
are computed to study the effect of point control force location on the loading solution and
noise reduction.

4.1.2.1

Loading Solution of Point Control Force

In this study, a single point control force is used to generate loading noise that cancels
the thickness noise at the target observer. The target observer is directly in front of the
helicopter and the distance between the target observer and the rotor hub is 100 rotor radii,
as shown in Fig. 4.1. The target observer location is kept unchanged for all the following
cases in section 4.1.2. The point control force is located at a radial position 𝑟𝑝 = 0.95 and a
chordwise position 𝑥𝑝 = 0.5 (mid chord), which are non-dimensionalized by rotor radius
and blade chord respectively. This example uses a one-bladed rotor consisting of a single
rectangular, untwisted rotor blade with an NACA 0012 airfoil used throughout the span.
The rotor blade has a span of 5.79m and a chord of 0.381m. The advance ratio (𝜇) is 0.3,
corresponding to an advancing tip Mach number 𝑀𝐴𝑇 = 0.8. The rotor blade and flight
condition is kept unchanged for all the following cases in this chapter.
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Figure 4.1. Schematic of the target observer position.
The 𝐿𝑟 solution of the point control force is solved and shown in Fig. 4.2. The
corresponding acoustic pressure time history and spectrum at the target observer is shown
in Fig. 4.3. Acoustic pressure time history shows that thickness noise is canceled
completely by the loading noise generated by the point control force, which validates that
the methodology used for solving the loading solution of point control force is correct.
Here, thickness noise is the baseline noise (without control), and total noise is the noise
after the control is activated. Spectrum result indicates that the loading solution provides
significant reduction (over 50 dB) in the entire frequency range (up to 50 BPF) at the target
observer. As shown in Fig. 4.2, the 𝐿𝑟 solution has a rapid increase around the advancing
side (90 deg. blade azimuth). This characteristic of the loading solution is similar to the
result of Gopalan and Schmitz (Refs. 32-36).

77

Figure 4.2. 𝐿𝑟 solution for point control force at 𝑟𝑝 = 0.95 and 𝑥𝑝 = 0.5.

(a)

(b)

Figure 4.3. Noise result at target observer using point control force at 𝑟𝑝 = 0.95 and 𝑥𝑝 =
0.5. (a) acoustic pressure time history; (b) acoustic spectrum.

Equation (4.5) is the loading noise generated by the point control force. It can be
rewritten as
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𝑝𝐿′ (𝑥⃗, 𝑡) = [

1
1
𝜕𝐿𝑟
1
𝐿𝑟
]
+
[
]
4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )2 𝜕𝜏 ret
4𝜋 𝑟 2 (1 − 𝑀𝑟 ) ret

+[

1
𝑀̇𝑟 𝐿𝑟
1
𝑀𝑟 𝐿𝑟
] +[
]
3
2
4𝜋𝑐0 𝑟(1 − 𝑀𝑟 ) ret
4𝜋 𝑟 (1 − 𝑀𝑟 )3 ret

−[

1
𝑀2 𝐿𝑟
]
4𝜋 𝑟 2 (1 − 𝑀𝑟 )3 ret

(4.12)

It can be observed that each term of Eq. (4.12) has either a 1/𝑟 or 1/𝑟 2 dependence;
hence they are known as the far-field (1/𝑟 dependence) and near-field terms (1/𝑟 2
dependence), respectively. Near-field terms usually can be neglected for distant observers.
In Eq. (4.12), there are two far-field terms, which are (𝜕𝐿𝑟 ⁄𝜕𝜏)⁄[4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )2 ] and
(𝑀̇𝑟 𝐿𝑟 )⁄[4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )3 ], and three near-field terms. The contribution of each far-field
term and all the near-field terms to the loading noise of point control force at the target
observer are computed and shown in Fig. 4.4. In Fig. 4.4, ‘𝑑𝐿𝑟 ⁄𝑑𝜏 term’ and ‘𝐿𝑟 term’
refer to the loading noise generated by the term (𝜕𝐿𝑟 ⁄𝜕𝜏)⁄[4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )2 ] and the term
(𝑀̇𝑟 𝐿𝑟 )⁄[4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )3 ] respectively, and ‘near-field terms’ refers to the loading noise
generated by all the near-field terms. As illustrated in Figure 4.4, the far-field term
(𝜕𝐿𝑟 ⁄𝜕𝜏)⁄[4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )2 ] is the dominant contributor to loading noise. The
contribution of (𝑀̇𝑟 𝐿𝑟 )⁄[4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )3 ] term is small compared to the 𝜕𝐿𝑟 ⁄𝜕𝜏 term,
while the contribution from all the near-field terms is negligible. Comparison of the
contribution of each term to loading noise indicates that the rapid increase of 𝐿𝑟 on the
advancing side results in the positive peak of loading noise cancelling negative peak of
thickness noise, which is vital for the noise reduction at the target observer.
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Figure 4.4. Contribution of each term to loading noise at target observer.

4.1.2.2

Point Control Force at Different Radial Locations

The point control force considered so far has been located at a single position of 𝑟𝑝 =
0.95 and 𝑥𝑝 = 0.5. It is reasonable to consider changing the position of the point control
force to different positions. In this section, five point control forces located at different
radial locations are considered. The radial positions of them are 𝑟𝑝 = 0.95, 0.85, 0.75, 0.65
and 0.55 respectively. These point control forces are all applied at 𝑥𝑝 = 0.5. The loading
solution (𝐿𝑟 ) of the point control force at each radial location is computed so that each
loading solution can independently cancel the thickness noise at the target observer. A
comparison of the loading solution at each radial location is shown in Fig. 4.5. Acoustic
pressure at the target observer using each loading solution is shown in Fig. 4.6, where only
total noise (the sum of thickness noise and loading noise) is shown for clarity. As illustrated
in Fig. 4.6, the point control force at each radial location is able to completely cancel the
thickness noise at target observer.
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Figure 4.5. 𝐿𝑟 solution of point control force at 𝑟𝑝 = 0.95, 0.85, 0.75, 0.65 and 0.55; 𝑥𝑝 =
0.5.

Figure 4.6. Total noise at target observer using point control force at 𝑟𝑝 = 0.95, 0.85, 0.75,
0.65 and 0.55; 𝑥𝑝 = 0.5.
Upon comparison of the 𝐿𝑟 solutions for point control forces at different radial
locations, it can be seen that larger rate of change (on the advancing side) and amplitude
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of 𝐿𝑟 are required for the point control force to cancel the thickness noise as the point
control force is moved inboard from the blade tip. It is interesting to investigate the reason
for the difference in the required loading schedule for each of the radial locations. Based
on the discussion in the previous section, the term (𝜕𝐿𝑟 ⁄𝜕𝜏)⁄[4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )2 ] is the
dominant contributor to the loading noise. A rapid increase of 𝐿𝑟 on the advancing side
results in the positive peak of loading noise that cancels the negative peak of thickness
noise. As the point control force is moved inboard from the blade tip, the value of 𝑀𝑟
decreases resulting in the decrease of the term 1⁄[𝑟(1 − 𝑀𝑟 )2 ]. Thus, in order to continue
to cancel the same thickness noise negative peak, a larger rate of increase of 𝐿𝑟 (𝜕𝐿𝑟 ⁄𝜕𝜏)
is needed for a point control force at inboard positions.
Another difference seen when comparing 𝐿𝑟 solutions for point control forces at
different radial location is that the source time (blade azimuth angle) range over which the
𝐿𝑟 solution increases (around the advancing side) decreases as the point control force is
moved inboard from the blade tip. To understand the reason for this difference, it is useful
to consider the path of the point control force. For example, consider the point control force
at 𝑟𝑝 = 0.95, which is shown as a red line in Fig. 4.7 and point control force at 𝑟𝑝 = 0.55,
which is shown as a blue line in Fig. 4.7. The point control force is moving from right to
left around a helical path as the rotor moves forward. The black lines in Fig. 4.7 are the
acoustic planform (Σ surface) of the compact line 𝑥𝑝 = 0.5 on the blade for each observer
time t (indicated by the label in Fig. 4.7). The intersection of the red or blue lines with the
black time lines correspond to the location of the point control force such that the acoustic
signal is emitted by the point control force at this location (source time) and will be received
at the target observer at the indicated observer time. Based on Fig. 4.3, the observer time
range corresponding to the negative peak of thickness noise is approximately t = 0.038 –
0.046 s. According to Fig. 4.7, the source time (blade azimuth angle) range of point control
force at 𝑟𝑝 = 0.95 corresponding to the observer time range of thickness noise negative
peak is much greater than that of the point control force at 𝑟𝑝 = 0.55. This indicates that the
point control force at blade tip requires a longer azimuth angle range over which 𝐿𝑟
increases rapidly as compared to the inboard point control force, in order to cancel the same
thickness noise negative peak at the target observer.
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𝑉𝐻

Figure 4.7. Path of two point control force at 𝑟𝑝 = 0.55 and 𝑟𝑝 = 0.95, and acoustic planform
of compact line 𝑥𝑝 = 0.5 for each indicated observer time.

In addition to the target observer, the effect of point control force on noise at other
observer locations is studied as well. Acoustic pressure at nine observers using the point
control forces at different radial locations are shown in Figs. 4.8 through 4.12
corresponding to the point control force at 𝑟𝑝 = 0.95, 0.85, 0.75, 0.65 and 0.55, respectively.
In Figs. 4.8 through 4.12, there is a 3 by 3 observer grid. The center point is the target
observer directly ahead of the rotor. The resolution of this observer grid is 10 deg. and the
distance between each observer and the rotor hub is 100 rotor radii. In Figs. 4.8 through
4.12, observer azimuth angle and observer elevation angle are denoted by 𝜓𝑜𝑏𝑠 and 𝜃𝑜𝑏𝑠
respectively. It can be seen that the noise reduction decreases as the observer is moved
away from the target observer for all observer azimuth or elevation directions, and this
decrease is more significant in the observer azimuth direction. Specifically, at the observer
directly above or below the target observer, the phase of thickness and loading noise is still
consistent, but the positive peak of loading noise is slightly greater than the negative peak
of thickness noise resulting in that the noise cancellation is not complete. Whereas at the
observer to either side of the target observer position, the phase of thickness and loading
noise is no longer consistent so that the noise reduction degrades as compared to the target
observer. At observer locations to either side of the target observer position, it can be seen
that the noise reduction decreases as the point control force is moved inboard from the
blade tip. This is because that at an observer position to either side of the target observer
position, as the point control force is moved inboard from the blade tip, the phase difference
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between thickness and loading noise increases resulting significantly less noise
cancellation. While at observer directly above or below the target observer position the
noise reduction basically remains unchanged as the point control force is moved inboard
from the blade tip.

Figure 4.8. Acoustic pressure at multiple observers using point control force at 𝑟𝑝 = 0.95
and 𝑥𝑝 = 0.5.
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Figure 4.9. Acoustic pressure at multiple observers using point control force at 𝑟𝑝 = 0.85
and 𝑥𝑝 = 0.5.

Figure 4.10. Acoustic pressure at multiple observers using point control force at 𝑟𝑝 = 0.75
and 𝑥𝑝 = 0.5.
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Figure 4.11. Acoustic pressure at multiple observers using point control force at 𝑟𝑝 = 0.65
and 𝑥𝑝 = 0.5.

Figure 4.12. Acoustic pressure at multiple observers using point control force at 𝑟𝑝 = 0.55
and 𝑥𝑝 = 0.5.
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In order to further examine the effectiveness of point control force at each radial
location for noise reduction at observers other than the target observer position, the overall
sound pressure level (OASPL) on a spherical observer grid is computed. This spherical
grid translates with the same velocity as the rotor hub, as shown in Fig. 4.13. The helicopter
moves along the negative direction of x axis and the rotor-plane is x-y plane. The origin of
the spherical grid is at the rotor hub and its radius is 100 rotor radii.

𝑉𝐻

Figure 4.13. Spherical observer grid.

Here the reduction of OASPL (dB) value at each observer point on the spherical grid
is used to evaluate the noise reduction effectiveness of point control force. The reduction
of OASPL is computed by subtracting the OASPL value using the point control force from
the value of the baseline case (without control). Therefore, a positive value of OASPL
reduction indicates that there is noise reduction provided by the point control force while
a negative value indicates that noise is increased at that location when using the point
control force. The OASPL reduction on the spherical grid corresponding to the point
control force at 𝑟𝑝 = 0.95, 0.85, 0.75, 0.65 and 0.55 is shown in Figs. 4.14 through 4.18. In
these figures, the spherical observer grid is shown as a rectangular 2-dimensional grid,
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where x axis represents the observer azimuth angle (𝜓𝑜𝑏𝑠 ) and y axis represents the
observer elevation angle (𝜃𝑜𝑏𝑠 ). The top and bottom line of the rectangular grid correspond
to the top and bottom point of the spherical grid respectively. An observer azimuth angle
of 180 deg. corresponds to the region directly in front of the helicopter while 0 or 360 deg.
refers to the region directly behind the helicopter. An observer elevation angle of 0 deg.
corresponds to the rotor-plane while 90 and -90 deg. refer to the top and bottom point of
the spherical grid respectively. Therefore, the target observer is at the center of this
rectangular grid.
As shown in Figs. 4.14 through 4.18, one figure for each point control force at a
different radial location, the noise reduction area is located directly in front of the rotor and
its area is not large. Additionally, the noise reduction area decreases as the point control
force is moved inboard from the blade tip.

Figure 4.14. OASPL reduction on the spherical grid using point control force at 𝑟𝑝 = 0.95
and 𝑥𝑝 = 0.5.
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Figure 4.15. OASPL reduction on the spherical grid using point control force at 𝑟𝑝 = 0.85
and 𝑥𝑝 = 0.5.

Figure 4.16. OASPL reduction on the spherical grid using point control force at 𝑟𝑝 = 0.75
and 𝑥𝑝 = 0.5.
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Figure 4.17. OASPL reduction on the spherical grid using point control force at 𝑟𝑝 = 0.65
and 𝑥𝑝 = 0.5.

Figure 4.18. OASPL reduction on the spherical grid using point control force at 𝑟𝑝 = 0.55
and 𝑥𝑝 = 0.5.

The effect of the radial location of point control force on the noise reduction area may
be seen more quantitatively by using a OASPL polar directivity plot. Here, the OASPL
polar directivity in the rotor-plane and x-z plane are shown, respectively. A schematic of
the rotor-plane and x-z plane is shown in Fig. 4.19. Figure 4.20 shows the OASPL polar
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directivity in the rotor-plane. This figure illustrates that for point control at each radial
location, the noise reduction decreases significantly as the observer is moved to either side
of the target observer position. The azimuth range of noise reduction area decreases as the
point control force is moved inboard from the blade tip. Specifically, the azimuth angle
range of noise reduction caused by the point control force at 𝑟𝑝 = 0.95 is 60 deg. (150 –
210 deg.) while that of point control force at 𝑟𝑝 = 0.55 is only 20 deg. (170 – 190 deg.). In
addition, at the same observer position (e.g. 𝜓𝑜𝑏𝑠 = 170 deg. 𝜃𝑜𝑏𝑠 = 0 deg.), the noise
reduction of point control force at 𝑟𝑝 = 0.95 is greater than that of other inboard point
control forces. The reason for this may be found in Fig. 4.5, the comparison of 𝐿𝑟 solution
at each radial location. For an in-plane observer, the blade azimuth angle (source time)
corresponding to the observer time at which the negative peak of thickness noise occurs is
approximately 90 deg. less than the observer azimuth angle, because at the blade azimuth
that is less than the observer azimuth by 90 deg., the value of 𝑀𝑟 is maximum so that the
acoustic amplification (1⁄(1 − 𝑀𝑟 )2 ) is maximum. Now consider an in-plane observer to
the left or right side of the target observer position (e.g. 𝜓𝑜𝑏𝑠 = 160 deg.). Based on the
above analysis, for this observer the blade azimuth angle corresponding to observer time
at which the thickness noise negative peak occurs is approximately equal to 70 deg. (𝜓𝑏 =
𝜓𝑜𝑏𝑠 − 90). According to Fig. 4.5, the loading solution (𝐿𝑟 ) of outboard point control force
has a longer blade azimuth range over which 𝐿𝑟 increases (around the advancing side).
Thus, at the blade azimuth of 70 deg., loading solution of outboard point control force (e.g.
𝑟𝑝 = 0.95) still increases which may generate large loading noise to cancel thickness noise
(a rapid increase of 𝐿𝑟 is the dominant contributor to loading noise), while loading of
inboard point control force (e.g. 𝑟𝑝 = 0.55) no longer increases at this blade azimuth (𝜓𝑏 =
70 deg.) so that the generated loading noise is small and unable to cancel thickness noise.
Figure 4.21 shows the OASPL directivity in the x-z plane. As illustrated in this figure,
the elevation angle range of noise reduction area decreases as the point control force is
moved inboard from the blade tip. Previous computations of the acoustic pressure time
history (Figs. 4.8 through 4.12) indicates that at observer directly above or below the target
observer position, the phase of thickness and loading noise is consistent, but the positive
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peak of loading noise is larger than the negative peak of thickness noise and therefore the
noise cancellation is not complete. This means the rate of increase of loading on the
advancing side designed for noise cancelation at target observer is too high for the observer
directly above or below the target observer. This mismatch becomes more significant as
the observer elevation angle increases, or the point control force is moved inboard from the
blade tip.

x-z plane

𝑉𝐻
rotor-plane

Figure 4.19. Schematic of rotor-plane and x-z plane.
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𝑉𝐻

Figure 4.20. OASPL polar directivity in the rotor-plane using point control force at 𝑟𝑝 =
0.95, 0.85, 0.75, 0.65 and 0.55 (𝑥𝑝 = 0.5) respectively.

𝑉𝐻

Figure 4.21. OASPL polar directivity in the x-z plane using point control force at 𝑟𝑝 =
0.95, 0.85, 0.75, 0.65 and 0.55 (𝑥𝑝 = 0.5) respectively.
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4.1.2.3

Point Control Force at Different Chordwise Locations

As was done previously for spanwise locations of the point control force, here the
impact of chordwise position is considered. The loading solution of point control forces at
different chordwise location is computed. Each point control force will independently
cancel the thickness noise at the target observer. Here three chordwise locations are
considered, which are 𝑥𝑝 = 0.0, 0.5 and 1.0 corresponding to the leading edge, mid chord
and trailing edge respectively. The three point control forces are all applied at a spanwise
position of 𝑟𝑝 = 0.95. A comparison of the loading solution at each chordwise location is
shown in Fig. 4.22. Acoustic pressure time history at the target observer using a point
control force at each of the different chordwise locations is shown in Fig. 4.23 (only total
noise is shown). As illustrated in Fig. 4.23, point control force at each chordwise location
can completely cancel the thickness noise at the target observer.

Figure 4.22. Loading solution of point control force at 𝑥𝑝 = 0.0, 0.5 and 1.0 (𝑟𝑝 = 0.95).
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Figure 4.23. Total noise at target observer using point control force at 𝑥𝑝 = 0.0, 0.5, and
1.0 (𝑟𝑝 = 0.95), respectively.

It can be observed in Figure 4.22 that the loading solution for each chordwise point
control force location is different, but the difference is not significant. This difference may
be attributed to the retarded time difference at different chordwise positions. The source
time at which the sound is emitted can be substantially different for the leading and trailing
edge at high advancing tip Mach numbers, especially at the blade tip. This is visualized in
Fig. 4.24, where the acoustic planform of the rotor blade corresponding to three different
observer times is shown. The path of point control force at 𝑟𝑝 = 0.95 is shown in Fig. 4.24
as well. The intersection of the acoustic planform and the path of point control force
represent the blade azimuth angle (source time) of each chordwise location corresponding
to the indicated observer time. Now take the acoustic planform corresponding to the
observer time 𝑡 = 0.0418s at which the negative peak of thickness noise occurs as an
example. It can be observed that on this acoustic planform, the blade azimuth of leading
edge is larger than that of the trailing edge. This means that the increase of loading (on the
advancing side) at the trailing edge needs to start earlier than that of the leading edge to
cancel the same thickness noise negative peak.
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𝑉𝐻

Figure 4.24. Acoustic planform of blade corresponding to three different observer times
and the path of point control force at 𝑟𝑝 = 0.95.

The effectiveness of point control force at different chordwise location, in terms of
noise reduction at observers other than the target observer, is examined through OASPL
polar directivity plots in the rotor-plane and the x-z plane, as shown in Figs. 4.25 and 4.26
respectively. It can be seen that the noise reduction area is not significantly different for
the point control forces at different chordwise locations.
The results of loading solutions for different radial and chordwise locations indicate
that the effect of spanwise position (of point control force) on the loading solution and
noise reduction area is much more important than that of the chordwise position.
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𝑉𝐻

Figure 4.25. OASPL polar directivity in the rotor-plane using point control force at 𝑥𝑝 =
0.0, 0.5 and 1.0 (𝑟𝑝 = 0.95) respectively.

𝑉𝐻

Figure 4.26. OASPL polar directivity in the x-z plane using point control force at 𝑥𝑝 =
0.0, 0.5 and 1.0 (𝑟𝑝 = 0.95) respectively.
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4.2 Noise Reduction over an Area
The single point control forces developed in section 4.1 are able to provide complete
noise cancellation at the target observer, but noise reduction decreases significantly as the
observer is moved away from the target observer position. Therefore, two methodologies
are developed in this section to solve for the control force loading solution for noise
reduction over a broad area.

4.2.1

Methodology

In this section, two different methodologies are developed to solve for the control force
loading solution for noise reduction over an area. The first method is a linear combination
of the control force loading solutions that each completely cancels thickness noise at
different single observer locations, and then use an optimizer to determine the weights (or
coefficients) for each loading solution. This approach is called the combination
methodology. The second methodology is to model the control force loading solution (for
noise reduction over an area) using a prescribed formula and then use an optimizer to solve
the unknown parameters in the prescribed formula. This method is called the prescribed
formula methodology. For each methodology, both chordwise and spanwise forces are
considered for noise reduction over a broad area.

4.2.1.1

Combination Methodology

In this study, a target area consisting of multiple observers is considered. For each
observer location in the target area, the loading solution (𝐿𝑟 ) of point control forces that
each completely cancels the thickness noise at one of the multiple observer locations is
computed based on methodology developed in section 4.1. The fundamental idea of this
methodology is to combine these loading solutions in order to generate a new loading
solution that can provide noise reduction over the entire target area. However, the solution
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𝐿𝑟 (component of the loading vector in the radiation direction) can no longer be used as
the variable to describe loading solution because its definition is different for different
observer locations (because the radiation direction is different for different observer
positions). In order to address this issue, for each observer, the individual point control
force loading solution 𝐿𝑟 is converted to a loading vector by multiplying it by the unit
radiation vector of this observer.
⃗⃗ = 𝐿𝑟 𝑟̂
𝐿

(4.13)

⃗⃗ is the loading vector and 𝑟̂ is the unit radiation vector.
where 𝐿
Because in-plane observer locations are considered here, 𝑟̂ is an in-plane vector.
⃗⃗ can be written as
Therefore, loading vector 𝐿
⃗⃗ = 𝐹𝑐 𝑥̂ + 𝐹𝑠 𝑦̂
𝐿

(4.14)

where 𝑥̂ and 𝑦̂ are the unit vectors in the x axis (chordwise) and y axis (spanwise) directions
in the blade frame respectively, and 𝐹𝑐 and 𝐹𝑠 are the chordwise and spanwise components
⃗⃗, respectively. Now the set of loading vectors that completely cancel
of the loading vector 𝐿
the thickness noise at a different single observer position can be combined. A linear
combination is used to combine the chordwise and spanwise component of each loading
vector to form a new chordwise and spanwise control force loading, i.e.,
𝑛

𝐹𝑐 = ∑ 𝑘𝑖 𝐹𝑐,𝑖

(4.15)

𝑖=1

𝑛

𝐹𝑠 = ∑ 𝑘𝑖 𝐹𝑠,𝑖
𝑖=1

(4.16)
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where 𝐹𝑐 and 𝐹𝑠 are the chordwise and spanwise component of the control force loading
solution for noise reduction over the target area and n is the number of observers used to
represent the target area. Additionally, 𝐹𝑐,𝑖 and 𝐹𝑠,𝑖 are the chordwise and spanwise
component of the ith loading vector and 𝑘𝑖 is the coefficient for the ith loading vector. The
ith loading vector is able to completely cancel the thickness noise at the ith observer.
The coefficient of each loading vector (𝑘𝑖 ) is solved using an optimization method
with a particular optimization/noise minimization goal. Here a MATLAB optimizer
(function ‘fminsearch’) is used to solve this problem. This optimizer uses the Nelder-Mead
simplex method (Ref. 79). This is a direct search method that does not use gradients. If the
input variable to the optimizer consists of n variables, a simplex is characterized by n+1
vectors that are its vertices. At each search step, a new point which is in or near the simplex
is generated. Then the objective function value at this new point is computed and compared
with the objective function value at all the vertices of the simplex. One of the vertices is
then replaced by this new point, which results in a new simplex. This iteration is repeated
until the diameter of the simplex meets the tolerance requirement. The objective function
of this optimization is defined as the sum of peak-to-peak value of total noise time history
at each observer in the target area.
𝑛
′
′
objective = ∑(𝑝𝑖,𝑚𝑎𝑥
− 𝑝𝑖,𝑚𝑖𝑛
)

(4.17)

𝑖=1

′
′
where n is the number of observers used to represent the target area, and 𝑝𝑖,𝑚𝑎𝑥
and 𝑝𝑖,𝑚𝑖𝑛

are the maximum and minimum value of the total noise time history at the ith observer,
respectively.

4.2.1.2

Prescribed Formula Methodology

In this study, the control force loading solution (chordwise force or spanwise force)
for noise reduction over the target area is modeled using a prescribed formula.
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𝑘

𝐹𝑐 = (𝑎0 + ∑[𝑎𝑛 cos(𝑛𝜓) + 𝑏𝑛 sin(𝑛𝜓)]) sin𝑚 (𝜓⁄2 + 𝜋⁄4)

(4.18)

𝑛=1

𝑘

𝐹𝑠 = (𝑎0 + ∑[𝑎𝑛 cos(𝑛𝜓) + 𝑏𝑛 sin(𝑛𝜓)]) sin𝑚 (𝜓⁄2 + 𝜋⁄4)

(4.19)

𝑛=1

The prescribed formula consists of two parts. The first part is a formula consisting of
harmonic frequencies of 1-k/rev where 𝑎𝑛 and 𝑏𝑛 are the amplitude for the sine and cosine
function of each harmonic frequency and 𝑎0 is a constant. The second part
(sin𝑚 (𝜓⁄2 + 𝜋⁄4)) is a filter function (Ref. 36) which maintains the function value
around the advancing side and reduces it to zero on the retreating side of the rotor disk.
The values of k and m in the prescribed formula need to be determined before the
optimization. In this study, k is equal to 6, because a formula consisting of harmonic
frequencies of 1-6/rev is enough to describe the loading solution for noise reduction over
a broad area. The value of m in the filter function determines the speed of decrease of the
function from the advancing side to the retreating side. In this study, m is equal to 10. The
values of k and m can be adjusted for different problems.
The unknowns in the prescribed formula (𝑎0 , 𝑎𝑛 and 𝑏𝑛 ) are solved using the
optimization method. Again, the MATLAB optimizer (function ‘fminsearch’) is used. The
objective function is still the sum of peak-to-peak value of total noise time history at each
observer in the target observer.

4.2.2

Results and Discussion

Chordwise and spanwise force components are used separately for noise reduction
over an area, and will be discussed in the following sections separately. The two
methodologies developed in section 4.2.1 are used to compute the chordwise and spanwise
force solutions.
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4.2.2.1

Chordwise Force

In this section, chordwise force of a single point control force is used exclusively for
noise reduction over the target area. Here the chordwise force acts on the blade. The single
point control force is situated at 𝑟𝑝 = 0.95 and 𝑥𝑝 = 0.5. A one-bladed rotor consisting of a
single rectangular, untwisted blade with a NACA 0012 airfoil used throughout the span is
used. The rotor blade has a span of 5.79m and a chord of 0.381m. The advance ratio (𝜇) is
0.3 and corresponding advancing tip Mach number is 𝑀𝐴𝑇 = 0.8. The target area consists
of 13 in-plane observers whose observer azimuth angle is from 120 deg. to 240 deg. at
equally spaced intervals (𝜓𝑜𝑏𝑠 = 120 – 240 deg.), as shown in Fig. 4.27. The distance
between each observer and the rotor hub is 100 rotor radii. No out-of-plane observer
locations were used to represent the target area because it was found that the noise
reduction provided by the loading solution of point control force that completely cancels
thickness noise at the target observer degrades more rapidly in the observer azimuth
direction than in the observer elevation direction.

Figure 4.27. Schematic of target area consisting of 13 in-plane observers 𝜓𝑜𝑏𝑠 = 120 –
240 deg.

The chordwise force solution for noise reduction over the target area is solved using
the combination methodology and prescribed formula methodology respectively, as shown
in Fig. 4.28. It can be seen that the chordwise force solutions computed by the combination
and prescribed formula methods are similar. Both of them have a rapid increase in
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chordwise force 𝐹𝑐 over the blade azimuth range of approximately 30 to 150 deg. The
chordwise force computed by the prescribed formula methodology is very small around
the retreating side because of the filter function.

Figure 4.28. Chordwise force solutions computed by the combination and prescribed
formula methodology for noise reduction at 13 in-plane observers (𝜓𝑜𝑏𝑠 = 120 – 240 deg.).
The OASPL polar directivity in the rotor-plane with only the chordwise component of
control force is shown for no control, the combination methodology, and the prescribed
formula methodology in Fig. 4.29. It can be seen both combination and prescribed formula
methodology result in chordwise force solutions that provides significant noise reduction
over a wide observer azimuth range. Specifically, chordwise force computed by the
combination methodology results in the noise reduction over the observer azimuth range
of approximately 123 to 240 deg. while chordwise force computed by the prescribed
formula methodology provides noise reduction over the observer azimuth range of
approximately 125 to 230 deg. Additionally, both these two chordwise control force
solutions provide over 6 dB reduction over the observer azimuth range of 150 to 210 deg.
Over the observer azimuth range of 120 to 150 deg. and 210 to 240 deg. the noise reduction
resulting from the combination methodology is slightly larger than that of the prescribed
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formula methodology. Both the combination and prescribed formula methodologies result
in the increase of noise over the observer azimuth range of 0 to 120 deg. and 240 to 360
deg. However, the increase of noise over this observer azimuth range is not important,
because the in-plane observer locations at the side of and behind the helicopter are not near
the ground (the main rotor tip path plane has a slight downward tilt, as shown in Fig. 1),
and the baseline noise levels are much lower than in front of the helicopter.

𝑉𝐻

Figure 4.29. OASPL polar directivity in the rotor-plane corresponding to no control,
chordwise force computed by the combination methodology, and chordwise force
computed by the prescribed formula methodology.

The OASPL polar directivity in the x-z plane corresponding to no control, chordwise
force computed by the combination methodology, and chordwise force computed by the
prescribed formula methodology is shown in Fig. 4.30. In the x-z plane, the noise reduction
resulting from the combination and prescribed formula methods are very similar. At
observer azimuth of 180 deg. both these chordwise force solutions provide noise reduction
over the observer elevation range approximately of -70 to 70 deg. Additionally, the noise
reduction value is over 6 dB over the observer elevation range of -50 to 50 deg. Behind the
helicopter (in the 𝜓𝑜𝑏𝑠 = 0 deg. direction), both control force solutions result in the increase
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of noise, but the noise behind the helicopter is still substantially lower than the noise in
front of the helicopter (in the 𝜓𝑜𝑏𝑠 = 180 deg. direction).

𝑉𝐻

Figure 4.30. OASPL polar directivity in the x-z plane corresponding to no control,
chordwise force computed by the combination methodology, and chordwise force
computed by the prescribed formula methodology.

In order to examine the noise reduction over the target area more thoroughly, the
acoustic pressure time history and spectrum at the in-plane observer directly ahead of the
rotor (corresponding to the chordwise force solution computed by the combination method)
is shown in Fig. 4.31. The same result corresponding to the chordwise force solution
computed by the prescribed formula method is shown in Fig. 4.32. As shown in these two
figures, the acoustic pressure time history result corresponding to these two methods are
very similar. The thickness noise negative peak is partially cancelled by the loading noise
positive peak, which results in the noise reduction at this in-plane observer directly in front
of the rotor (𝜓𝑜𝑏𝑠 = 180 deg.). Here, thickness noise is the noise without control, and total
noise is the noise with control. The spectrum result corresponding to these two methods
are similar too. Noise reduction in the frequency range of approximately 1 to 30 BPF is
achieved. Additionally, noise reduction in the frequency range of 3 to 8 BPF is the largest,
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which is over 10 dB. The acoustic pressure time history and spectrum at other observers in
the target area is shown in Appendix A (section A.1).

(a)

(b)

Figure 4.31. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. corresponding to no control,
and chordwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.

(a)

(b)

Figure 4.32. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. corresponding to no control,
and chordwise force computed by the prescribed formula methodology. (a) acoustic
pressure time history; (b) acoustic spectrum.
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Figure 4.33 shows the contribution of each far-field term and all the near-field terms
to the loading noise at the in-plane observer directly in front of the rotor (𝜓𝑜𝑏𝑠 = 180 deg.),
in which the terms (𝜕𝐿𝑟 ⁄𝜕𝜏)⁄[4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )2 ] and (𝑀̇𝑟 𝐿𝑟 )⁄[4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )3 ] are
denoted by 𝑑𝐿𝑟 ⁄𝑑𝜏 term and 𝐿𝑟 term respectively. In Fig. 4.33 the loading noise generated
by the chordwise force solution computed by the combination and prescribed formula
methodologies are shown separately. In the figure, at the in-plane observer 𝜓𝑜𝑏𝑠 = 180
deg., the (𝜕𝐿𝑟 ⁄𝜕𝜏)⁄[4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )2 ] term is the dominant contributor to the loading
noise. The result is similar at other observers in the target area (𝜓𝑜𝑏𝑠 = 120 – 240 deg.).

(a)

(b)

Figure 4.33. Contribution of each far-field term and all the near-field terms to the loading
noise at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (a) loading noise generated by the chordwise
force computed by the combination methodology; (b) loading noise generated by the
chordwise force computed by the prescribed formula methodology.
The relation between 𝐿𝑟 and chordwise force 𝐹𝑐 can be written as
𝐿𝑟 = 𝐹𝑐 sin(𝜓𝑜𝑏𝑠 − 𝜓𝑏 )

(4.19)

in which 𝐿𝑟 is the component of loading vector (acting on the fluid) in the radiation
direction and 𝐹𝑐 is the chordwise force acting on the blade. In addition, 𝜓𝑜𝑏𝑠 and 𝜓𝑏
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indicate the observer azimuth and blade azimuth respectively. The source time derivative
of both sides of Eq. (4.19) can be computed directly as:
𝑑𝐿𝑟
𝑑𝐹𝑐
=
sin(𝜓𝑜𝑏𝑠 − 𝜓𝑏 ) − 𝐹𝑐 cos(𝜓𝑜𝑏𝑠 − 𝜓𝑏 )
𝑑𝜓𝑏 𝑑𝜓𝑏

(4.20)

It has already been shown that the blade azimuth angle (source time) corresponding to
the observer time at which the negative peak of thickness noise occurs is approximately 90
deg. less than the observer azimuth angle. Substituting this relation (𝜓𝑜𝑏𝑠 − 𝜓𝑏 ≅ 90 deg.)
into Eq. (4.20), the second term is basically equal to zero because cos 90° = 0. Therefore,
at the blade azimuth angle corresponding to the observer time at which thickness noise
negative peak occurs, the source time derivative of 𝐿𝑟 (𝑑𝐿𝑟 ⁄𝑑𝜓𝑏 ) is mostly comprised of
the source time derivative of chordwise force (𝑑𝐹𝑐 ⁄𝑑𝜓𝑏 ).
The term including source time derivative of 𝐿𝑟 is the dominant contributor to the
loading noise, and at the blade azimuth corresponding to the observer time at which
thickness noise negative peak occurs, the source time derivative of 𝐿𝑟 is mainly attributed
to the source time derivative of chordwise force. Therefore, the source time derivative of
chordwise force is the dominant contributor to the loading noise. Accordingly, for noise
reduction at 13 in-plane observers in the range 𝜓𝑜𝑏𝑠 = 120 – 240 deg., a rapid increase of
chordwise force in the blade azimuth range of approximately 30 to 150 deg. is needed, as
shown in Fig. 4.27. In the blade azimuth range of approximately 30 to 60 deg. and 130 to
150 deg., the rate of increase of chordwise force computed by the combination
methodology is larger than that of chordwise force computed by the prescribed formula
methodology. This may be the reason that over the observer azimuth range of 120 to 150
deg. and 210 to 240 deg., the noise reduction resulting from the combination methodology
is slightly larger than that of the prescribed formula methodology.
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4.2.2.2

Spanwise Force

In this section, single point control force that exclusively employs spanwise force for
noise reduction over an area is studied. Here, the spanwise force acts on the blade. Again,
the point control force is located at 𝑟𝑝 = 0.95 and 𝑥𝑝 = 0.5. The target area consists of 13
in-plane observers whose observer azimuth angle is from 120 to 240 deg. at equally spaced
intervals. Additionally, the rotor blade and operating condition used in this section is
identical to that of the chordwise force section (4.2.2.1).
The spanwise force solution for noise reduction over the target area is computed using
the combination methodology and prescribed formula methodology, respectively, as
shown in Fig. 4.34. It can be seen that the spanwise force solutions computed by the
combination and prescribed formula methodology are similar. The spanwise force solution
is significantly different from the chordwise force solution. The spanwise force solution
has a maximum value at 90 deg. blade azimuth and then decreases as the blade moves
towards the retreating side where the minimum value of spanwise force occurs. The
spanwise force solution computed by the prescribed formula methodology decreases (as
the blade moves from the advancing side to the retreating side) more rapidly than the
spanwise force computed by the combination methodology because of the filter function.
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Figure 4.34. Spanwise force solutions computed by the combination and prescribed
formula methodology for noise reduction at 13 in-plane observers (𝜓𝑜𝑏𝑠 = 120 – 240 deg.).
The OASPL polar directivity in the rotor-plane corresponding to no control, spanwise
control force computed by the combination methodology, and spanwise control force
computed by the prescribed formula methodology is shown in Fig. 4.35. It can be seen that
both the combination and prescribed formula methodologies provide spanwise force
solution resulting in significant noise reduction over the observer azimuth range of 90 to
270 deg. Additionally, both these two spanwise force solutions are able to provide over 6
dB reduction over the observer azimuth range of 130 to 230 deg. The noise reduction
provided by the spanwise force solution is better than that of the chordwise force solution.
In addition, the noise reduction caused by the spanwise force solution computed by the
prescribed formula methodology is slightly larger than that of the spanwise force computed
by the combination methodology over the observer azimuth range of approximately 120 to
160 deg. and 190 to 240 deg.
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𝑉𝐻

Figure 4.35. OASPL polar directivity in the rotor-plane corresponding to no control,
spanwise force computed by the combination methodology, and spanwise force computed
by the prescribed formula methodology.

The OASPL polar directivity in the x-z plane corresponding to no control, spanwise
force computed by the combination methodology, and spanwise force computed by the
prescribed formula methodology is shown in Fig. 4.36. The two methodologies provide
very similar noise reduction over a wide range of elevation angles. At the observer azimuth
of 180 deg., both these spanwise force solutions provide noise reduction over the observer
elevation range of approximately -60 to 60 deg. Additionally, the noise reduction value is
over 6 dB over the observer elevation range of -30 to 30 deg.
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𝑉𝐻

Figure 4.36. OASPL polar directivity in the x-z plane corresponding to no control,
spanwise force computed by the combination methodology, and spanwise force computed
by the prescribed formula methodology.

The acoustic pressure time history and spectrum at the in-plane observer directly ahead
of the rotor (corresponding to the spanwise force solution computed by the combination
method) is shown in Fig. 4.37. The same result corresponding to the spanwise force
solution computed by the prescribed formula method is shown in Fig. 4.38. As shown in
these two figures, acoustic pressure time history results corresponding to these two
methods are very similar. The thickness noise negative peak is nearly completely cancelled
by the loading noise positive peak, resulting in significant noise reduction at this in-plane
observer directly in front of the rotor (𝜓𝑜𝑏𝑠 = 180 deg.). Here, thickness noise is the noise
without control, and total noise is the noise with control. The spectrum result corresponding
to these two methods are also similar. Considerable noise reduction (over 10 dB) in the
frequency range of approximately 2 to 20 BPF is achieved. The acoustic pressure time
history and spectrum at other observers in the target area is shown in Appendix A (section
A.2).
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(a)

(b)

Figure 4.37. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. corresponding to no control,
and spanwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.

(a)

(b)

Figure 4.38. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. corresponding to no control,
and spanwise force computed by the prescribed formula methodology. (a) acoustic pressure
time history; (b) acoustic spectrum.

Figure 4.39 shows the contribution of each far-field terms and all the near-field terms
to the loading noise at the in-plane observer directly ahead of the rotor (𝜓𝑜𝑏𝑠 = 180 deg.).
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Loading noise generated by the spanwise force computed by the combination and
prescribed

formula

methodology

is

shown

in

Fig.

4.39

respectively.

The

(𝜕𝐿𝑟 ⁄𝜕𝜏)⁄[4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )2 ] term is the dominant contributor to the loading noise for
both spanwise control force solutions. At other observers in the target area (𝜓𝑜𝑏𝑠 = 120 –
240 deg.) the result is similar.

(a)

(b)

Figure 4.39. Contribution of each far-field term and all the near-field terms to the loading
noise at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. (a) loading noise generated by the spanwise
force computed by the combination methodology; (b) loading noise generated by the
spanwise force computed by the prescribed formula methodology.
The relation between the spanwise force solution (𝐹𝑠 ) and 𝐿𝑟 can be written as
𝐿𝑟 = −𝐹𝑠 cos(𝜓𝑜𝑏𝑠 − 𝜓𝑏 )

(4.21)

Computing the azimuthal (or the equivalent source time) derivative of both sides of Eq.
(4.21) yields:
𝑑𝐿𝑟
𝑑𝐹𝑠
=−
cos(𝜓𝑜𝑏𝑠 − 𝜓𝑏 ) − 𝐹𝑠 sin(𝜓𝑜𝑏𝑠 − 𝜓𝑏 )
𝑑𝜓𝑏
𝑑𝜓𝑏

(4.22)
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At the blade azimuth corresponding to the observer time at which thickness noise negative
peak occurs, 𝜓𝑏 ≅ 𝜓𝑜𝑏𝑠 − 90 deg. Substitute this relation into Eq. (4.22), cos(𝜓𝑜𝑏𝑠 −
𝜓𝑏 ) ≅ 0, and sin(𝜓𝑜𝑏𝑠 − 𝜓𝑏 ) ≅ 1. Therefore, it can be seen that at the blade azimuth
corresponding to the observer time at which thickness noise negative peak (loading noise
positive peak) occurs, the azimuthal derivative of 𝐿𝑟 (𝑑𝐿𝑟 ⁄𝑑𝜓𝑏 ) is mainly attributed to the
amplitude of spanwise force (𝐹𝑠 ) rather than the azimuthal derivative of spanwise force
(𝑑𝐹𝑠 ⁄𝑑𝜓𝑏 ). Specifically, the spanwise force is along the spanwise direction of the blade
fixed frame, and therefore the direction of spanwise force (with respect to the ground
frame) is changing as the blade is rotating, which results in the change of 𝐿𝑟 , and the rate
of change of 𝐿𝑟 is strongly related to the spanwise force amplitude.
The term including the source time derivative of 𝐿𝑟 is the dominant contributor to the
loading noise, and at the blade azimuth corresponding to the observer time at which
thickness noise negative peak occurs, the source time derivative of 𝐿𝑟 is primarily
composed of the spanwise force amplitude term 𝐹𝑠 sin(𝜓𝑜𝑏𝑠 − 𝜓𝑏 ). Therefore, the
amplitude of spanwise force is the dominant contributor to the loading noise positive peak
that cancels the thickness noise negative peak.

4.3 Multi-Bladed Rotor
So far in Chapter 4, the study of active control for noise reduction has been conducted
for a one-bladed rotor. In this section, research is conducted to validate that the loading
solution that results in noise reduction for one-bladed rotor is also applicable to the multibladed rotor.

4.3.1

Noise Reduction at Single Observer

First consider the loading solution (𝐿𝑟 ) that results in noise reduction at a single
observer position. Previous results demonstrated that the loading solution (for the onebladed rotor) is able to result in complete noise cancellation at the target observer over the
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entire period, which means that at each observer time, the sum of thickness noise
(generated by the entire blade) and loading noise (generated by the point control force) is
zero (𝑝𝑇′ (𝑡) + 𝑝𝐿′ (𝑡) = 0). Now a rotor consisting of n blades is considered. Each blade
uses the same loading solution that is obtained from the case of one-bladed rotor. At an
arbitrary observer time (t), the thickness noise generated by the ith blade is denoted by
′
(𝑡), and the loading noise generated by the point control force on the ith blade is denoted
𝑝𝑇,𝑖
′
(𝑡). Because for each blade, the loading noise generated by the point control force
by 𝑝𝐿,𝑖

is able to completely cancel the thickness noise generated by the entire blade, it can be
obtained that
′
′
(𝑡) + 𝑝𝐿,𝑖
(𝑡) = 0
𝑝𝑇,𝑖

(4.23)

Thus,
𝑛
′
(𝑡)
∑ 𝑝𝑇,𝑖
𝑖=1

𝑛
′
(𝑡) = 0
+ ∑ 𝑝𝐿,𝑖

(4.24)

𝑖=1

Eq. (4.24) demonstrates that the loading solution that results in complete noise
cancelation at the target observer for a one-bladed rotor can also provide complete noise
cancellation (at the target observer) for a multi-bladed rotor.
In order to validate the above analysis, a five-bladed rotor is used. The parameters of
the five-bladed rotor case are identical to that of the one-bladed rotor case in section 4.1.2
(R = 5.79m, 𝜇 = 0.3 and 𝑀𝐴𝑇 = 0.8). The target observer is directly ahead of the helicopter
and the distance between the target observer and the rotor hub is 100 rotor radii. The point
control force is located at a radial position 𝑟𝑝 = 0.95 and mid chord. The loading solution
(𝐿𝑟 ) obtained from the one-bladed rotor case of section 4.1.2 is applied to each blade of the
five-bladed rotor. Acoustic pressure time history and spectrum at the target observer is
shown in Fig. 4.40. The acoustic pressure time history indicates that thickness noise is
completely canceled by the loading noise at the target observer for this 5-bladed rotor. The
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spectrum shows that significant noise reduction (over 20 dB) in the frequency range of 1
to 13 BPF is achieved.

Figure 4.40. Noise result at target observer for a five-bladed rotor using point control force
at 𝑟𝑝 = 0.95 and 𝑥𝑝 = 0.5. (a) acoustic pressure time history; (b) acoustic spectrum.

4.3.2

Noise Reduction over an Area

Based on the above analysis for the study of noise reduction at a single observer, it can
be inferred that the loading solution that results in noise reduction over a broad area for a
one-bladed rotor should be able to provide similar noise reduction for a multi-bladed rotor.
In order to validate this inference, a five-bladed rotor is used, and the parameters of the
five-bladed rotor case are identical to that of the one-bladed rotor case in section 4.2.2 (R
= 5.79m, 𝜇 = 0.3 and 𝑀𝐴𝑇 = 0.8). The target area consists of 13 in-plane observer positions
whose observer azimuth are from 120 to 240 at equally spaced intervals (𝜓𝑜𝑏𝑠 = 120 – 240
deg.). The point control force is located at a radial position 𝑟𝑝 = 0.95 and mid chord. The
loading solution obtained from the one-bladed rotor case of section 4.2.2 is applied to each
blade of the five-bladed rotor. Chordwise and spanwise force are both discussed.
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4.3.2.1

Chordwise Force

The OASPL polar directivity in the rotor-plane for this five-bladed rotor,
corresponding to no control, chordwise force computed by the combination methodology,
and chordwise force computed by the prescribed formula methodology is shown in Fig.
4.41. As shown in this figure, both these chordwise control force solutions are able to
provide over 6 dB reduction over the observer azimuth range of 150 to 210 deg. The noise
reduction in the rotor-plane of the five-bladed rotor is very similar to that of the one-bladed
rotor.
The OASPL polar directivity in the x-z plane for the five-bladed rotor, corresponding
to no control, chordwise force computed by the combination methodology, and chordwise
force computed by the prescribed formula methodology is shown in Fig. 4.42. At observer
azimuth of 180 deg. (in front of the helicopter), both these chordwise force solutions
provide over 6 dB noise reduction over the observer elevation range of -40 to 40 deg.
Again, the noise reduction in the x-z plane for the five-bladed rotor is very similar to that
of the one-bladed rotor.

𝑉𝐻

Figure 4.41.

OASPL polar directivity in the rotor-plane for a five-bladed rotor,

corresponding to no control, chordwise force computed by the combination methodology,
and chordwise force computed by the prescribed formula methodology.
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𝑉𝐻

Figure 4.42.

OASPL polar directivity in the x-z plane for a five-bladed rotor,

corresponding to no control, chordwise force computed by the combination methodology,
and chordwise force computed by the prescribed formula methodology.

4.3.2.2

Spanwise Force

Figure 4.43 shows the OASPL polar directivity in the rotor-plane for this five-bladed
rotor, corresponding to no control, spanwise force computed by the combination
methodology, and spanwise force computed by the prescribed formula methodology. As
shown in this figure, both these spanwise force solutions are able to provide over 6 dB
reduction over the observer azimuth range of 120 to 240 deg., and over 10 dB reduction
over the observer azimuth range of 150 to 210 deg. This noise reduction in the rotor-plane
for the five-bladed rotor is very similar to that of the one-bladed rotor.
Figure 4.44 shows the OASPL polar directivity in the x-z plane for the five-bladed
rotor, corresponding to no control, spanwise force computed by the combination
methodology, and spanwise force computed by the prescribed formula methodology. At
observer azimuth of 180 deg., both these spanwise force solutions result in over 6 dB noise
reduction over the observer elevation range of -30 to 30 deg., which is similar to the noise
reduction for the one-bladed rotor.
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𝑉𝐻

Figure 4.43.

OASPL polar directivity in the rotor-plane for a five-bladed rotor,

corresponding to no control, spanwise force computed by the combination methodology,
and spanwise force computed by the prescribed formula methodology.

𝑉𝐻

Figure 4.44.

OASPL polar directivity in the x-z plane for a five-bladed rotor,

corresponding to no control, spanwise force computed by the combination methodology,
and spanwise force computed by the prescribed formula methodology.
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The computation in this section demonstrates that the loading solution that results in
noise reduction for a one-bladed rotor is able to provide similar noise reduction for a multibladed rotor.

4.4 Summary
In this chapter, methodologies to find a loading solution that results in in-plane rotor
noise reduction are developed. Noise reduction at a single observer and over an area
(multiple observers) are both discussed. First a methodology to find a loading solution (for
point control force) that results in noise reduction at a single observer is developed. A
governing equation of the loading solution is established and the loading solution is
obtained by solving the governing equation numerically. Here, the loading solution is the
component of loading vector in radiation direction (𝐿𝑟 ) consisting of the contribution from
both chordwise and spanwise force. Results indicate that loading solution computed by this
methodology is able to provide complete noise cancellation at the target observer.
Additionally, loading solutions for different radial and chordwise locations are obtained.
Results show that larger rate of increase of loading is required as the point control force is
moved from the blade tip to the root. While for the point control forces at different
chordwise locations, loading solutions are similar.
Two methodologies to find a loading solution that results in noise reduction over an
area are developed. The first method is combination methodology. This method is a linear
combination of the control force loading solutions that each completely cancels thickness
noise at different single observer locations, and then use an optimizer to determine the
weights (or coefficients) for each loading solution. The second method is prescribed
formula methodology. This method is to model the control force loading solution (for noise
reduction over an area) using a prescribed formula and then use an optimizer to determine
the unknown parameters in the prescribed formula. Both chordwise and spanwise forces
are considered for noise reduction over a broad area. For either chordwise or spanwise
force, these two methodologies provide similar control force solutions. The source time
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derivative of chordwise force is the dominant contributor to loading noise. Chordwise force
solution increases rapidly over the blade azimuth range of approximately 30 to 150 deg.,
to minimize noise over the observer azimuth range of 120 to 240 deg. Results indicate that
the both these chordwise force solutions (computed by the combination and prescribed
formula methodologies) provide over 6 dB noise reduction over the observer azimuth range
of 150 to 210 deg., and over the observer elevation range of -50 to 50 deg. While for the
spanwise force solution, its amplitude is the dominant contributor to loading noise. The
maximum spanwise force occurs at 90 deg. blade azimuth, and spanwise force decreases
as the blade moves from the advancing side to the retreating side. Results show that these
two spanwise force solutions (computed by the combination and prescribed formula
methodologies) provide over 6 dB noise reduction over the observer azimuth range of 130
to 230 deg., and over the observer elevation range of -30 to 30 deg. It can be seen that noise
reduction resulting from the spanwise force is better than that of the chordwise force.
In this chapter, the computation is conducted for a one-bladed rotor. However, it has
already been demonstrated that the loading solution that results in noise reduction for a
one-bladed rotor is able to provide similar noise reduction for a multi-bladed rotor.
To the best of our knowledge, no one has investigated using the spanwise force for
noise reduction before. Spanwise force may have some potential advantages. For example,
spanwise force does not have a direct impact on the rotor torque of power. Additionally,
the spanwise force solution (for noise reduction) is pointing toward the hub, and therefore
it will be in opposition to the centrifugal force loads, which may be beneficial for the
structural aspect of rotor.
Although the methodologies developed in this chapter provide significant noise
reduction over a broad area, some aspects of this study may need to be improved. First,
only point control force is considered in this study, but actual forces would have to be
distributed. Additionally, the loading solutions obtained in this chapter are hypothetical
control force solutions to minimize in-plane rotor noise ahead of the vehicle, which may
or may not be realizable. The power implication and the feasibility of the loading solution
is not addressed. In the next chapter, a preliminary study of two potential active devices
that may realize the loading solution (for noise reduction) is conducted.
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Chapter 5
Realization of Loading Solution by Active Device
In chapter 4, the methodologies for solving loading solution for noise reduction at a
single observer and over an area were developed. In this chapter, specific active devices
are considered to generate loading solution for in-plane noise reduction. Specifically, an
active flap is used to generate chordwise force to reduce in-plane noise while winglet is
proposed to generate spanwise force for in-plane noise reduction. Each of them is discussed
in the following sections.

5.1 Active Flap
In this section, the use of an active trailing-edge flap for in-plane rotor noise reduction
is studied. First, the methodology to solve for the flap deployment schedule for in-plane
noise reduction is developed, which is followed by a computation example. Noise
reduction at a single observer and over an area are both studied using an active flap to
provide the control force.

5.1.1

Methodology

In this study, an optimizer is coupled to a rotor comprehensive analysis tool and an
acoustic prediction tool to solve the flap deployment schedule for in-plane noise reduction.
The optimizer used here is Covariance Matrix Adaptation Evolutionary Strategy (CMAES) formulated by Hansen and Ostermeier (Ref. 80). This optimizer uses an evolutionary
algorithm. Specifically, the optimization begins by generating an initial population. Then
the objective function is computed for each population member of this generation and all
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the population members are ranked based on their own objective function values. Next, the
subsequent generation is generated based on the best members of the previous generation.
This procedure is repeated until the convergence requirement is met or the limit of
computation time is reached.
The rotor analysis tool used in this study is the Rotor Comprehensive Analysis System
(RCAS) (Ref. 81). RCAS is a widely used computation tool for rotary wing analysis. In
this study, a table lookup method is used to compute blade loading, which uses a C81 table
consisting of lift, drag and moment coefficients at different local Mach numbers and angles
of attack. The effect of active trailing-edge flap is modeled in RCAS using Theodorsen
Flap Theory (Ref. 82). The blade loading and motion results are passed to the noise
prediction tool, PSU-WOPWOP.
At each optimization step, the flap deployment schedule output from the optimizer is
input to RCAS, and then the blade loading is computed by RCAS and input to PSUWOPWOP. PSU-WOPWOP computes noise result and sends it back to the optimizer. The
optimizer generates a flap deployment schedule of the next step based on the objective
function (acoustic result) and sends it to RCAS. This procedure continues until the optimal
flap deployment schedule is obtained or the limit of computation time is reached. Figure
5.1 shows a schematic of this procedure.

Figure 5.1. Optimization procedure
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5.1.2

Results and Discussion

In this section, use of an active flap for noise reduction at a single observer and over
an area are studied respectively.

5.1.2.1

Noise Reduction at Single Observer

In this study, a notional five-bladed bearingless rotor with a 7.4 deg. linearly twisted
blade and a tapered-tip planform is used, as shown in Fig. 5.2 (Ref. 83). Each blade has a
radius of 5.79 m and a chord of 0.381 m until 93%R which elliptically tapers to 0.1905 m
at the tip. Each blade is equipped exclusively with the NACA 0012 airfoil section. The
active flap on each blade spans from 42% to 93% of the blade span and is 15% of the chord,
as shown in Fig. 5.3. The flap arrangement used here may not be ideal because the flap
span length is probably too long. The rotor is in forward flight (𝜇 = 0.3) and the
corresponding advancing tip Mach number (𝑀𝐴𝑇 ) is 0.878. In the RCAS computation, the
rotor is trimmed to 𝐶𝑇 = 0.0055 and zero cyclic flapping. In section 5.1.2, all the
optimizations were conducted by Ethan Corle.

Figure 5.2. Schematic of notional rotor configuration (Ref. 83).
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Figure 5.3. Schematic of active trailing-edge flap configuration.

The flap deployment schedule is modeled using an equation consisting of harmonic
frequencies of 1-5/rev.
5

𝛿𝑓 = ∑ 𝐴𝑛 sin(𝑛𝜓 + 𝜙𝑛 )

(5.1)

𝑛=1

where 𝐴𝑛 and 𝜙𝑛 are the amplitude and phase angle of each harmonic frequency.
Optimization is performed to solve the amplitude and phase angle of each harmonic
frequency. For each harmonic frequency, the phase is free to vary from 0 to 360 degrees
and the amplitude is constrained to be less than 3 degrees. The equation consisting of
harmonic frequencies of 1-5/rev and the 3 deg. constraint for each harmonic frequency may
not be the ideal way to model the flap deployment schedule that results in in-plane noise
reduction. The number of harmonics and constraint for each harmonic may need to be
modified to achieve best noise reduction for different problems.
The target observer is an in-plane observer directly in front of the advancing blade tip,
as shown in Fig. 5.4. The target observer is fixed in the helicopter frame of reference and
the distance between the target observer and the advancing blade tip is 100 rotor radii. The
objective function of the optimization is OASPL (dB) at the target observer. In PSUWOPWOP, the acoustic computation is conducted for a one-bladed rotor to save
computation time. The result of one-bladed rotor is applicable to the five-bladed rotor,
because for each blade the thickness noise is canceled by the loading noise generated by
itself.
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Figure 5.4. Schematic of target observer position.

The optimal flap deployment schedule that minimizes noise at the target observer is
shown in Fig. 5.5, where positive flap deflection denotes that the active flap is at flap down
position. The key feature of this optimal flap deployment schedule is that the flap deflection
increases rapidly on the advancing side, indicating that the active flap is moving from a
flap up position to a flap down position.

Figure 5.5. Flap deployment schedule for noise reduction at single observer.
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Comparison of total noise at the target observer of baseline and active flap case is
shown in Fig. 5.6 where acoustic pressure time history and spectrum are included. Here,
after the optimal flap deployment schedule has been obtained, all the acoustic computations
were conducted for the five-bladed rotor. It can be seen that the peak-to-peak value of total
noise time history is significantly reduced by the active flap as compared to the baseline
case. For the spectrum, there is noise reduction in the frequency range up to 18 BPF (blade
passage frequency) while the noise is increased by active flap in the frequency range after
18 BPF. However, the noise of active flap case is very small in the frequency range from
18 to 50 BPF. The OASPL value at the target observer is 87.4 dB for the baseline case
while it is 81.6 dB for the active flap case (5.8 dB reduction).

(a)

(b)

Figure 5.6. Comparison of total noise at target observer of baseline and active flap case
(for noise reduction at single observer). (a) acoustic pressure time history; (b) spectrum.

The reason for noise reduction at the target observer caused by the active flap is
illustrated in Fig. 5.7, which shows the acoustic pressure time history (thickness, loading
and total noise) at the target observer of baseline and active flap case. As shown in Fig.
5.7, for the baseline case, thickness noise is much larger than loading noise and the net
result of thickness and loading noise is that there is a big negative peak in the time history
of total noise. Whereas for the active flap case, loading noise has a positive peak that
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effectively cancels the negative peak of thickness noise. The loading noise positive peak is
slightly smaller than the thickness noise negative peak so that there is a small negative peak
in the total noise. Additionally, in the loading noise time history, there is a negative peak
following the positive peak, which results in another small negative peak in the total noise
time history. In conclusion, for the active flap case, the negative peak of thickness noise is
cancelled by the positive peak of loading noise, which leads to the noise reduction at the
target observer.
In contrast to the results in Chapter 4, the above result is for a trimmed rotor, and the
thickness noise is cancelled by the loading noise generated by the entire blade (not just the
loading noise generated by the point control force) at the target observer. Therefore, the
study of using active flap for noise reduction is more realistic than the study of point control
force (although the flap size and allowable deployment is probably not realistic).

(a)

(b)

Figure 5.7. Acoustic pressure time history at the target observer. (a) baseline case; (b)
active flap case (for noise reduction at single observer).

The lift and drag on the rotor-plane of active flap case is shown in Fig. 5.8. The change
of lift and drag of active flap case from the baseline case is shown in Fig. 5.8 as well in
order to examine the effect of active flap on the blade loading. Again, this loading
distribution on the rotor-plane is for a fully trimmed rotor. It can be seen that the blade tip
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loading is changing the most, even though the active flap (42% - 93%R) does not extend
to the blade tip. The change of loading caused by the flap at blade tip is much more
significant than the change of loading caused by the flap in the flap region (42% - 93%R).

𝑉𝐻

Drag (N/m)

𝑉𝐻

(a)
𝑉𝐻

Change in drag (N/m)

(c)

Lift (N/m)

(b)
Change in lift (N/m)
𝑉𝐻

(d)

Figure 5.8. Lift and drag on the rotor-plane of active flap case (for noise reduction at
single observer) and their change from the baseline case. (a) drag; (b) lift; (c) change in
drag; (d) change in lift.

The loading noise integrand (for the target observer) on the rotor-plane of active flap
case is shown in Fig. 5.9 to examine the contribution of each blade segment to the loading
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noise at the target observer. The loading noise integrand is computed using the chordwise
compact form of loading noise term in Formulation 1A (Eq. (2.43)). It can be seen that the
blade tip region around the advancing side is the dominant contributor to the loading noise.
The reasons for this may be: 1) for the target observer, 𝑀𝑟 is maximum at the blade tip on
the advancing side so that the Doppler amplification (1/(1 − 𝑀𝑟 )2 or 1/(1 − 𝑀𝑟 )3 ) is
maximum; 2) significant variation of loading (lift and drag) occurs at the blade tip around
the advancing side (as shown in Fig. 5.8), resulting in large 𝜕𝐿𝑟 ⁄𝜕𝜏. It also can be seen
that the blade tip over the blade azimuth range of approximately 85 to 95 deg. results in the
positive peak of loading noise, while the blade tip over the blade azimuth of approximately
120 to 130 deg. causes the negative peak of loading noise.

𝑉𝐻

𝑁⁄𝑚3

Figure 5.9. Loading noise integrand (for the target observer) on the rotor-plane of active
flap case (for noise reduction at single observer).

For the active flap case, the contribution of each far-field term and all the near-field
terms to the loading noise at the target observer is shown in Fig. 5.10. Similar to the
previous result, the (𝜕𝐿𝑟 ⁄𝜕𝜏)⁄[4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )2 ] term (𝑑𝐿𝑟 ⁄𝑑𝜏 term) is the dominant
contributor the loading noise, indicating that the source time derivative of 𝐿𝑟 (on the
advancing side) is very important for the noise reduction at the target observer directly
ahead of the advancing blade tip. The shape of the loading noise is basically determined by
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the loading noise generated by the 𝑑𝐿𝑟 ⁄𝑑𝜏 term where there is a big positive peak and a
small negative peak. The 𝑀̇𝑟 𝐿𝑟 ⁄[4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )3 ] term (𝐿𝑟 term) generates a smaller
negative peak which slightly reduces the positive peak generated by the 𝑑𝐿𝑟 ⁄𝑑𝜏 term and
amplifies the negative peak generated by the 𝑑𝐿𝑟 ⁄𝑑𝜏 term. The contribution of near-field
terms to the loading noise at target observer is negligible.

Figure 5.10. Contribution of each far-field term and all the near-field terms to the loading
noise at target observer (active flap case (for noise reduction at single observer)).
It is already known that 𝐿𝑟 (component of loading vector on the fluid in radiation
direction) is an important variable for loading noise. Figure 5.11 shows the comparison of
𝐿𝑟 of baseline and active flap case at radial locations r = 0.95 and 0.99. Outboard locations
are chosen here because blade tip is the dominant contributor to the loading noise. As
shown in Fig. 5.11, at radial location r = 0.99, in contrast to the baseline case, 𝐿𝑟 of active
flap case increases rapidly around the advancing side, which results in a positive peak of
loading noise cancelling the negative peak of thickness noise at the target observer directly
ahead of the advancing blade tip, as shown in Fig. 5.7(b). While for the baseline case, the
azimuthal (source time) derivative of 𝐿𝑟 on the advancing side is very small, resulting in
small loading noise that is not able to cancel thickness noise at the target observer, as shown
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in Fig. 5.7(a). In addition, 𝐿𝑟 of active flap case decreases rapidly over the blade azimuth
range of approximately 115 to 140 deg., which causes the negative peak of loading noise
following the positive peak at the target observer, as shown in Fig. 5.7(b). The result at r =
0.95 is similar to that at r = 0.99.

(a)

(b)

Figure 5.11. 𝐿𝑟 of baseline and active flap case (for noise reduction at single observer) at
two radial locations. (a) r = 0.95; (b) r = 0.99.

Now the loading solution that results in complete noise cancellation at the target
observer is computed using the methodology developed in Chapter 4 (section 4.1.1), and
compared to the 𝐿𝑟 of active flap case in which the rotor is fully trimmed. For the active
flap case, examination of loading noise generated by each blade segment at different radial
locations indicates that the blade region over r = 0.92 – 1.0 is the dominant contributor to
the loading noise at the target observer. Therefore, the loading solution (𝐿𝑟 ) of point control
force at r = 0.96 (results in complete noise cancellation at the target observer) is computed
using the methodology developed in Chapter 4 (section 4.1.1), and then the obtained
loading solution is divided by the span length (8%R: r = 0.92 – 1.0) of the blade region
(that is the dominant contributor to loading noise) for comparison with 𝐿𝑟 of active flap
case. The loading solution of point control force at r = 0.96 is compared to the 𝐿𝑟 of active
flap case (fully trimmed rotor) at radial locations r = 0.95 and 0.99, as shown in Fig. 5.12.
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It can be seen that on the advancing side, the rate of increase of 𝐿𝑟 of point control force is
larger than that of 𝐿𝑟 of active flap case. This is the reason that for the active flap case,
loading noise positive peak is smaller than the thickness noise negative peak at the target
observer, resulting in the noise cancellation is not complete (Fig 5.7(b)). The result that the
rate of increase of 𝐿𝑟 on the advancing side is not large enough to result in complete noise
cancellation may be due to that the rate of change of flap deflection on the advancing side
is not large enough. Incorporating more harmonic frequencies to model the flap
deployment schedule and increase the constraint of amplitude for each harmonic frequency
may increase the rate of change of flap deflection on the advancing side, which results in
better noise reduction.

Figure 5.12. 𝐿𝑟 solution of point control force at r = 0.96, and 𝐿𝑟 of active flap case (fully
trimmed rotor) at radial locations r = 0.95 and 0.99.
The blade loading consists of drag and lift, and therefore 𝐿𝑟 consists of the contribution
of drag and lift, as shown in Fig. 5.13. The radiation direction is from the source point
(blade) to the observer position. Note that 𝐿𝑟 is the component of loading vector acting on
the fluid in the radiation direction while drag and lift forces act on the blade. Therefore, the
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contribution of drag and lift to 𝐿𝑟 is essentially the component of opposite drag and lift
(forces acting on the blade and fluid are equal and opposite) in the radiation direction.

Figure 5.13. Schematic of contribution of drag and lift to 𝐿𝑟 .
In order to examine the contribution of drag and lift to the noise reduction at the target
observer, contribution of drag and lift to 𝐿𝑟 is computed. Figure 5.14 shows the
contribution of drag and lift to 𝐿𝑟 (active flap case) at radial locations r = 0.95 and 0.99. 𝐿𝑟
at these two radial locations is shown in Fig. 5.14 as well.
As shown in Fig. 5.14, at radial locations of r = 0.95 and 0.99, both drag and lift have
contribution to 𝐿𝑟 . For example, at r = 0.99, 𝐿𝑟 generated by drag increases over the blade
azimuth range of approximately 50 to 80 deg. followed by a decrease over the blade
azimuth range of 80 to 95 deg., and then it starts to increase again until 115 deg. blade
azimuth. While 𝐿𝑟 generated by lift increases over the blade azimuth range of
approximately 75 to 110 deg. The net result of the variation of drag and lift (around the
advancing side) is that 𝐿𝑟 increases over the blade azimuth range of 50 to 115 deg., which
results in the positive peak of loading noise that cancels the negative peak of thickness
noise at the target observer. The result at r = 0.95 is similar to that at r = 0.99.
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(a)

(b)

Figure 5.14. 𝐿𝑟 and contribution of drag and lift to 𝐿𝑟 of active flap case (for noise
reduction at single observer) at two radial locations. (a) r = 0.95; (b) r = 0.99.

Both drag and lift contribute to the noise reduction at the target observer, but it is
instructive to examine them separately and to compare them to the baseline case without
any flap deployment. Drag of baseline and active flap case at radial locations r = 0.95 and
0.99 are shown in Fig. 5.15. At r = 0.99, in the blade azimuth range from 0 to 90 deg., the
drag of active flap case is similar to that of baseline case: both of them increase in this
blade azimuth range (drag of active flap case decreases in the blade azimuth range
approximately from 80 to 95 deg.). After 90 deg. blade azimuth, drag of baseline case
begins to decrease while the drag of active flap case starts to increases again until 120 deg.
blade azimuth. Based on Figs 5.13 and 5.14, it can be seen that the increase of drag in blade
azimuth range from 50 to 80 deg. and from 95 to 115 deg. results in the increase of 𝐿𝑟 in
these two blade azimuth ranges. The result at radial location r = 0.95 is similar to that at r
= 0.99.
Lift of baseline and active flap case at radial locations r = 0.95 and 0.99 are shown in
Fig. 5.16. It can be seen that the lift of active flap case differs significantly from that of the
baseline case. At r = 0.99, lift decreases from positive value to zero in the blade azimuth
approximately from 75 to 90 deg. and then decreases from zero to the negative value (the
magnitude of lift is increasing) in the blade azimuth range approximately from 90 to 115
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deg. According to Figs. 5.13 and 5.15, the decrease of lift in the blade azimuth range from
75 to 115 deg. results in the increase of 𝐿𝑟 in this blade azimuth range. The result at radial
location r = 0.95 is similar to that at r = 0.99. At radial locations r = 0.95 and 0.99, lift
increases significantly as compared to the baseline case, which may result in the significant
increase of vibratory load, and the increase of noise at out-of-plane observers.

(a)

(b)

Figure 5.15. Drag of baseline and active flap case (for noise reduction at single observer)
at two radial locations. (a) r = 0.95; (b) r = 0.99.

(a)

(b)

Figure 5.16. Lift of baseline and active flap case (for noise reduction at single observer)
at two radial locations. (a) r = 0.95; (b) r = 0.99.
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The variation of drag and lift is due to the variation of angle of attack. In Fig. 5.17 is
shown the angle of attack of baseline and active flap case at radial locations r = 0.95 and
0.99. As illustrated in Fig. 5.17, angle of attack of the active flap case is significantly
different from that of the baseline case. The variation of angle of attack results in the
corresponding variation of drag and lift. For the active flap case, at r = 0.99, in the blade
azimuth range approximately from 75 to 90 deg., the angle of attack decreases from
positive value to zero, resulting in the decrease of drag and lift in this blade azimuth range.
In the blade azimuth range approximately from 90 to 120 deg., the angle of attack varies
from zero to the negative value while its magnitude is increasing. This causes that drag
increases, and lift decreases from zero to the negative value (while the magnitude of lift is
increasing) in this blade azimuth range. The result at r = 0.95 is similar to that at r = 0.99.

(a)

(b)

Figure 5.17. Angle of attack of baseline and active flap case (for noise reduction at single
observer) at two radial locations. (a) r = 0.95; (b) r = 0.99.

The variation of angle of attack is attributed to the variation of pitching angle. Figure
5.18 shows the pitching angle of baseline and active flap case at radial locations r = 0.95
and 0.99. It can be seen that the variation of angle of attack is consistent with that of the
pitching angle. Active flap causes oscillations in the pitching angle at blade tip, which may
have adverse impact on the rotor. Actually, only the pitching angle around the advancing
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side (that results in increase of 𝐿𝑟 on the advancing side) is important for the noise
reduction at the target observer, and therefore reducing the oscillation of pitching angel in
the blade azimuth range other than the advancing side does not affect the noise reduction
at target observer. The reduction of oscillation of pitching angle may be achieved by only
activating the active flap around the advancing side.

(a)

(b)

Figure 5.18. Pitching angle of baseline and active flap case (for noise reduction at single
observer) at two radial locations. (a) r = 0.95; (b) r = 0.99.

In addition to the noise reduction at target observer, the effect of active flap on the
noise at other observer positions is studied as well. Figures 5.19 and 5.20 show the OASPL
polar directivity in the rotor-plane and x-z plane, respectively. As shown in Fig. 5.19, the
active flap is able to provide noise reduction in the observer azimuth range from 160 to 200
deg. However, at other observer azimuth positions, the noise is increased by the active flap
as compared to the baseline case. In Fig. 5.20, it is clear that while the active flap can
provide noise reduction in the observer elevation range between -7 to 10 deg. (at 180 deg.
observer azimuth), at other observer elevation angles, active flap causes a significant
increase of noise as compared to the baseline case, especially at high observer elevation
angles. This is due to the significant change of lift caused by the active flap. It may also be
due to the extra unsteadiness.
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𝑉𝐻

Figure 5.19. OASPL polar directivity in the rotor-plane for baseline case and active flap
case (for noise reduction at single observer).

𝑉𝐻

Figure 5.20. OASPL polar directivity in the x-z plane for baseline case and active flap
case (for noise reduction at single observer).

The power consumption during the active flap deployment (1157 hp) is actually
reduced very slightly as compared to the baseline power (1165 hp). In addition, the thrust
coefficient is kept unchanged because the rotor is trimmed to 𝐶𝑇 = 0.0055. Therefore, the
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active flap deployment schedule (for noise reduction at the target observer) does not have
negative effect on the rotor performance (power and thrust). The impact of active flap on
the vibratory hub load is more substantial (and negative). The 5/rev vibratory hub load of
active flap case is compared to that of baseline case in Figs 5.21 and 5.22, which show the
vibratory hub force and moment, respectively. As illustrated in Fig. 5.21, active flap results
in significant increase of hub force in longitudinal, lateral, and vertical direction. Similarly,
Fig. 5.22 indicates that the rolling, pitching, and yawing moment increase significantly due
to the active flap. Significant increase of vibratory load is attributed to the significant
increase of aerodynamic force (drag and lift) caused by the active flap. Decreasing the span
length of flap and flap deflection amplitude may reduce the increase of vibratory load.
However, this may decrease the noise reduction as well.
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Figure 5.21. 5/rev vibratory hub force (lb) for baseline case and active flap case (for noise
reduction at single observer).
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Figure 5.22. 5/rev vibratory hub moment (lb ∙ ft) for baseline case and active flap case
(for noise reduction at single observer).

5.1.2.2

Noise Reduction at Multiple Observers

In this section, the use of an active flap for noise reduction over an area is studied.
Again, the flap deployment schedule is modelled using an equation consisting of harmonic
frequencies of 1-5/rev.
5

𝛿𝑓 = ∑ 𝐴𝑛 sin(𝑛𝜓 + 𝜙𝑛 )

(5.1)

𝑛=1

Optimization is performed to solve the amplitude and phase angle of each harmonic
frequency. For each harmonic frequency, the phase is free to vary from 0 to 360 degrees
and the amplitude is constrained to be less than 5 degrees. Here, the objective function in
the optimization is defined as the sum of peak-to-peak value of total noise time history at
7 in-plane observers whose observer azimuth angles are from 150 to 210 deg. at equally
spaced intervals (target area).
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objective = ∑(𝑝𝑖,𝑚𝑎𝑥
− 𝑝𝑖,𝑚𝑖𝑛
)

(5.2)

𝑖=1

′
′
where 𝑝𝑖,𝑚𝑎𝑥
and 𝑝𝑖,𝑚𝑖𝑛
are the maximum and minimum value of the total noise time

history at the ith observer, respectively. A schematic of the target area consisting of 7 inplane observers is shown in Fig. 5.23. The distance between each observer and the rotor
hub is 100 rotor radii.

Figure 5.23. Schematic of 7 in-plane observers in the target area.

The optimal flap deployment schedule for noise reduction over the target area is shown
in Fig. 5.24. The flap deployment schedule for noise reduction at single observer is also
shown in Fig. 5.24 for comparison. It can be seen that the flap deployment schedules for
noise reduction at a single observer and for 7 observers are similar. Both of schedules
increase on the advancing side and the rate of increase are basically the same for both
schedules. The only difference is that for the active flap deployment that reduces noise at
7 in-plane observers, the blade azimuth range in which flap deflection increases is larger
than that of the flap deployment that reduces noise at a single observer.
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Figure 5.24. Flap deployment schedules for noise reduction at 7 in-plane observers and
single observer.

Figure 5.25 shows the OASPL polar directivity in the rotor-plane of the baseline and
active flap cases (for noise reduction at 7 in-plane observers). As illustrated in Fig. 5.25,
noise reduction over the observer range from 150 to 210 deg. can be achieved using the
active flap. The reduction at in-plane observer directly ahead of the rotor (𝜓𝑜𝑏𝑠 = 180 deg.)
is 4.0 dB, which is smaller than that of the active flap case for noise reduction at single
observer (5.8 dB). Additionally, the noise reduction in the observer azimuth range from
150 to 180 deg. is smaller than that in the observer azimuth range from 180 to 210 deg.
This may be due to the fact that baseline noise in the observer azimuth range from 150 to
180 deg. is smaller than that in the observer range from 180 to 210 deg. At observer azimuth
positions beyond the target area, noise is increased by the active flap.
Figure 5.26 shows the OASPL polar directivity in the x-z plane of the baseline and
active flap cases (for noise reduction at 7 in-plane observers). As shown in Fig. 5.26, noise
reduction is achieved only over the observer elevation range from -7 to 20 deg. (directly in
front of the helicopter). However, at other elevation angles, active flap causes significant
increase of noise.
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𝑉𝐻

Figure 5.25. OASPL polar directivity in the rotor-plane of baseline and active flap (for
noise reduction at 7 in-plane observers) case.

𝑉𝐻

Figure 5.26. OASPL polar directivity in the x-z plane of baseline and active flap (for noise
reduction at 7 in-plane observers) case.
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Similar to the active flap case (for noise reduction at a single observer), the effect of
active flap on the blade loading (drag and lift), and the relation between blade loading and
the resulting noise is analyzed for the active flap case (for noise reduction at 7 observers).
The results for drag, lift, angle of attack, and pitching angle of active flap case (for noise
reduction at 7 observers) are very similar to that of the single observer case, and therefore
the results of the 7 observers case are shown in Appendix A. For the active flap case of 7
observers, the in-plane force in the blade tip region increases over the blade azimuth range
of 50 to 125 deg., resulting in the loading noise positive peak that cancels thickness noise
negative peak at each in-plane observer in the target area (𝜓𝑜𝑏𝑠 = 150 – 210 deg.), and
therefore noise reduction is achieved over the observer azimuth range of 150 to 210 deg.
For the active flap case (for noise reduction at 7 observers), the power consumption
during the active flap deployment (1084 hp) is actually reduced slightly as compared to the
baseline power (1165 hp). In addition, the thrust coefficient is kept unchanged (rotor is
trimmed to 𝐶𝑇 = 0.0055), and therefore the active flap deployment schedule (for noise
reduction at 7 in-plane observers) does not have adverse impact on the rotor performance.
The effect of active flap (for noise reduction at 7 observers) on vibratory hub loads and hub
moments are shown in Figs. 5.27 and 5.28. The active flap deployment results in a
significant increase of vibratory hub force in the longitudinal, lateral, and vertical direction.
Figure 5.28 indicates that significant increase of vibratory hub moment in rolling, pitching,
and yawing direction is also caused by the active flap.
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Figure 5.27. 5/rev vibratory hub force (lb) for baseline case and active flap case (for noise
reduction at 7 in-plane observers).
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Figure 5.28. 5/rev vibratory hub moment (lb ∙ ft) for baseline case and active flap case
(for noise reduction at 7 in-plane observers).

The results of active flap case (for noise reduction at 7 observers) demonstrated that
noise reduction over the observer azimuth range of 150 to 210 deg. is achieved using the
active flap for a fully trimmed rotor, and the average noise reduction level is about 3 dB.
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The flap size and the way to model flap deployment schedule (an equation consisting of
harmonics 1-5/rev, and the 5 deg. constraint of amplitude for each harmonic frequency)
may limit the potential noise reduction. More research can be conducted to find a more
appropriate flap size and a better way to model flap deployment schedule that results in
more noise reduction. Additionally, noise reduction in the observer elevation direction is
not as good as in the observer azimuth direction. Adding out-of-plane observers into the
target area (objective function) may increase the observer elevation range of the noise
reduction area. In addition, note that in this active flap case (for noise reduction at 7
observers), the allowable amplitude of the flap deployment for each harmonic frequency is
increased from 3 deg. (for single observer case) to 5 deg. in order to generate a rapid
increase of flap deflection over a relatively larger blade azimuth range (as compared to the
single observer case), which results in better noise reduction over the target area. However,
larger rate of increase of flap deflection probably cause more significant change of
aerodynamic force on the blade, resulting in significant increase of vibratory hub load.

5.2 Winglet
In this section, a notional winglet is used to generate spanwise force for in-plane noise
reduction. A methodology to determine the schedule of winglet rotation angle that results
in maximum in-plane noise reduction is given first, followed by an example that
demonstrates the ability of winglet to reduce noise over a wide area.

5.2.1

Methodology

In this section, winglet is proposed to generate spanwise force for in-plane noise
reduction. A methodology to solve for the optimal schedule of winglet rotation angle that
results in maximum noise reduction is developed.
In this study, winglet is treated as a 2D airfoil. There are lift and drag acting on the
winglet, as shown in Fig. 5.29, where 𝜃𝑖 is the angle between inflow velocity and blade
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chordwise direction. Here 𝜃𝑖 is positive if the spanwise component of inflow velocity
points to the blade tip (as shown in Fig. 5.29) and vice versa.

Figure 5.29. Schematic of aerodynamic force acting on winglet.

Based on Fig. 5.29, the chordwise and spanwise component (with respect to the blade
frame) of aerodynamic force on winglet can be written as
𝐹𝑐 = 𝐷 cos 𝜃𝑖 + 𝐿 sin 𝜃𝑖

(5.3)

𝐹𝑠 = 𝐷 sin 𝜃𝑖 − 𝐿 cos 𝜃𝑖

(5.4)

where 𝐷 and 𝐿 are drag and lift acting on the winglet, respectively.
Here, the prescribed formula methodology developed in Chapter 4 is used to solve
force on winglet that minimizes noise at particular observers. Specifically, the spanwise
component of winglet loading is modelled using a prescribed formula.
6

𝐹𝑠 = (𝑎0 + ∑[𝑎𝑛 cos(𝑛𝜓) + 𝑏𝑛 sin(𝑛𝜓)]) sin10 (𝜓⁄2 + 𝜋⁄4)
𝑛=1

(5.5)
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where 𝑎𝑛 and 𝑏𝑛 are amplitude of each harmonic frequency and 𝑎0 is a constant, and 𝜓 is
blade azimuth. Eq. (5.4) consists of an equation including harmonic frequencies of 1-6/rev
and a filter function (sin10(𝜓⁄2 + 𝜋⁄4)) that maintains the function value around the
advancing side and takes it down to zero in the vicinity of the retreating side. The unknowns
in Eq. (5.4) are 𝑎𝑛 , 𝑏𝑛 and 𝑎0 and they are solved using a MATLAB optimizer (function
‘fminsearch’). The objective function in the optimizer is defined as the sum of peak-topeak value of total noise time history at each observer in the target area.
𝑛
′
′
objective = ∑(𝑝𝑖,𝑚𝑎𝑥
− 𝑝𝑖,𝑚𝑖𝑛
)

(5.6)

𝑖=1

′
′
where n is the number of observers used to represent the target area, and 𝑝𝑖,𝑚𝑎𝑥
and 𝑝𝑖,𝑚𝑖𝑛

are the maximum and minimum value of the total noise time history at the ith observer,
respectively.
The optimization procedure is presented as follows. At each optimization step, the
optimizer outputs 𝑎𝑛 , 𝑏𝑛 and 𝑎0 for use in a simple interface code. This interface code first
computes the spanwise force based on values of 𝑎𝑛 , 𝑏𝑛 and 𝑎0 using Eq. (5.5). Then
chordwise force is computed based on the spanwise force. The specific process to compute
chordwise force is as follows.
Drag and lift can be represented using the following formulas.
𝐿 = 𝐶𝑙 (0.5𝜌𝑣 2 )(ℎ𝑤 )(𝑐𝑤 )

(5.7)

𝐷 = 𝐶𝑑 (0.5𝜌𝑣 2 )(ℎ𝑤 )(𝑐𝑤 )

(5.8)

where 𝐶𝑙 and 𝐶𝑑 are lift coefficient and drag coefficient, respectively, 𝑣 is the magnitude
of inflow velocity, and ℎ𝑤 and 𝑐𝑤 are height and chord length of winglet, respectively.
The lift and drag coefficient can be related using a simple empirical formula.
𝐶𝑑 = 0.006 + 0.004𝐶𝑙2

(5.9)

150

Here, Eq. (5.9) is suitable for NACA 0012 airfoil. The choice of a different winglet airfoil
will require the modification of Eq. (5.9).
Substituting Eq. (5.9) into Eq. (5.8), the following equation is obtained.
𝐷 = (0.006 + 0.004𝐶𝑙2 )(0.5𝜌𝑣 2 )(ℎ𝑤 )(𝑐𝑤 )

(5.10)

Substituting Eqs. (5.7) and (5.10) into Eq. (5.4), the following equation can be
obtained.
𝐹𝑠 = (0.006 + 0.004𝐶𝑙2 )(0.5𝜌𝑣 2 )(ℎ𝑤 )(𝑐𝑤 ) sin 𝜃𝑖
−𝐶𝑙 (0.5𝜌𝑣 2 )(ℎ𝑤 )(𝑐𝑤 ) cos 𝜃𝑖

(5.11)

Equation (5.9) can be rearranged to solve for the lift coefficient:

𝐶𝑙 =

𝑞 cos 𝜃𝑖 − √𝑞 2 cos2 𝜃𝑖 − 0.016𝑞 sin 𝜃𝑖 (0.006𝑞 sin 𝜃𝑖 − 𝐹𝑠 )
0.008𝑞 sin 𝜃𝑖

(5.12)

where 𝑞 = (0.5𝜌𝑣 2 )(ℎ𝑤 )(𝑐𝑤 ).
When 𝜓 = 90 or 270 deg., 𝜃𝑖 = 0 deg. and sin 𝜃𝑖 = 0, cos 𝜃𝑖 = 1. Equation (5.11) can
be simplified as:
𝐹𝑠 = −𝐶𝑙 (0.5𝜌𝑣 2 )(ℎ𝑤 )(𝑐𝑤 ) cos 𝜃𝑖

(5.13)

Therefore lift coefficient is computed using the following equation.
𝐶𝑙 = −𝐹𝑠 ⁄[(0.5𝜌𝑣 2 )(ℎ𝑤 )(𝑐𝑤 )]

(5.14)

After the lift coefficient is obtained, lift can be computed using Eq. (5.7), drag
coefficient can be computed using Eq. (5.9) and then drag can be computed using Eq. (5.8).
Therefore the chordwise force on winglet can be computed using Eq. (5.3). The interface
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code generates an input loading file based on the chordwise and spanwise force (on the
winglet) for use in PSU-WOPWOP. PSU-WOPWOP provides an acoustic computation
and sends noise result to the optimizer. The optimizer computes the values of 𝑎𝑛 , 𝑏𝑛 and
𝑎0 of next step and sends it to the interface code. This procedure continues until the optimal
spanwise force solution is obtained. A schematic of the optimization procedure is shown
in Fig. 5.30.

Figure 5.30. Schematic of optimization procedure.

After the optimization is finished, the optimal spanwise force is obtained. The lift
coefficient is computed using Eqs. (5.12) and (5.14). The corresponding angle of attack
can be computed using a simple relation between lift coefficient and angle of attack.

𝛼=

𝐶𝑙 √1 − 𝑀2
5.7

(5.15)

where 𝛼 is angle of attack (radians) and 𝑀 is inflow Mach number. Similarly, Eq. (5.15) is
suitable for NACA 0012 airfoil, although it could be modified if a different airfoil is used.

152

In order to realize the needed variation of angle of attack in one revolution, the winglet
needs to rotate. (A fixed winglet is relatively easy to be implemented, but it does not
provide any noise reduction, and the angle of attack of winglet exceeds a reasonable range.)
The relation of winglet rotation angle and angle of attack is
𝜃𝑤 = 𝛼 + 𝜃𝑖

(5.16)

where 𝜃𝑤 is winglet rotation angle. A schematic of winglet rotation angle is shown in Fig.
5.31. Here the winglet rotation angle is positive when it rotates counter-clockwise with
respect to the blade chordwise direction, as shown in Fig. 5.31, and vice versa.

Figure 5.31. Schematic of winglet rotation angle.

5.2.2

Results and Discussion

In this study, a one-bladed rotor consisting of a single rectangular, untwisted rotor
blade with a NACA 0012 airfoil used throughout the span is used. The rotor blade has a
span of 5.79m and a chord of 0.381m. The results presented here are for a rotor in forward
flight (𝜇 = 0.3), with an advancing tip Mach number of 𝑀𝐴𝑇 = 0.8. The winglet is located
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at radial location r = 1.0. The height and chord length of winglet is 0.116m (30% chord)
and 0.381m respectively. A schematic of blade with winglet is shown in Fig. 5.32.

Figure 5.32. Schematic of blade with winglet.

An optimal winglet rotation angle schedule is computed using the methodology
developed in the section 5.2.1. Here, the objective function in the optimizer is the sum of
peak-to-peak value of total noise at 13 in-plane observers whose observer azimuth (𝜓𝑜𝑏𝑠 )
is from 120 to 240 deg. (at equally spaced intervals).
The schedule of winglet rotation angle (𝜃𝑤 ) is shown in Fig. 5.33, where at 0 deg.
blade azimuth the winglet rotation angle is 18 deg. where it starts to rotate clockwise until
200 deg. blade azimuth, where winglet rotation angle is -17 deg. And then the winglet starts
to rotate counter-clockwise until 360 deg. blade azimuth. Based on the analysis in Chapter
4, the blade azimuth range vital for noise reduction at in-plane observers 𝜓𝑜𝑏𝑠 = 120 – 240
deg. is approximately from 30 to 150 deg. and the rest blade azimuth range does not have
significant effect on noise at observers in this target area (𝜓𝑜𝑏𝑠 = 120 – 240 deg.).
Therefore, winglet rotation angle in the blade azimuth from 180 to 360 deg. can be
modified to meet other considerations such as aerodynamics and structures.
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Figure 5.33. Schedule of winglet rotation angle (𝜃𝑤 ).
The chordwise and spanwise force (with respect to the blade frame) acting on the
winglet is shown in Fig. 5.34. It can be seen that spanwise force is much larger than
chordwise force. Spanwise force on the winglet is very similar to the spanwise force
solution (for noise reduction over an area) solved in Chapter 4. The maximum value occurs
on the advancing side and decreases as the blade azimuth moves off 90 deg. For the
chordwise force, there is a decrease on the advancing side. Both chordwise and spanwise
forces are basically zero around the retreating side.
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Figure 5.34. Chordwise and spanwise force (with respect to the blade frame) acting on
the winglet.

Noise reduction result using the optimal schedule of winglet rotation angle is
computed and shown in Figs 5.35 and 5.36. In this computation, noise without control is
the thickness noise generated by the blade (without winglet) and the noise with control is
the sum of thickness noise generated by the blade and winglet, and loading noise generated
by the winglet. As illustrated in Fig. 5.35, noise reduction in the observer azimuth range
from 90 to 270 deg. can be achieved using the winglet. Additionally, noise reduction is
over 6 dB in the observer azimuth range from 120 to 240 deg. The winglet provides noise
reduction in wide observer elevation range as well, as shown in Figure 5.36. Noise
reduction in the observer elevation range from -60 to 60 deg. can be achieved and the
reduction is over 6 dB in the observer elevation range from -40 to 40 deg.
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𝑉𝐻

Figure 5.35. OASPL polar directivity in the rotor-plane using winglet.

𝑉𝐻

Figure 5.36. OASPL polar directivity in the x-z plane using winglet.

The contribution of chordwise and spanwise force to loading noise at each observer in
the target area is computed in order to examine the contribution of chordwise and spanwise
force to noise reduction. Figure 5.37 shows the contribution of chordwise and spanwise
force to loading noise at the in-plane observer directly ahead of the rotor (𝜓𝑜𝑏𝑠 = 180 deg.).
As shown in Fig. 5.37, spanwise force is the dominant contributor to loading noise that
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cancels thickness noise at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg. Chordwise force generates a
small negative peak of loading noise because of its decrease on the advancing side. The
scenario at other in-plane observers in the target area is similar to that at in-plane observer
𝜓𝑜𝑏𝑠 = 180 deg.

Figure 5.37. Contribution of chordwise and spanwise force (on winglet) to the loading
noise at in-plane observer 𝜓𝑜𝑏𝑠 = 180 deg.
The angle of attack of winglet is approximately from 0 to 8 deg. (as shown in Fig.
5.38), which is within a reasonable range. The maximum value of angle of attack occurs
on the advancing side and angle of attack decreases as the blade moves off the advancing
side. In the blade azimuth range from 220 to 320 deg., the angle of attack is basically zero.
The lift coefficient of the winglet is shown in Fig. 5.39. It can be seen that variation of
lift coefficient is in consistent with that of angle of attack. The range of lift coefficient is
approximately from 0 to 1.2, which is also a reasonable range. The maximum value of lift
coefficient occurs around the advancing side and lift coefficient decreases as the blade
azimuth moves off 90 deg. Additionally, the lift coefficient is basically zero in the blade
azimuth range from 220 to 320 deg.
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Figure 5.38. Angle of attack of winglet.

Figure 5.39. Lift coefficient of winglet.

In addition to the noise reduction, the impact of winglet on power is considered as
well. The profile power caused by the winglet is computed using the following equation.

𝑃𝑝𝑟𝑜𝑓𝑖𝑙𝑒

1 2𝜋
=
∫ 𝐹 (𝑉 sin 𝜓 + Ω𝑦𝑤 ) 𝑑𝜓
2𝜋 0 𝑐 𝐻

(5.17)
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Eq. (5.14) gives the average profile power in one revolution, where 𝐹𝑐 is the chordwise
force acting on the winglet, 𝑉𝐻 is forward speed of helicopter, Ω is angular velocity of rotor
and 𝑦𝑤 is the radial location of winglet. In this example, the average profile power caused
by the winglet is 3.4 kw (4.6 hp).
The effect of winglet on rotor structure is examined as well. In addition to the
aerodynamic force (lift and drag), there is also centrifugal force acting on the winglet, as
shown in Fig. 5.40, in which 𝐹𝑐 and 𝐹𝑠 are the chordwise and spanwise component of
aerodynamic force respectively, and 𝐹𝐶𝐹 is the centrifugal force.

Figure 5.40. Aerodynamic and centrifugal force acting on the winglet.

The centrifugal force is computed using the following equation.
𝐹𝐶𝐹 = 𝑚𝑤 Ω2 𝑦𝑤

(5.18)

where 𝐹𝐶𝐹 is the centrifugal force acting on the winglet and 𝑚𝑤 is the mass of winglet.
Assume the density of winglet is equal to that of the normal rotor blade and the winglet
mass is estimated to be 0.69 kg. Therefore centrifugal force on winglet is 5294.4 N (1190.2
lbf). Now the resultant force of aerodynamic and centrifugal force is computed. As shown
in Fig. 5.40, because centrifugal force is always in the spanwise direction, chordwise
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component of resultant force on the winglet is generated by the aerodynamic force
exclusively, while the spanwise component of the resultant force on winglet is the net result
of aerodynamic and centrifugal force. The chordwise component of aerodynamic force on
winglet was already shown in Fig. 5.34. Its amplitude is small and, therefore, its effect on
blade loading is not significant. The spanwise component of the resultant force on winglet
is shown in Fig. 5.41 where around the advancing side, the spanwise resultant force is
minimum because the spanwise component of the aerodynamic force is in the opposite
direction as the centrifugal force. While on the retreating side, the spanwise resultant force
is dominated by the centrifugal force because spanwise aerodynamic force is basically zero.
The resultant force of aerodynamic and centrifugal force on the winglet needs to be
balanced by a force on winglet created by the blade.

Figure 5.41. Spanwise component of resultant force of aerodynamic and centrifugal force
on winglet.

In addition to the force acting on the winglet, the moment on winglet is considered as
well. Figure 5.42 is a schematic showing the aerodynamic force (𝐹𝑐 and 𝐹𝑠 ), centrifugal
force (𝐹𝐶𝐹 ), and the pitching moment generated by the blade (𝑀𝐵,𝑝 ) on the winglet. In Fig.
5.42, the aerodynamic force is acting on the center of pressure of the airfoil, which is
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assumed to be at the quarter chord position. Centrifugal force is acting on the center of
gravity of the airfoil, which is at 40% chord. Additionally, the rotation axis of winglet is at
quarter chord position.

Figure 5.42. Forces and pitching moment on the winglet.

The equation of motion for the winglet can be written as
𝑀𝐴𝐸 + 𝑀𝐶𝐹 + 𝑀𝐵,𝑝 = 𝐼𝜃̈𝑤

(5.19)

where 𝑀𝐴𝐸 is the aerodynamic moment about the rotation axis, 𝑀𝐶𝐹 is the centrifugal
moment about the rotation axis and 𝑀𝐵,𝑝 is the pitching moment (about the rotation axis)
on winglet generated by the blade. Additionally, 𝐼 is the moment of inertia of winglet about
the rotation axis, and 𝜃̈𝑤 is the second derivative of winglet rotation angle with respect to
time. Here, the moment is defined to be positive in a direction such as to rotate the winglet
counter-clockwise.
Aerodynamic force is acting on the rotation axis and therefore the aerodynamic
moment is zero. Centrifugal moment is computed using the following formula

𝑀𝐶𝐹 = 𝐹𝐶𝐹 (𝑥𝑐𝑔 − 𝑥𝑐𝑝 ) cos 𝜃𝑤

(5.20)
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where 𝑥𝑐𝑔 and 𝑥𝑐𝑝 are the chordwise position of center of gravity and center of pressure,
respectively. Substituting 𝑥𝑐𝑔 = 0.4𝑐𝑤 , 𝑥𝑐𝑝 = 0.25𝑐𝑤 , and 𝑐𝑤 = 0.381 into Eq. (5.20), it
can be obtained that
𝑀𝐶𝐹 = 𝐹𝐶𝐹 (0.4 − 0.25)(0.381) cos 𝜃𝑤

(5.21)

The moment of inertia of winglet is computed using the estimated winglet mass and
winglet airfoil geometry. The computation result is 8.52 × 10−3 kg m2 . The second
derivative of winglet rotation angle with respect to time is computed by numerical
differentiation (finite difference method) using the winglet schedule shown in Fig. 5.33.
After the above computation, the pitching moment on winglet generated by the blade can
be obtained using Eq. (5.16), as shown in Fig. 5.43. The inertial moment (𝐼𝜃̈𝑤 ) and
centrifugal moment are shown in Fig. 5.43 as well. It can be seen that the value of 𝐼𝜃̈𝑤 is
very small, and therefore, the pitching moment generated by the blade and centrifugal
moment are basically equal and opposite moments.

Figure 5.43. Moment on winglet.
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In addition to the pitching moment, the winglet also causes a bending moment acting
on the blade. Figure 5.44 is a schematic showing the aerodynamic force (𝐹𝑠 ), centrifugal
force (𝐹𝐶𝐹 ), and the bending moment generated by the blade (𝑀𝐵,𝑏 ) acting on the winglet.
Only spanwise force is considered here because it is the dominant component. The
aerodynamic force and centrifugal force is acting on the mid height of winglet.

Figure 5.44. Forces and bending moment on the winglet.

The equation of motion for the winglet can be written as
𝑀𝐴𝐸 + 𝑀𝐶𝐹 + 𝑀𝐵,𝑏 = 0

(5.22)

where 𝑀𝐴𝐸 is the aerodynamic moment about the winglet root, 𝑀𝐶𝐹 is the centrifugal
moment about the winglet root, and 𝑀𝐵,𝑏 is the bending moment acting on the winglet
created by the blade. The bending moment acting on the winglet generated by the blade is
shown in Fig. 5.45. The bending moment is within the range of about 150 to 300 Nm. Its
minimum value occurs on the advancing side, and the bending moment increases as the
blade moves to the retreating side.
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Figure 5.45. Bending moment acting on the winglet generated by the blade.

5.3 Summary
In this section, an analysis of using active device to realize a loading solution for inplane noise reduction is conducted. Two active devices were proposed. Specifically, active
flap is studied to generate chordwise force to reduce in-plane noise. The optimal flap
deployment schedule that results in maximum noise reduction at a single observer or over
an area is determined using an evolutionary algorithm optimizer coupled with a rotor
analysis tool (RCAS) and an acoustic prediction code (PSU-WOPWOP). The flap
deployment schedule is modelled using an equation consisting of harmonic frequencies of
1-5/rev, with a constraint of flap deployment amplitude for each harmonic. The results
obtained in the active flap case are for a fully trimmed rotor.
Results demonstrated that a 5.8 dB reduction at an in-plane observer directly ahead of
the advancing blade tip is achieved by using the active flap. The results also demonstrated
that noise reduction over the observer azimuth range of 150 to 210 deg. is achieved using
the active flap, and the average reduction level is about 3 dB. However, significant increase
of noise at out-of-plane observers is caused by the active flap, which is due to the
significant increase of unsteady lift caused by the active flap. Additionally, although the
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active flap does not cause any power penalty, it caused significant increase of vibratory
hub loads, due to the significant change of aerodynamic force (from the baseline case)
caused by the active flap.
Although noise reduction is achieved at a single observer or over an area using the
active flap, validating the methodology to find optimal flap deployment schedule is
effective, some aspects of this study need to be improved. First, the size and the deployment
strategy for the flap may limit the potential benefit of active flap for noise reduction.
Perhaps there is a better way to model the flap deployment that results in better noise
reduction. Additionally, active flap caused significant increase of noise at out-of-plane
observers, and significant increase of vibratory hub load. More research work is needed to
address these problems.
In a second study, a rotating winglet is used to generate spanwise force to reduce inplane noise. The optimal schedule of winglet rotation angle is determined by using a
MATLAB optimizer coupled with an aerodynamic force model for the winglet and the
noise prediction code (PSU-WOPWOP). Results indicate that the rotating winglet is able
to provide over 6 dB noise reduction over the observer azimuth range from 120 to 240 deg.,
and over the observer elevation range from -40 to 40 deg. In addition, the impact of winglet
on the power and rotor structure is examined. Results indicated that winglet caused 4.6 hp
increase of profile power. Additionally, winglet caused force and moment acting on the
blade. Spanwise force on the blade created by the winglet is the dominant component, and
its average value is approximately 4000 N. The pitching moment on the blade created by
the winglet is approximately 300 Nm, and the bending moment acting on the blade
generated by the winglet is within the range of about 150 to 300 Nm.
The aerodynamic model used in the winglet study is very simple, and therefore a model
of higher fidelity is needed to study this problem more thoroughly. For example, a
comprehensive analysis code or a computational fluid dynamics code needs to be used to
compute the loading acting on the winglet, and the impact of winglet on the loading acting
on the entire blade. This computation will further validate the effectiveness of winglet for
in-plane noise reduction, and demonstrate the feasibility of using winglet to reduce noise.
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Chapter 6
Conclusions
In this chapter, a summary of research efforts and the primary conclusions are
presented. Following this, the main original contributions of this research are stated.
Finally, recommendations for future work are given.

6.1 Summary of Research Efforts
This research consists of two parts: the main part of this research is active rotor control
for in-plane noise reduction and another part is the development of a new, fast thickness
noise prediction method. The summary of each part will be presented.
In this thesis, a new thickness noise prediction method, the dual compact thickness
noise model has been developed. It is inspired by the Isom’s thickness noise formulation
and used the concept of chordwise compact loading model. In this dual compact model, at
each radial location, the airfoil is divided into two parts and the uniform pressure
distribution is integrated on the front and rear part, respectively. This results in two loading
lines acting at different chordwise locations with the loading noise generated by these two
loading lines approximating the normal thickness noise. The positions of the two loading
lines were determined by numerical experiments to be 𝑥𝑓 = 0.133 and 𝑥𝑟 = 0.867 in a
baseline case by matching normal thickness noise and dual compact result. The dual
compact thickness noise model has been validated through the comparison with normal
thickness noise for a wide variety of cases, in which different airfoils, blade planforms, and
tip Mach numbers, are considered. The acoustic pressure time history and spectrum were
computed for each case at an in-plane, far-field observer location directly ahead of the
rotor. The dual compact thickness noise result is in good agreement with normal thickness
noise for each case. Additionally, the locations of the two loading lines were kept
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unchanged for all the cases. Most importantly, the computation time was significantly
reduced by using the dual compact thickness noise model as compared to the normal
thickness noise computation (approximately 25 times faster). Finally, the accuracy of dual
compact thickness noise model can be further improved by simultaneously adjusting the
magnitude and location of the two loading vectors in dual compact thickness noise model.
Such adjustment could also be made to change the acoustic waveform or spectral
characteristics of the predicted noise. The dual compact thickness noise model is not as
mathematically elegant as models by Succi and Lopes, but it is able to account for the
airfoil shape and chordwise retarded time differences.
In the study of active control for in-plane noise reduction, the basic idea is that onblade control loading effector generates loading noise that is able to cancel thickness noise,
resulting in noise reduction at a specific observer location. First a methodology to find a
loading solution of point control force that results in noise reduction at a single observer
has been developed. A governing equation of the loading solution was established and the
loading solution was obtained by solving the governing equation numerically. Here, the
loading solution is not limited to a chordwise force – as in previous work – but more
generally the component of loading vector in radiation direction (𝐿𝑟 ) consisting of
contributions from both chordwise and spanwise force. Acoustic results indicated that
loading solution computed by this methodology is able to provide complete noise
cancellation at the target observer. The key feature of loading solution (𝐿𝑟 ) is a rapid
increase on the advancing side, which generates a loading noise positive peak canceling
the thickness noise negative peak at the in-plane observer directly ahead of the rotor.
Additionally, the loading solution for point control forces at different radial and chordwise
positions were computed. For point control force at different radial locations, the rate of
change of loading solution on the advancing side increases as the point control force is
moved inboard from the blade tip, which is due to the decrease of 𝑀𝑟 resulting in the
increase of the denominator of the loading noise formula ((𝜕𝐿𝑟 ⁄𝜕𝜏)⁄[4𝜋𝑐0 𝑟(1 − 𝑀𝑟 )2 ])
as the point control force is moved inboard from the blade tip. In addition, the region where
noise is reduced decreases in both observer azimuth and elevation direction as the point
control force is moved from the blade tip to the root. This is because outboard point control
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force has a longer blade azimuth range in which 𝐿𝑟 increases (around the advancing side)
as compared to the inboard point control force. Point control forces at different chordwise
locations have similar loading solutions and areas where the noise is reduced.
In addition to the noise reduction at single observer, noise reduction over an area
(multiple observers) has been studied as well. Two methodologies have been developed to
find a loading solution of point control force that results in noise reduction over an area.
The first approach is combination methodology. In this method, loading solutions that each
completely cancel thickness noise at different single observer locations were summed in a
linear combination and the coefficient for each loading solution was solved using an
optimizer. The second approach is prescribed formula methodology. The loading solution
was modelled using a prescribed formula and the unknowns in the prescribed formula were
solved using an optimizer. The prescribed formula was composed of an equation consisting
of harmonic frequencies of 1-6/rev and a filter function that maintains function value
around the advancing side and zeros it in the vicinity of the retreating side. Both of these
two methodologies used a MATLAB optimizer and the objective function in the optimizer
was defined as the sum of peak-to-peak value of total noise time history at each observer
in the target area. Chordwise and spanwise forces were considered separately to minimize
the noise at 13 in-plane observers whose observer azimuth is from 120 to 240 deg. at
equally spaced intervals. The two methodologies were used to compute chordwise and
spanwise force solutions. For either chordwise or spanwise forces, these two
methodologies gave similar control loading solutions. For the chordwise force, the time
derivative term was the dominant contributor to loading noise. Also in the chordwise force
solution, there was a rapid increase over the blade azimuth range approximately from 30
to 150 deg., because the blade azimuth corresponding to the observer time at which
thickness noise negative peak occurs is approximately 90 deg. less than the observer
azimuth. Results indicated that the two chordwise force solutions (computed by the
combination and prescribed formula methodology, respectively) can provide over 6 dB
noise reduction in the observer azimuth range from 150 to 210 deg., and in the observer
elevation range from -50 to 50 deg. The dominant contributor to loading noise for the
spanwise control force was the amplitude of the force. In the spanwise force solution, the
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maximum value occurred at approximately 90 deg. blade azimuth, and spanwise force
decreased as the blade moved away from the advancing side. Acoustic results indicated
that both spanwise force solutions (computed by the combination and prescribed formula
methodology, respectively) are able to provide over 6 dB noise reduction in the observer
azimuth range from 130 to 230 deg., and in the observer elevation range from -30 to 30
deg. In addition, it has been demonstrated that the loading solution that results in noise
reduction for a single-bladed rotor is able to provide similar noise reduction for a multibladed rotor.
Furthermore, study about using active device to realize loading solution for in-plane
noise reduction has been conducted. Two active devices were proposed. Specifically,
active flap was studied to generate chordwise force to reduce in-plane noise. The optimal
flap deployment schedule that minimized the noise at a single observer or over an area was
found using an evolutionary algorithm optimizer coupled with a rotor analysis tool (RCAS)
and an acoustic prediction code (PSU-WOPWOP). For noise reduction at a single observer
directly ahead of the rotor, the active flap deflection increased on the advancing side (flap
is moving from a flap up position to a flap down position), which resulted in the increase
of drag and decrease of lift. This caused the increase of 𝐿𝑟 on the advancing side, resulting
in the positive peak of loading noise that cancels the negative peak of thickness noise at
the target observer. Results showed that a 5.8 dB reduction at the target observer can be
achieved by using the active flap. However, active flap caused the increase of noise at inplane observers to the left and right of the target observer, and at out-of-plane observers
directly above and below the target location. And although the active flap did not cause
any power increase, it caused a significant increase in vibratory hub loads.
For noise reduction at 7 in-plane observers whose observer azimuth angles are from
150 to 210 deg. at equally spaced intervals, the optimal active flap deployment schedule is
similar to that for noise reduction at a single observer, except that the blade azimuth range
over which active flap deflection increased (around the advancing side) is larger than that
of the single observer case. Acoustic results indicated that the active flap provided noise
reduction over the observer azimuth range from 150 to 210 deg., and the average noise
reduction level is approximately 3 dB. Active flap caused significant increase of noise at
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out-of-plane observers at observer azimuth of 180 deg. The active flap did not cause any
power penalty, but resulted in significant increase of 5/rev vibratory hub load.
The study of active flap demonstrated that noise reduction at a single observer or over
an area can be achieved using the active flap, which validated that the methodology to find
the optimal flap deployment schedule that results in noise reduction is effective. However,
some aspects of this study need to be improved. For example, the flap size and the way to
model flap deployment may not be optimal, which limits the potential benefit of active flap
for noise reduction. Additionally, active flap caused significant increase of noise at out-ofplane observers, and significant increase of vibratory hub load. More research work is
needed to address these problems.
A rotating winglet was studied to generate spanwise force to reduce in-plane noise.
The optimal schedule of winglet rotation angle was determined using a MATLAB
optimizer coupled with a simple model computing aerodynamic force acting on winglet
and the noise prediction code (PSU-WOPWOP). Results indicated that a winglet is able to
provide over 6 dB noise reduction over the observer azimuth range from 120 to 240 deg.,
and over the observer elevation range from -40 to 40 deg. In addition, the impact of a
winglet on the rotor power required and rotor structure was also examined. Results
indicated that winglet caused 4.6 hp increase of profile power. Additionally, winglet caused
force and moment acting on the blade. Spanwise force on the blade created by the winglet
is the dominant component and its value is around 4000 N. The pitching moment on blade
by winglet is approximately 300 Nm, and the bending moment acting on the blade created
by the winglet is within the range of about 150 to 300 Nm.
The study of using winglet to reduce in-plane noise demonstrated that noise reduction
can be achieved over a broad area using the winglet. Although the aerodynamic model used
here is rather simple, the results are quite positive. A more detailed study is warranted to
investigate this problem more thoroughly. For example, a comprehensive analysis code or
computational fluid dynamics code may be needed to compute the winglet loading and the
effect of winglet on the entire blade, and validate the effectiveness of winglet for reducing
in-plane noise.
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6.2 Main Contributions and Originality of the Research
The main contributions and originality of the research are summarized as follows:

1. Developed a new thickness noise prediction method (dual compact thickness noise
model) and validated this model through thickness noise computation for a wide
variety of cases, in which different airfoils, blade planforms, and tip Mach
numbers, were considered. Significant computation time saving can be achieved
using this dual compact model.

2. Developed a methodology to find a loading solution that results in noise reduction
at a single observer. Used the variable 𝐿𝑟 consisting of contributions from drag and
lift to represent the loading solution. The effect of location of point control force
on the loading solution was examined.

3. Developed two methodologies to find a loading solution that results in noise
reduction over an area (multiple observers). Chordwise and spanwise force are
both considered to reduce in-plane noise over an area. Each of them is able to
provide significant noise reduction over a broad observer azimuth and elevation
range separately.

4. To the best of our knowledge, this research is the first research effort to consider
using spanwise force for noise reduction.

5. Studied using active flap to reduce in-plane noise over an area (multiple observers).
Developed a methodology to find the optimal flap deployment schedule that results
in maximum noise reduction at a single observer or over an area.
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6. Proposed winglet for in-plane noise reduction. Developed a methodology to
determine the optimal schedule of winglet rotation angle that results in the best
noise reduction.

6.3 Recommendations for Future Work
Some recommendations for the future work are presented as follows:

1. Primarily point control force was considered in this research. Research is needed
to understand the impact of real, distributed loading. For example, point control
force at different radial locations (or chordwise locations) may be activated
simultaneously to increase the noise reduction level and widen the noise reduction
area.

2. It was demonstrated that an active flap is able to provide noise reduction over the
observer azimuth range from 150 to 210 deg. However, the noise reduction levels
are not significant. The flap size and the way to model the flap deployment
schedule may limit the potential benefit of active flap for noise reduction. Further
study can be conducted to find a more appropriate and a better way to model flap
deployment schedule that results in more noise reduction.

3. It is already demonstrated that active flap is able to result in noise reduction at a
single observer and over an area. However, it also caused considerable increase of
noise at out-of-plane observers (at observer azimuth of 180 deg.), due to the
significant change of out-of-plane force (from the baseline case) caused by the
active flap. In order to address this problem, an active device that mainly alters inplane force and does not have significant effect on the out-of-plane force may be
needed.
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4. Active flap for in-plane noise reduction caused significant increase in the vibratory
hub load, due to the significant change of aerodynamic force caused by the active
flap. The flap deployment schedule in the blade azimuth range of 180 to 360 deg.
does not have impact on the noise in front of helicopter, and therefore, a window
function can be used to zero the flap deflection in the blade azimuth range, which
may reduce the increase of vibratory hub load. In addition, further research can be
conducted to find a more appropriate flap size and a better way to model flap
deployment that results in less increase of vibratory hub load (noise reduction
should keep unchanged). Another possible method is that the blade can be
equipped with a combination of active devices along the span that emphasizes
noise and vibration reduction respectively.

5. In the study of using winglet for in-plane noise reduction, a simple model was used
to compute the aerodynamic loading on winglet. A model of higher fidelity (e.g.,
comprehensive analysis code or computational fluid dynamics code) is needed to
study this problem more thoroughly (e.g., the effect of winglet on the loading on
the entire blade), and validate the effectiveness of winglet in noise reduction. This
initial investigation has demonstrated that the use of spanwise force control has
merit, so now a more thorough analysis is needed to ensure this noise reduction
strategy can work.
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Appendix A

Noise at Each Observer in Target Area
In Chapter 4, two methodologies have been developed to find a loading solution (for
point control force) that results in noise reduction over an area. The first method is
combination methodology, and the second one is prescribed formula methodology.
Chordwise and spanwise forces are both considered to reduce the noise over the target area.
Here, the target area consists of 13 in-plane observers whose observer azimuth angles are
from 120 to 240 deg. at equally spaced intervals. In Chapter 4 (section 4.2.2), acoustic
pressure time history and spectrum at the in-plane observer directly ahead of the rotor
(corresponding to the chordwise and spanwise force, respectively) is shown. In this
appendix, acoustic pressure time history and spectrum at other observers in the target area
are shown. The results corresponding to the chordwise force (computed by the combination
method) are shown section A.1, and the results of spanwise force (computed by the
combination method) are shown in section A.2.

A.1

Chordwise Force
In this section, acoustic pressure time history and spectrum at each in-plane observer

in the target area (corresponding to the chordwise force computed by the combination
method) is shown. At each observer position, the result corresponding to the chordwise
force computed by the prescribed formula method is similar to that of the combination
method.
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(a)

(b)

Figure A.1. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 120 deg. corresponding to no control,
and chordwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.

(a)

(b)

Figure A.2. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 130 deg. corresponding to no control,
and chordwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.
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(a)

(b)

Figure A.3. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 140 deg. corresponding to no control,
and chordwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.

(a)

(b)

Figure A.4. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 150 deg. corresponding to no control,
and chordwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.
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(a)

(b)

Figure A.5. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 160 deg. corresponding to no control,
and chordwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.

(a)

(b)

Figure A.6. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 170 deg. corresponding to no control,
and chordwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.
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(a)

(b)

Figure A.7. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 190 deg. corresponding to no control,
and chordwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.

(a)

(b)

Figure A.8. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 200 deg. corresponding to no control,
and chordwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.
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(a)

(b)

Figure A.9. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 210 deg. corresponding to no control,
and chordwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.

(a)

(b)

Figure A.10. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 220 deg. corresponding to no control,
and chordwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.
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(a)

(b)

Figure A.11. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 230 deg. corresponding to no control,
and chordwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.

(a)

(b)

Figure A.12. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 240 deg. corresponding to no control,
and chordwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.
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A.2

Spanwise Force
In this section, acoustic pressure time history and spectrum at each in-plane observer

in the target area (corresponding to the spanwise force computed by the combination
method) are shown. At each observer position, the result corresponding to the spanwise
force computed by the prescribed formula method is similar to that of the combination
method.

(a)

(b)

Figure A.13. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 120 deg. corresponding to no control,
and spanwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.
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(a)

(b)

Figure A.14. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 130 deg. corresponding to no control,
and spanwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.

(a)

(b)

Figure A.15. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 140 deg. corresponding to no control,
and spanwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.

183

(a)

(b)

Figure A.16. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 150 deg. corresponding to no control,
and spanwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.

(a)

(b)

Figure A.17. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 160 deg. corresponding to no control,
and spanwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.
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(a)

(b)

Figure A.18. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 170 deg. corresponding to no control,
and spanwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.

(a)

(b)

Figure A.19. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 190 deg. corresponding to no control,
and spanwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.
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(a)

(b)

Figure A.20. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 200 deg. corresponding to no control,
and spanwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.

(a)

(b)

Figure A.21. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 210 deg. corresponding to no control,
and spanwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.
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(a)

(b)

Figure A.22. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 220 deg. corresponding to no control,
and spanwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.

(a)

(b)

Figure A.23. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 230 deg. corresponding to no control,
and spanwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.
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(a)

(b)

Figure A.24. Noise at the in-plane observer 𝜓𝑜𝑏𝑠 = 240 deg. corresponding to no control,
and spanwise force computed by the combination methodology. (a) acoustic pressure time
history; (b) acoustic spectrum.
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Appendix B

Loading Results for Active Flap Case of 7 Observers
In order to examine the effect of active flap (for noise reduction at 7 in-plane
observers) on the blade loading, drag and lift on the rotor-plane of the active flap case (for
noise reduction at 7 in-plane observers), and their change from the baseline case is shown
in Fig. B.1. It can be seen that the distribution of drag and lift is similar to that of active
flap case (for noise reduction at single observer): both drag and lift at the blade tip vary
significantly around the advancing side. Active flap causes increase of drag at blade tip in
the blade azimuth range from 120 to 135 deg. Furthermore, active flap results demonstrate
an increase of lift at blade tip in the blade azimuth range from 55 to 85 deg., and decrease
of lift at blade tip in the blade azimuth range from 115 to 150 deg.
Loading noise at in-plane observer is strongly related to the in-plane force. In Fig. B.2
is shown the in-plane force at two radial locations (r = 0.95 and 0.99) of active flap case
(for noise reduction at 7 in-plane observers). The contribution of drag and lift to the inplane force is shown in Fig. B.2 as well to examine the contribution of drag and lift to noise
reduction. At r = 0.99, in-plane force increases in the azimuth range from 50 to 125 deg.,
resulting in the loading noise positive peak that cancels thickness noise peak at each inplane observer in the target area (𝜓𝑜𝑏𝑠 = 150 – 210 deg.), and therefore noise reduction is
achieved over the observer azimuth range from 150 to 210 deg. Both drag and lift have
contribution to the in-plane force. Specifically, drag results in the increase of in-plane force
in the blade azimuth range from 50 to 75 deg. and from 105 to 125 deg., while lift causes
the increase of in-plane force in the blade azimuth range from 70 to 110 deg. The net result
is that in-plane force increases in the blade azimuth range from 50 to 125 deg. The result
at r = 0.95 is similar to that at r = 0.99.
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𝑉𝐻

𝑉𝐻

(a)
𝑉𝐻

(b)
𝑉𝐻

(c)

(d)

Figure B.1. Drag and lift of active flap case (for noise reduction at 7 in-plane observers)
and their change from the baseline case. (a) drag; (b) lift; (c) change in drag; (d) change
in lift.

190

(a)

(b)

Figure B.2. In-plane force and contribution of drag and lift to in-plane force at two radial
locations of active flap case (for noise reduction at 7 in-plane observers). (a) r = 0.95; (b)
r = 0.99.

In-plane force of baseline, active flap case (for noise reduction at single observer) and
active flap case (for noise reduction at 7 in-plane observers) are compared at two radial
locations (r = 0.95 and 0.99), as shown in Fig. B.3. Before analyze the relation of in-plane
force and resulting noise result, it is helpful to recall that, for an in-plane observer, the
blade azimuth corresponding to the observer time at which thickness noise negative peak
(loading noise positive peak) occurs is 90 deg. less than the observer azimuth, because the
acoustic amplification (1/(1 − 𝑀𝑟 )2 or 1/(1 − 𝑀𝑟 )3) is maximum at this blade azimuth.
At r = 0.99, in the blade azimuth range from 30 to 50 deg., the rate of increase of in-plane
force of active flap case (for noise reduction at 7 observers) is smaller than that of the
baseline case, which results in the loading noise positive peak of active flap case is smaller
than that of baseline case at in-plane observers in the observer azimuth range from 120 to
140 deg., and therefore noise of active flap case is larger than baseline noise in this observer
azimuth range. In the blade azimuth range from 50 to 90 deg., both in-plane forces of active
flap case and baseline case increase, but the in-plane force of active flap case increases
more rapidly. This causes that the loading noise positive peak of active flap case is larger
than that of baseline case at in-plane observer in the observer azimuth range from 140 to
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180 deg., and noise of active flap case is smaller than that of baseline case in this observer
azimuth range. In the blade azimuth range from 90 to 125 deg., in-plane force of active flap
case increases rapidly while baseline in-plane force decreases, which leads to that loading
noise positive peak of active flap case is much larger than that of baseline case at in-plane
observer in the observer azimuth range from 180 to 210 deg., and therefore noise reduction
in this observer azimuth range is larger than that in the observer azimuth range from 150
to 180 deg. In the blade azimuth from 125 to 150 deg., in-plane force of active flap case
decreases rapidly while baseline in-plane force decreases with a smaller slope, resulting in
loading noise negative peak of active flap case is larger than that of baseline case at inplane observers in the observer azimuth range from 210 to 240 deg., and therefore noise of
active flap case is larger than baseline noise in this observer azimuth range. The scenario
at radial location r = 0.95 is similar to that at r = 0.99.

(a)

(b)

Figure B.3. In-plane force of baseline case and active flap case (for noise reduction at 7
observers) at two radial locations. (a) r = 0.95; (b) r = 0.99.

Now the effect of active flap on drag and lift is examined separately. Figure B.4 shows
the drag of baseline case and active flap case (for noise reduction at 7 observers) at two
radial locations (r = 0.95 and 0.99). At r = 0.99, active flap causes the increase of drag in
the blade azimuth range from 50 to 75 deg. and from 105 to 125 deg., resulting in the
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increase of in-plane force in these two blade azimuth ranges. The result at r = 0.95 is similar
to that at r = 0.99.
Figure B.5 shows the lift of baseline case and active flap case (for noise reduction at 7
observers) at two radial locations (r = 0.95 and 0.99). At r = 0.99, active flap results in the
decrease of lift in the blade azimuth range from 75 to 125 deg., which leads to the increase
of in-plane force in this blade azimuth range. The scenario at r = 0.95 is similar to that at r
= 0.99.

(a)

(b)

Figure B.4. Drag of baseline case and active flap case (for noise reduction at 7 in-plane
observers) at two radial locations. (a) r = 0.95; (b) r = 0.99.
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(a)

(b)

Figure B.5. Lift of baseline case and active flap case (for noise reduction at 7 in-plane
observers) at two radial locations. (a) r = 0.95; (b) r = 0.99.

Variation of drag and lift is attributed to the variation of angle of attack. In Fig. B.6 is
shown the angle of attack of baseline case and active flap case (for noise reduction at 7
observers) at two radial locations (r = 0.95 and 0.99). At r = 0.99, angle of attack increases
in the blade azimuth range from 45 to 70 deg., and therefore drag and lift increase in this
blade azimuth range. In the blade azimuth range from 70 to 95 deg., angle decreases from
positive value to zero, which causes that drag and lift decreases in this blade azimuth range.
Following this, angle of attack decreases from zero to the negative value (its magnitude is
increasing) in the blade azimuth range from 95 to 130 deg., resulting in drag increases and
lift decreases from zero to the negative value (the magnitude of lift is increasing) in this
blade azimuth range. In the blade azimuth range from 130 to 170 deg., angle of attack
increases from the positive value to zero (its magnitude is decreasing), and therefore drag
decreases and lift increases in this blade azimuth range. The result at r = 0.95 is similar to
that at r = 0.99.
Pitching angle of baseline case and active flap case (for noise reduction at 7 observers)
at two radial locations (r = 0.95 and 0.99) is shown in Fig. B.7. In this figure, it can be seen
that the variation of angle of attack is consistent with the variation of pitching angle,
indicating that the variation of angle of attack is attributed to the variation of pitching angle.
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(a)

(b)

Figure B.6. Angle of attack of baseline case and active flap case (for noise reduction at 7
in-plane observers) at two radial locations. (a) r = 0.95; (b) r = 0.99.

(a)

(b)

Figure B.7. Pitching angle of baseline case and active flap case (for noise reduction at 7
in-plane observers) at two radial locations. (a) r = 0.95; (b) r = 0.99.
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