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ABSTRACT

Title of dissertation: A New Experimental Approach to Study Helicopter
Blade-Vortex Interaction Noise

Sudarshan N. Koushik, Doctor of Philosophy, 2007

Dissertation directed by: Professor Fredric H. Schmitz
Department of Aerospace Engineering

A unique and novel experimental approach has been devetostddy the aerodynamics and
acoustics of the helicopter Blade-Vortex Interaction in atoalled hover environment. This is
achieved by having a non-lifting single-bladed rotor withgad hub interact with a carefully con-
trolled gust disturbance that replicates the essentiabckeristics of the vortex velocity. This ex-
perimental approach termed the Blade-Controlled Distureanteraction or the BCDI, decouples
the rotor parameters from the charactersitics of the imtidessturbance velocity, thus providing an
ideal setup for studying the blade’s aerodynamics and gicaesponse in detail. Moreover, the
angle of interaction between the disturbance field and ttoe bdade can be controlled by orienting
the gust, providing the ability to study both parallel andiguee interactions. The noise data was

recorded at thirty different microphone locations.



A series of experiments at various rotor tip Mach numbers iatefaction angles, replicat-
ing many of the conditions of helicopter BVI, were performet@ihe results show that the the
directionality of the BVI noise is strongly determined by tingeraction angle. A small change
in interaction angle results in the radiation of noise ovéarger azimuthal area compared to the
parallel interaction. Moreover, as the interaction becomere oblique, the peak noise elevation
angle approaches closer to the rotor plane.

A linear unsteady lifting-line aerodynamic theory (cotextfor chord-wise non-compactness
)was used to estimate the blade aerodynamics during thedtiten and hence the radiated noise.
Although the theory under-predicted the noise levels fosthod the cases, and did not replicate
exactly the general pulse shape, the general directigriedihds were predicted reasonably well.
The theory was used to separate the contribution to the iceusom different spanwise blade

sections, providing significant insights into the phasirgchanism of BVI noise.
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Chapter 1

Introduction

Mankind has had a fascination for flying vehicles for cemsirand helicopter flight was among
the first forms of flight envisioned by man. The ancient Chirgaged with a hand-spun top that
rose upwards when revolved rapidly and as early as 1490 kdomta Vinci made drawings of a
machine that resembles the modern helicopter. One of the reasons for the keen interest in
rotary winged flight is also one of its biggest advantagespamed to fixed wing, namely vertical
take-off and landing. This ability combined with the capidpito hover almost motionless has
made the rotorcraft indispensable to the military and irtagercivilian applications. Although,
people were experimenting with various rotarcraft desiggnebefore the Wright-Flyer, it was not
until 1939 that the first practical helicopter flew. Even testtay, rotorcraft advancement has
lagged behind their fixed wing counterparts.

Despite various innovations, the present day helicoptexsnaisy and suffer from aerome-
chanical and vibration issues. The noise and vibrationsegassenger discomfort and increase

annoyance levels around communities as well as reducearjil@ffectiveness of helicopters in



enemy territories. Over the last few decades, consideedfiet has gone into mitigating rotor-
craft noise and making it a smoother ride. However, thesatsthave only had limited success.
This is because the fundamental principles governing caaftrare very complex, and the essential
technical aspects and physics governing the aerodynangiceacompletely understood. Another
significant issue with rotor noise is the fact, that it is irdr@ to any lifting rotor system.

In a fixed wing aircraft most of the noise is due to the engingh wome additional noise
coming from the airframe and control surfaces. In generainerease in thrust causes an increase
in engine noise, while increasing the velocity and perfaigmaneuvers results in increase in noise
radiation from the airframe and the control surfaces. Stheeengine and the control surfaces are,
for the most part functionally unrelated, changes can beentadeduce noise on a component by
component basis, without significantly affecting the loaise design of other components or the
overall performance. Moreover, improving the efficiencyhaf engine (in small to moderate sized
aircraft such as the 737), through increase in by-passstdtis also resulted in the reduction of
noise. In the case of the rotorcraft, the main source of nieiiee helicopter main and tail rotors
which perform the functions of providing lift and thrust,vasll as controlling and maneuvering the
aircraft. The various components in the helicopter are nmote tightly coupled than in the case
of the fixed wing aircraft. Thus the decoupling of the noiselgbem from the “overall efficiency”
of the helicopter is next to impossible, and any effort touws helicopter noise has to be made
with a particular eye towards not affecting the performaadeersely.

The distinctive nature of helicopter noise calls attentiont even when the radiated noise

levels are somewhat low by community standards [1]. Theaddtaristic impulsive YWop-Wop-



Wop' sound from the main rotor, the propeller like noise from th# rotor or the whine of the
Fenestron cause an awareness to nearby rotorcraft opeaatibincreases annoyance. Excessive
noise levels near community heliports are among the maiedimpents to increasing civilian use
of helicopters. Noise reduction is also important from ataniistic standpoint. Stealth in a military
offensive is desirable when the element of surprise can &e tosa tactical advantage. Helicopter
noise reduction, though traditionally not a design drivas llbeen gaining prominence off late.
Performance metrics have almost always superseded acaeosisiderations of annoyance and
stealth in traditional rotorcraft design, but acoustickésoming an increasingly important design
and operational criteria for operators and manufactur3][

Many efforts have been directed at understanding helicoptise sources and in developing
techniques to reduce external noise. One of the more pamsisburces, which has evaded sig-
nificant abatement is what is termed “Blade-Vortex Intemctior BVI noise. Unlike in fixed
wing aircraft or even propellers, where the trailed tip \a@$ from the wing or propeller tip are
convected behind when the aircraft moves forward, theedilp vortices from the tip of the he-
licopter's main rotor blades are convected below the maiorrd/ost operating conditions of the
helicopter result in these tip vortices coming close to trenmotor, resulting in an interaction
between the vortex and the oncoming rotor blade. The tipexdrniduces a sharp change in the
effective angle-of-attack observed by the interactinglbleeading to a sudden change in pressure
on the blade surface. This rapid pressure change radiatesoou the rotor in the form of an
impulsive noise referred to as BVI.

This thesis provides a novel, carefully controlled expertal approach to study the helicopter



BVI problem in order to develop deeper insights into the ptyysif noise radiations of the rotor
blade as it moves through a vortex, and to help develop tqaksiand/or specially tailored blades
to help reduce BVI noise. In this chapter an overview of theowsr sources of helicopter noise,
along with the accompanying physics is presented. Thisliswed by a discussion on the noise
reduction techniques deployed by previous researchensayiairticular emphasis on Blade-Vortex

Interaction Noise.

1.1 Sources of Helicopter Noise

Noise is primarily the propagation of pressure fluctuationa medium like air. Changes in
pressure on the aerodynamic surface, associated withr kiftag radiates as noise to an observer
moving with respect to the surface. The helicopter mainrrdke tail rotor and the engine along
with the rest of the body contribute to the noise. The helieomain rotor is the primary source
by virtue of the complex aerodynamic phenomena. Even dumorgnal flight conditions, the
helicopter rotor undergoes various unsteady aerodynangngmena (Fig. 1.1). These, including
dynamic stall, interaction between the main rotor and thikeevgystem, transonic flow resulting in
shocks on the blade surface, and the complex interactioveleetthe main rotor wake and the talil
rotor. Many of these phenomena lead to vibration and nodiatian.

Fig. 1.2 shows the typical frequency spectrum of the noidiatad by a hovering helicopter [5].
The lower frequencies (0-100Hz) are dominated by the mdor ttarmonics of revolution. The
mid-frequencies (60-200) are dominated by the tail rotomumics. At higher frequencies the

noise is more broad-band (less tonal) and the main contritmiare possibly due to the interac-
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Figure 1.1: Source of helicopter noise [4]
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Figure 1.2: Frequency spectrum of radiated noise from @&yhiovering helicopter [5]

tion of the rotor with the turbulence, and due to the gearbmk engine. In general, the relative
importance of each of these sources depends on the spetificdesign.

When the helicopter moves into forward flight, the unsteadgdeamic blade loads, includ-
ing BVI contribute to the lower and mid-frequency spectrunthé€d unsteady phenomena such as
dynamic stall and interaction of the tail rotor with the walfehe main rotor might also generate
broadband noise. The important noise sources on a helicopieward flight, each possess dis-
tinct characteristics and have preferred propagatiorctimes. The noise sources can broadly be

classified into the following:



e Main rotor noise

— Main rotor thickness noise— The thickness noise is a result of the displacement of
the fluid around the blade as it passes through the mediunsandsent in both hover
and forward flight. The noise sources on the rotor blade caeesented by a series
of sources and sinks (monopoles) [6] and results in noisatiad mostly in the plane

of the rotor (Figl. 1.3).

— Main rotor harmonic noise — This is a result of the steady and unsteady loading
on the main rotor and is strongly influenced by the constatitignging loads of a
helicopter rotor in forward flight. This source of noise isialy modelled as a series
of dipoles distributed over the blade. The loading noisetdube steady and unsteady
lift radiates mostly below the rotor plane (Fig. 1.3), whife noise due to steady and

unsteady drag radiates more in the plane of the rotor.

— Main rotor High Speed Impulsive (HSI) Noise— This source of noise occurs mostly
in high speed forward flight and is an extreme case of “thiskneoise” discussed
above. This very intense pulse is strongly influenced by téwesbnic effects on the
blade surface. At very high transonic tip Mach numbers, tioek formed on the blade
surface, can extend past the rotor blade tip and can prapagatthe far-field. This
phenomenon known as “delocalization” [6, 7] of the shockiltssn a particularly im-
pulsive sound referred to as High-Speed Impulsive (HSIsBoilrhis source of noise
typically observed in older “Huey Helicopters”, can be iggtied to some extent by

operating the helicopter at low advancing tip Mach numb8iace the “delocalized”
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shock wave tends to radiate in-plane, this sound sourcesiyrfocused in and slightly
below the plane of the rotor and is particularly importantrfalitary detection. In the
recent past, several flight tests [8] and pioneering expmartsnconducted in wind tun-
nels and hover chambers [6, 7, 9] have been conducted tootbaza and understand
this particular source. Some of the solutions includingdowotor tip speeds and/or
innovative blade designs, like the BERP tip [10] have beenrpmmted in modern
helicopters. Moreover, theoretical predictions of HSIsgosignature using “state-of-

the-art” codes has reached a reasonably good level of axcfird].

— Main rotor Blade-Vortex Interaction (BVI) Noise — It is the typical “popping” or
“slapping” sound heard most often when the observer is intfand to the advancing-
blade side of the helicopter, or to the rear and retreatlagebside of the helicopter.
This particular phenomenon has been a topic of extensiearels for the past decades [12].
As discussed earlier, this impulsive noise mostly occuremthe wake of the main ro-
tor passes near the rotor tip path plane. The primary radialirection is to front and

below the rotor (Fig. 1.3).

e Tail rotor harmonic noise — Occurs due to the steady & unsteady airloads on the tait.roto
It is similar in nature to the rotor harmonic noise, but of gh@r frequency as the RPM of

the tail rotor is a higher than that of the main rotor as candam $rom Figl. 1.2.

e Other noise sources— The gearbox of the transmission system, engine and aieftaso
contribute to some broadband noise. These sources are @épwgnificantly lower in mag-
nitude than the main rotor noise sources, as can be seen fgpih. E.

8
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Figure 1.3: Preferred radiation directions of some noisgcEs [13]

1.2 Blade-Vortex Interaction Noise

Blade-Vortex Interaction noise mainly occurs during lowexgpbelescending flight, low speed
turning descents and during some maneuvering flights [14g@s& conditions are conducive to the
rotor blade passing close to a vortex that is trailed fronvipres blades (Fig 1.4). The induced
velocity of each tip vortex essentially induces a sharp gban effective angle of attack observed
by the interacting blade, leading to a sharp change in stigaessure. This rapid pressure change
radiates out in the form of the impulsive noise known as Blsoigex Interaction or BVI noise.

BVI noise is known to be highly directional and quite sensitiv flight conditions. The fact
that most of the acoustic energy is concentrated in the &éegurange from 75Hz to 1500Hz (5
rotor harmonics to 100 rotor harmonics) makes it quite amgpgs the human ear is very sensitive
to sound at the higher end of the frequency range. The noisergion itself is a complex aeroa-

coustic phenomenon and depends on a variety of factors grassimg rotor design, operational
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Figure 1.4: A 4-bladed rotor undergoing BVI

conditions and even atmospheric conditions. The naturesardgth of the effective BVI noise
sources, the associated propagation mechanisms and timegof the interaction determine the
BVI noise radiation to the far-field.

Fig.'1.5 shows the geometry of two-bladed rotor undergoind &3/seen from the top view.
As is apparent from the figure, each blade intersects thécesrtrailed from the blade tips at
earlier times. Even for a two-bladed rotor, several inteoas are possible and are dependant
on the trajectory of the tip vortex. The strength of the tipter and its trajectory, in turn, are
dependant on various rotor parameters including rotor @eihnumber and advance ratio. Under
most flight conditions such as hover or steady level flight, tih vortices are mostly below the
plane of the rotor as seen in Fig. 1.6(a) and the interactiwden the blade and vortices do not

lead to significant noise radiation. However, certain fligbhditions such as low speed descent,
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Figure 1.5: Top view of helicopter in BVI

lead to the tip vortices passing close to rotor plane (Fi§(h)). The closer the tip vortices are to
the rotor plane, the stronger and more impulsive is the rraidiated.

Certain interactions, for example BVI #3 in Fig. [1.5, are suwdt the interacting tip vortex
filament with the blade is nearly parallel to the rotor bladéne resulting interaction can then
be idealized as a series of two-dimensional interactiort&d®n the blade section and a two-
dimensional vortex. A two-dimensional section of the rditade airfoil undergoing BVI is shown

as a schematic in Fig. 1.7 along with the typical vortex iretligelocity. The velocity induced by
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Figure 1.6: Side view of helicopter BVI
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Figure 1.7: Two-dimensional schematic of the BVI

an idealized vortex on the blade is given by the Biot-Savavt la

-
Vo= — 1.1
b= 5 (1.1)

wherely is the tangential velocity induced by the vortéxs the vortex strength ands the radial
distance from the vortex center. The blade surface pressutdence the lift is most affected by

the vertical component of the induced velocity and is given b

r Xc

T - @)

(1.2)

whereV; is the vertical component of the velocity induced at the tgracthord location of an airfoll
which is separated vertically by a distarieand horizontally by a distanog from the vortex.

The unsteadiness of the induced surface pressures, anel thergtrength of the radiated noise
depends quite strongly on the vertical “miss-distarg® petween the blade and the vortex, the
strength [) and core radius§) of the vortex.

A relatively simple analysis can be performed to estimagetigh-vortex trajectory for a rotor
in steady forward flight. Assuming that the tip vortex cortgeglong with the rotor downwash

13



and is undistorted in the rotor tip path plane, the tip vodegrdinates can be obtained using the

following equations [15]:

o~ cos(— W) + My
T~ sin(yp— ) (L:3)

wherexip andyip are the coordinates of the tip vortex filameRts the blade radiusp, andyy
are the azimuthal angles of the blade and the tip vortex fitemeder consideration, respectively
andu is the advance ratio of the helicopter. This basic equatithoagh possibly over-simplified,
captures the essential parameters affecting the BVI. M@mrdkis set of equations also helps
predict the locations of important BVIs. The locus of possiBVIs for anNy-bladed rotor, in

a rotor fixed reference frame, can then be determined byrgpitie following two equations,

simultaneously:

M) = cos(Wp— Yw) + M
Np

2m(i —1)

)

rcos<Lpb —

rsin (UJb— = sin(Yp— Yw) (1.4)

Fig.'1.8 shows the locus of possible BVIs for a two bladed loglier at two different advance
ratios of 01 and 0164 obtained from the rigid wake (Eqn. 1.4), in the rotor fixefitrence frame.
It should be noted that a rigid wake model is not entirely aatias the rotor downwash and in-
teraction between the individual shed vortices causes #kew modify even during steady flight
conditions. Nevertheless, the trajectory described byithé wake model provides an important
understanding of the interaction geometry and in identgdyihe important interactions for BVI
noise radiation.
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Figure 1.8: Locus of possible blade-vortex interactiorrstde-bladed rotor for two different ad-

vance ratios|{= 0.1 andu = 0.164)

If one were to consider the instantaneous interaction po@tween the tip vortex and the blade
as the noise source, then the trajectory of the source inntdisturbed medium is obtained from
the tip vortex trajectory depicted in Fig. 1.8. Confining thiggectory to lie in a plane parallel to
the rotor disk causes the aerodynamic loading and the iggaktoustics of the BVI to be predom-
inantly dependant on the basic top-view geometry of the B@tpss. The controlling parameters
are the advance ratiqi( and the hover tip Mach numbe¥() of the rotor [16]. From these two
parameters, a third parameter called the trace Mach nuriBgec@n be obtained (Egn. 1.5). The
trace Mach numbemMrR) is the speed\rr in Fig./1.9) of the locus of the interaction geometry,

with respect to the undisturbed medium, non-dimensioedllzy the speed of sound.

(1.5)

Both the three-dimensional interaction geometry and theetidach number determine the
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phasing of the acoustic events and hence the directioradlitye BVI noise radiation [18, 19, 20,
21, 22]. When viewed in a medium fixed frame of reference, the Bjéctory can be treated as a
single acoustic source (of varying strength) moving aldweggpi-cycloidal tip vortex trajectory at a
non-dimensionalized speed given by the trace Mach numleraéh instant in time, this acoustic
source triggers an acoustic disturbance (BVI wavelet) thatggates away from the blade surface
at the speed of sound. If the trace Mach number at points dlmngrajectory becomes large, a
series of these acoustic disturbances can group togettreth@i undesirable effect of strong noise
focusing and amplification. The noise focusing is direatliated to the trace Mach number.

For a parallel BVI, the interaction angjein Fig./1.9 is zero resulting in a trace Mach number
of infinity (from Eqn.1.5). Physically, this is because &létacoustic sources along the BVI tra-
jectory are triggered simultaneously. The wavefront tasgifrom the summing of these acoustic
waves propagates almost perpendicular to the initial actesn. A schematic of the wavefront
for a helicopter undergoing near-parallel (slightly cuv®VI is shown in Fig/ 1.10(a) and the

corresponding trace Mach number profile in Fig. 1.10(b). sThteraction — corresponding to
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BVI #3 in Fig./1.5 — has an infinite trace Mach number for mosth& interaction, resulting in
a simultaneous summing of the BVI wavelets. Such interastare typically the strongest, with
most of the acoustic energy focused in front and to the adwgrside of the rotor.

Oblique BVIs tend to be of a lesser magnitude due to summingeoivaves from the acoustic
source as the blade sweeps the tip vortex trajectory. Faslihigue BVI, the trace Mach number
being finite, results in non-simultaneous summing of theuatto waves. This results in an en-
tirely different azimuthal directionality of noise radia. A schematic of a helicopter undergoing
oblique BVI (corresponding to BVI #2 in Fig. 1.5) is shown in Fig10(c). This interaction has
a decelerating trace Mach number profile as shown in Fig(d)1Most of the acoustic energy in
this case is directed towards the front of the rotor.

From the discussion so far, it is apparent that the heliedptd is a strong function of the
helicopter wake.

Significant research effort has been directed at reducingm®\ige in the past decades. Various
blade and/or rotor design modifications including activd passive approaches, X-Force control
and flight path management have been attempted with suddessver, they require significant
modifications to the helicopter airframe. A significant pamtof the problem has been the lack of
understanding of the real cause and effect. For instane@ges in blade planform affects the tip
vortex characteristics which in turn modifies the unsteadiyiced loads. However, the change in
blade planform also affects the trace Mach number profildefinteraction as the blade sweeps
over the tip vortex, thus affecting the phasing and hen@etionality of the acoustic energy. Given

that the tip vortex trajectory is far more complex than isresgnted by Eqn. 1.3 the real effect of
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the blade design change is hard to predict and control. &iredupled effects occur with almost

all rotor parameter changes making BVI noise reduction aatealenge.

1.3 BVI Noise: Challenges and Prior Art

Accurate prediction of helicopter BVI noise is a difficult dleage that has yet to be accom-
plished. BVI noise prediction requires good estimates ofrtter trim state and very accurate
estimates of the vortex strength, trajectory and vortexcstire, blade aerodynamics and aeroelas-
ticity.

In predicting rotorcraft noise on the ground, thereforeré¢hare typically two challenges in-

volved:

e Estimate the blade loads and blade surface pressure digiritat a given operating condi-
tion. This requires a very detailed knowledge of the wakeagiyics, especially the vortex
locations and the evolution characteristics to sufficiehtgh degree of resolution. More-
over, the turbulence and near shed-wake dynamics alsalmaietto some of the acoustics.
The complexity of the wake and unsteadiness of the wholesystakes this a very chal-

lenging task.

e Once the aerodynamic environment is known, experimentallyomputationally, Eqn. 1.6
or other suitable equations can be applied to calculatedise madiated to the ground. Even
at this stage, the non-linearities involved at high transtip Mach numbers, make accurate

noise prediction complicated
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A brief review of previous work undertaken by researcheranderstanding these challenges is

provided below.

1.3.1 Unsteady Aerodynamics

Beginning with Theodersen’s [23] analysis of two-dimensiarscillating airfoils, various the-
ories have been put forward for understanding unsteadydgeamics, including heaving and
pitching airfoils [24, 25] and airfoils moving through gaq6]. Wagner first proposed the in-
dicial approach, whereby the empirically estimated thiméiresponse to a step change in angle of
attack is integrated using the Duhamel integral to obtagrdilfoil response to arbitrary unsteady
angle of attack changes. This approach has been extendeatibys/researchers to other airfoil
motions including pitching and heaving. Beddoes [27] anigrlaeishman [28] extended the ap-
proach for the motion of an airfoil through a gust. Leishmétamed the airfoil response to a
sharp-edged gust using an two-dimensional unsteady ReyAoktaged Navier-Stokes (RANS)
CFD solution, which was then used to estimate the airfoil $of@d an arbitrary gust. Such tech-
niques when tailored for specific Mach number regimes caawddor compressibility effects to
some extent, and have been used with a reasonable degreutd@cto predict BVI noise [29].
However, all the above theories being based on potentialdi@itruly valid only for sufficiently
low Mach numbers and relatively small changes in aerodyoahmracter.

While the above approaches mostly concern airfoil-gustacteons and are essentially two-
dimensional in nature, Widnall and Chu [30] and later Maziaed Widnall [31] attempted the

development of a theoretical model for the interaction ofrdimite wing with an oblique gust.
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While this approach helped solidify the trace Mach numbercephproposed by Widnall [17],
comparison with experiment [32, 33] was not satisfactorg ttuthe assumptions of low reduced
frequency and moderate tip Mach numbers.

BVI induced loads are of very high frequency in nature and @arse acceleration of the flow
to transonic Mach numbers. Since BVI far-field acoustics isen@function of the rate of change
of loads than the level of the loads itself, the radiated exqiedicted using these aerodynamic
models tend to be wrong. Moreover, they very quickly losédigl at higher Mach numbers.

These potential theories, nevertheless have been usedem dimensional calculations for
various helicopter manuevers. Vortex based models have s to represent the wake behind
the helicopter, and the induced blade loads. Prescribeé wadthods [34, 35], where the wake
structure is modelled priori or is obtained from empirical estimates, and free wake nutiig6,
37], where the wake structures evolves as a part of the eollitave been developed. These
techniques, although successful to some extent in praditiie wake dynamics, precise location
of BVIs require extremely high level of resolution of the wakieus increasing the computational
time by orders of magnitudes.

With the advent of cheaper and faster computers, full-flddgeutions of the Navier-Stokes
equation for the flow field surrounding the rotor has becomssibde. Datta et al [38] present
a detailed review of the development of CFD based approactes Iy researches in the last
decade. The main advantage of this approach is the accustetion of the flow field around
the rotor blade. With sufficient resolution in grids and gsihe right discretization, the formation

of vorticity on the surface of the rotor blades, its conwaatinto the trailing vortex sheet, and
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rollup into one or more vortex structures can be calculatsxli@ately. However, they require
very fine grid resolution in order to prevent numerical gigsion of the vortex structures. Some
hybrid formulations which use the Lagrangian free-vortppraach (or prescribed wake in some
cases) approach for the far-field wake and solve the flow emsain the near field have been
used to work around this problem [39]. Computationally matensive techniques such as direct
wake capturing scheme [40, 41] and vorticity confinemertiriapes [42] have also been applied
to the problem. These computational techniques are undiee atevelopment and might prove
very useful for the simulation of the rotor wake aerodynanpecoblem. However, they are still
in the infancy and lot more research is needed before theyearsed in full fledged rotorcraft

comprehensive codes.

1.3.2 Aeroacoustics

Acoustic pressure in the far-field is simply the aerodynapeiturbation pressure that radiates
a net energy from the source. Thus in theory, one expectatbaiution to the full Navier-Stokes
equations over the entire flow field (including the observeuld provide the desired solution.
However, this approach for practical problems is beyondcamgently available computing capac-
ity and will be so in the foreseeable future [43]. Howevergc®ithe aerodynamic field around a
rotor blade has been estimated, the application of the gppte acoustic propagation equation
can yield the acoustic pressure at the observer locatidn [44

Some of the earliest acoustics research with regards timgtsystems was focused on the pro-

peller. By the late 1930s it was known that for rotating blatesh loading and the blade thickness
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could generate noise by different mechanisms. The firanhas#i of harmonic loading noise due
to the steady loading on the blade was obtained by Gutin [Alaik early theory though based on
simple aerodynamic estimates of the loading brought ouextieemely directional nature of the
loading noise and its dipole nature. Demming [46] and Em@nsslen [47] worked independently
on the problem of thickness noise in propellers. These tmpand thickness noise estimates were
derived for propellers that were simply rotating in one plaGarrick and Watkins [48] extended
Gutin’s results to the propeller in forward flight in the edfifties.

By the 1960s the noise of helicopters became an importarg.isswas realized that unsteady
blade loading in addition to steady loading was a significamtributor to the discrete and broad-
band noise of the helicopter rotors. However, the acousgiories developed earlier for propellers
were only applicable to helicopters in hover or axial clirbkcause they did not account for the
unsteady blade loading during the helicopter’s forwarchtligSome of the first noise prediction
theories applied specifically to helicopter rotors weresligwed by Lowson [49] and Wright [50]

Lighthill's [51, 52] paper where he recast the Navier-St&quation as a wave equation propa-
gating pressure was among the first to mathematically madelgerodynamic sources (other than
monopoles and dipoles). This approach termed the “acoastitogy”, was originally derived for
jet noise and is not directly applicable to the rotor noisgbpem.

Working on similar lines as the Lighthill’'s analogy, andnggeneralized functions, the Navier-
Stokes equation was recast into a non-homogeneous wavgaegwehich can be applied to any
arbitrary surface by Ffowcs-Williams and Hawkings [53].idBquation, now called the “Ffowcs-

Williams and Hawkings Equation” is more general than otbésncraft acoustic modelling and has
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been used extensively for the rotor noise problem. Theicldssivation assumes an impermeable
surface and the solution is derived using the Green'’s fanabver free unbounded space. The

acoustic pressure can be expressed in tensor notation:

" ox //{r\fjnl\J/l st

Loading (dlpole) term

Tt // Lupov&r'} (1.6)

Thickness (monopole) term

ax.axJ /// {r!lT”Mrll

Quadrupole term

where, p represents the acoustic pressure at the obsarverthe distance between the acoustic
source and the observéd, is the Mach number of the source along the direction of theives,

Rj andT; are the local pressure and stress tensors respectively; asgresents the local normal
to the surface containing the acoustic sources. Finalg/télhms within the square brackets are
evaluated at the right retarded time (time of acoustic @omnsisom the source).

The acoustic pressure, in the far-field is given as the sum of three terms: the |logd&mm,
the thickness term and the quadrupole term. The “loadingitalso a surface integral, accounts
for the steady and unsteady aerodynamic forces of lift ang dn the surface. This term is dipole
in nature and radiates in a double-dumbbell shaped patenpepdicular to the rotor plane for
noise due to lift and parallel to the rotor plane for noise tluelrag. The “thickness” term, a
surface integral, accounts for the displacement of the nmediue to the thickness of the surface.
It is @ monopole term and in the case of the helicopter, resultadiation mostly in the plane of
the rotor. The third term, a volume integral, is simply techas a quadrupole and accounts for all
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other sources including non-linearities at transonic Maghbers, turbulence and aerodynamic
stresses produced in the flow-field. This term can be extyenmhplicated to compute and most
initial researchers either dropped this term all togetheteveloped formulations which reduced
the complexity of the computation involved.

The Ffowcs-Williams Hawkings equation (Eqn. 1.6) itselsHmeen the subject of significant
research in the past two decades and recast into more usefus.f Notable among them are
Farassat’s formulations [54, 55] which are used in many gehmgmsive rotorcraft codes including
WOPWOP [56].

While the “dipole” (loading) term and “monopole” (thickn@term relate directly to far-field
radiated noise due to airloads on the rotor blade, the “qumde” term encompasses the entire
flow-field, including the aerodynamics of the rotor wake alomith turbulent fluctuations and
other non-linearities all the way out to the observer. Thadgupole term is really a manifestation
of choosing a linear solution formulation of the rotor adauproblem. This term also accounts
for non-linearities due to local variations in speed of sbinduced by compressibility. Unfortu-
nately, this term is extremely complicated to calculateuaaiely and truly requires a full-blown
CFD estimation of the important flow-field variables. The efffef the non-linearities is usually
very small far away from the rotor blade and are neglected namst formulations only try to cap-
ture the quadrupole term near the blade. Although this tesesglay an important role in BVI
noise generation, particularly at higher tip Mach numbBi,[it is neglected in most preliminary
calculations.

Farassat and Myers [58, 59] developed the Kirchoff surfacedlation to eliminate the need
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to estimate the quadrupole source term. The Kirchoff serfaacloses the blade and the near
field wake so that the primary contribution of the quadrugeten is contained within the surface.
CFD methods are then used to compute the flow inside this suidd$, and to estimate the flow
velocities and pressure, and their spatial and temporatadimes. These values are then input
into the acoustic propagation formulations to compute #uefield noise. Lyrintzis et al [43]
provide a good review of approaches and methods of implatientof the Kirchoff surface to
rotor problems. The Kirchoff surface can either surrouredehtire rotor and be fixed with respect
to the flow-field of interest, or it can encompass a singledkaud rotate in the medium. Although
both these methods and the conventional method of droppmeffect of the quadrupole term
provide very similar results for low speed problems, in ttaasonic flow regime the non-rotating
Kirchoff surface is seen to give better results.

The impermeable Kirchoff [60] surface formulation is vatidly in the region where the linear
wave propagation governs the flow. In regions close to theehlevhere non-linear acoustic phe-
nomena dominate, unphysical solutions have been obtainétidomethod [4]. Also it has been
shown that the Kirchoff surface can give unreliable reswuitsituations with vorticity transport-
ing across the surface. This is particularly important faor problems. di Fransescantonio [61]
revised the Ffowcs-Williams Hawkings (Eqn. [1.6) equatising a permeable surface boundary
condition. Recently many researchers have been employsgdimeable surface formulation
for the rotor noise problem as it helps better capture theen@diation due to aerodynamic non-
linearities around the blade [62, 63].

Caradonna et al [64] presented a comparison of various caiipo@l methodologies, to ex-
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perimental results of BVI induced blade loads and noise -frediged CFD, indicial methods using

blade element theory and aeroacoustics formulation usipgrenental blade pressures [65] were
compared to a controlled parallel blade vortex interactithrwas observed that most theoretical
approaches predicted blade loads reasonably well, whéexvparameters and blade motion were
accurately known. However, there were discrepancies imthge prediction. Most approaches

over-predicted the magnitude and/or the pulse-width.

1.3.3 Experimental Approaches

Flight tests have been performed for a very long time to edgrhelicopter noise for research
purposes, community noise acceptance studies and ceitifidé6]. Microphones mounted on
the ground, or on tall poles or cranes [67] are used to ob#aificld noise information. The effect
of atmospheric absorption can be accounted for and studie®e conducted for different flight
maneuvers. However, using this technique it is hard to atelyrmeasure the noise when the noise
signature or directivity changes during a flyby. Certain fligagments such as high speed flight
preclude averaging of the data and hence pose difficultiasdarate noise measurements.

The In-Flight Rotor Acoustic Program (IRAP) at NASA Ames degd by Schmitz and
Boxwell [9,8, 68] consists of a fixed wing aircraft flying in foation with the helicopter be-
ing tested (Fid. 1.11). The fixed wing aircraft acts as arrimsented “flying platform” for making
acoustic measurements. This approach has two distinchtahes over ground based measure-
ment approaches. The periodic data obtained can be ensevaniged and tied to discrete aero-

dynamic events on the helicopter rotor. Moreover, the “tiyphatform” can be flown at different
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Fixed rates of descent ond
forward wvelocities

Figure 1.11: In-flight acoustic measurement technique [8]

azimuth and elevation angles at a fixed distance from thedykr to obtain directivity informa-

A Mohawk (OV-1C) instrumented with microphones was flown inmnfation with a UH-1H

helicopter (Fig.1.11), positioning the helicopter to abtaeriodic noise at the microphone on the

OV-1C. This was the first successfull attempt at charactegitihe full-scale impulsive noise of

this helicopter. This flight test also showed that the heglieo cabin noise measurements are not

necessarily indicative of noise radiated outside, pddityfor High-Speed Impulsive (HSI) noise.

Later, an instrumented Y0-3A was used to measure noiseakasdics of the AH-1S and the UH-

1H. Tests were performed at different advance ratios ancenadel rates of sink. It was shown that

BVI noise radiated mostly forward and below the main rotor.
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Experiments conducted by Boxwell et al [16] suggested thatrthin non-dimensional param-
eters are the advance ratig),(the thrust coefficientQy), rotor tip-path plane anglex¢pp), and
hover tip Mach numberMy). The study also showed that when these parameters areeadatch
full-scale flight BVI acoustics are comparable to experiménind-tunnel BVIs for low to mod-
erate advance ratios. These non-dimensional paramefecs tfe radiated noise, primarily by
altering the vortex characteristics and wake structure difange in thrust coefficient and tip path
plane angle affects the miss-distance and strength of thexvihus affecting the induced pressure
on the blade surface. The hover tip Mach number and the advatio affect the basic vortex
characteristics as well the trajectory of the tip vortiadgnging the interaction geometry.

Several wind tunnel tests have further explored the efféethese parameters on BVI noise.
Burley and Martin [69] present detailed time histories of BVise associated with a model BO-
105 helicopter in the DNW wind tunnel on a ground plane understcaled rotor. It was implicitly
assumed that the model rotor acoustics were similar to thedale BO-105. The researchers
extensively covered the effect of tip path plane angle anéiack ratio and concluded that BVI
noise peaks in a narrow range of tip-path plane angles andhisarange reduces as the advance
ratio decreases.

The Higher Harmonics Control Aeroacoustic Rotor Test (HARM,[71, 72] program at the
DNW wind tunnel, tested an instrumented BO-105 rotor for aasi operating conditions with
and without applying Higher-Harmonic control (HHC). The wafeometry (including the vor-
tex strength and structure) was also measured using Rdrtialging Velocimetry (PI1V) and Laser

Doppler Velocimetry (LDV). Several computational apprioas have used these results for validat-
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ing the acoustics and near wake aerodynamic predictiong# 35]. These experiments however,
in simulating a full BVI problem had the same rotor-wake cauplissue discussed earlier. The
wake geometry and blade motions were reported to have a ngrgrtant effect on the acoustics
predictions.

The in-flight measurement approach was used once again byué@mm [76] to study the
acoustic characteristics of the S-76 and perform compasisath full-scale wind tunnel tests.
Comparisons at low advance ratios between the time histofi@d tunnel and flight tests were
reasonable. However, at higher advance ratios 0.25) the wind tunnel measurements showed
much higher blade-to-blade and revolution-to-revoluti@niability, and slightly different pulse
shapes compared to flight data, possibly due to wind tunmielikence. It was observed that peak
BVI noise radiation increased with increasing tip-path plamgle until it reached a maximum
value for a given advance ratio. Further increases in thpdtp plane angle resulted in a reduction
in peak BVI noise.

Sim and Schmitz [77] conducted a series of flight test expemisto establish the relation
between the azimuthal directivity of BVI and flight condit®such as rate-of-sink and forward
speed. A microphone instrumented boom was mounted on tieptdr while flying it at various
flight conditions. This set of experiments provides a patady useful dataset as it allowed to keep
the microphones at precisely known location with respethémain rotor during flight. Efforts
are also underway to instrument the helicopter with tip jpddine measurement system to quantify

its role as a fundamental parameter for BVI noise radiation.
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Rotor Blade

Figure 1.12: A schematic of the BVI experiment by Leverton

Experimental Simulations of BVI Noise

Among the first experimental studies of the BVI noise was peréal by Leverton [78, 79]. He
used a series of jets impinging on a rotating blade while nm@&ag the radiated noise (Fig. 1.12).
Although this experiment had several limitations, it wascassful in establishing the general
origin of BVI noise as occurring due to a vortex interaction.

McCormick and Surendraiah [80] were the first to conduct adiet experiments with a sta-
tionary vortex. A semi-span wing mounted in a wind tunnel waed to generate a tip vortex,

which when convected downstream underwent a parallelaoten with a two-bladed rotor. The
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rotor itself was non-lifting so that it did not generate amioceable tip vortices. The strength of
the vortex and the miss distance could be controlled by dhgrthe angle of attack and by mov-

ing the wing-tip relative to the rotor system. An indeperttiagenerated vortex provided known

parameters for the blade-vortex interaction and signifigareduced the complexity, enabling a

paramteric study of unsteady loads and acoustics. Howehesgpstream vortex strength was not
strong enough to be representative of full-scale BVI.

Several experiments have since been performed to study #ueBlortex interaction [81, 82,
83]. One particularly important experiment was a paralled&-Vortex Interaction conducted
by Kitaplioglu et al [84, 85]. A vortex shed from a fixed-winip interacted with a scaled OLS
blade further downstream in the 80120ft wind tunnel (Fig. 1.13). Blade surface pressures at
various spanwise locations were recorded simultaneousiyfar-field as well as near-field noise.
This experiment has since been the validation point for atrath BVI simulation methodologies
developed. However, the vortex size was about 15% of the a¥tord which is on the larger
side of typically encountered vortices during BVI. Thus intained a lower frequency content
than is typical. Although the setup had the capability to enthe rotor with respect to the vortex
trajectory it was not performed and no oblique BVI interactiases were studied to determine the

noise radiation characteristics of the rotor.

1.4 Objectives of Current Research

Although significant amount of research has gone into shgithe BVI noise problem in the

recent past, quiet rotor designs are hard to come by in thevaéd. Accurately predicting the
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Figure 1.13: A schematic of the wind tunnel experimentaigeised by Kitaplioglu et al [84]

airloads and the resulting rotor noise has been a challgmgwblem owing to the complex wake

structure behind the rotor. Past experience has showndbaitately predicting BVI noise depends
strongly on the tip vortex characteristics like vortex csize, peak swirl velocity of the vortex and

the tip vortex geometry during the interaction [71]. Anatkey parameter determining accurate
noise prediction is the blade aeroelastic deflection [74@dNications to the rotor characteristics
such as the tip Mach number, blade planform etc. result inifssgnt changes to the tip vortex

characteristics and hence further complicate the accufitye prediction.

Approaches to study the simplified BVI problem in a controfegironment by decoupling the
interacting vortex from the rotor parameters and blade getgnhave been useful, albeit limited in
their scope. Most previous experiments have been focusttegrarallel BVI situation. Moreover,
the vortex generated in the wind-tunnel is somewhat largenpared to the typical tip vortex
undergoing BVI, resulting in lower frequency content. Thegperiments have mostly focused on
the peak noise direction, and have not covered azimuthetiar.

The primary objective of the present study is to simulate Bwvbtigh the interaction be-

tween the rotor blade and controlled gust which replicdtesey features and governing param-
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eters of the vortex induced velocity in a hover environmdiitis Blade-Controlled Disturbance-
Interaction, termed the BCDI, is the primary focus of the pnéséudy. The experimental facility
needed to achieve this objective is built from the groundTiype controlled disturbance is provided
in the form of a gust field with a velocity profile tailored toptieate that of a typical tip vortex.
The first objective therefore, is to design and fabricateustgenerator” that outputs a disturbance
field that replicates the impulsiveness and the inducedcitglprofile of a typical tip vortex. The
gust field needs to be well-characterized and have a rdlatowe turbulence to ensure repeatabil-
ity. The nozzle should also be orientable at any angle wispeet to the rotor blade to simulate
oblique interactions and to match realistic trace Mach renmb

The rotor stand built for the experiment consists of a shindgeled, non-lifting to reduce the
complexity of the problem. It has the capability to spin dt-feale tip Mach numbers in order
to accurately scale the acoustic phenomena. The largetaconamber present at the University
of Maryland is used for the experiment. A set of tests weredooted to check the reflection
characteristics within the chamber. The chamber was tleaitetd with acoustic material to improve
the sound absorbing characteristics of the wall for theueagy range expected.

The ultimate objective is to study in detail the acousticshef BCDI at different tip Mach
numbers and interaction angles and identify the radiati@racteristics, including directionality
for different trace Mach numbers. This will help identifyetkey parameters affecting the noise ra-
diation. As mentioned earlier, in order to achieve obliquernaction angles, the nozzle of the gust
generator is orientable with respect to the blade. Furtbegnio obtain the detailed directionality

information acoustic data is recorded at several microphocations around the chamber.
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Another objective of the present research is to study theeedf spanwise phasing on the radi-
ated noise and directionality trends. In order to study oution of the spanwise blade sections
a lifting line approach combined with unsteady indicialaimamics and Farassat’s formulation
1A for calculating the acoustics is used. This approach belluseful in helping design quieter

rotor blades.
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Chapter 2

Approach

2.1 Experimental BVI Simulation — The BCDI Experiment

This chapter explains in detail the fundamental ideas laetia experimental approach used in
this study along with the experimental setup and the assatiheoretical modeling to understand
the fundamental physics behind the BVI acoustics.

As described in the previous chapter, predicting BVI noiselves two steps:
1. Estimating the unsteady aerodynamic loads on the blagléodnie tip vortex interaction and
2. Estimating the radiated acoustics resulting from theagka in blade aerodynamic loads.

The first step of the approach enumerated above is extremetplcated owing to the tightly
coupled nature of the helicopter blade aerodynamics to giewstructure.
The approach detailed in this dissertation is to study the@@blem by decoupling the vortex

characteristics from the rotor characteristics. This $ifireg the problem significantly and allows
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studying the blade response to a fixed velocity field that ktea a vortex of known character-
istics. This in turn, allows the comparison of the acoustgponse of the rotor blade to changes
in blade planform and other features. In the present expertrthe tip vortex is simulated by an
independently controlled velocity field which is not depenton the characteristics of the rotor
being tested. This controlled velocity field is tailored sat@match the essential tip vortex char-
acteristics responsible for BVI. A crucial hypothesis thppeach is based on is that the unsteady
blade aerodynamic response to the controlled velocity fsesimilar in character to the response
during an interaction with a real tip vortex. This simulai&d| experiment is thus referred to in
the dissertation as the Blade Controlled-Disturbance lotieraor BCDI.

Fig(2.1 shows the top and side view of a two bladed helicomtnr rexhibiting blade-vortex
interaction. The top view (Fig. 2.1(a)) clearly suggests the rotor blade passes near multiple
vortices during one revolution and that each interacti@trsngly dependant on the angle the blade
makes with the interaction vortex. This interaction anglembined with the tip Mach number
of the blade and the advance ratio determines the threendioreal geometry of the interaction,
and hence plays a crucial role in the BVI noise generationge®§22, 86]. The side view of
the schematic (Fig. 2.1(b)) shows the vertical distancesden the vortex and the rotor blade —
usually referred to as the miss distance. The miss distagteendines the velocity field induced by
the vortex on the rotor blade section, and hence the unstadglynamics during the interaction.
In experimentally simulating a blade-vortex interactiomsiimportant to faithfully replicate the
both the induced velocity field as well as the overall thremethsional geometry of the interaction.

If one were to consider a near parallel interaction, the B\odgnamics is mostly two-
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(b) Side View of a Helicopter in BVI

Figure 2.1: Helicopter BVI geometry for a two-bladed rotor
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Figure 2.2: Two-dimensional schematic of the BVI

dv/dt

Induced Velocity (V)

Airfoil Chord (c)

Airfoil Chord (c)

Figure 2.3: Typical vortex induced velocity profile and itadient

dimensional (Fig. 2.2) inboard from tip of the blade. A skett the two-dimensional chord-wise
cross-section of a typical vortex induced velocity profileéree quarter chord location along with
the gradient of the velocity profile with time is shown in F&33. A rapid change in induced ve-
locity occurs as the blade passes near the vortex and rasstiarp changes in blade aerodynamic
loads (Figl. 2.4). This sharp change induces a reactionamygihg pressure on the fluid as per the
loading term of the Ffowcs-Williams and Hawking’s equat{@&@uyn. 1.6 on pg. 24). A part of this

changing pressure propagates outwards as a radiated iveppilessure pulse.
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Figure 2.4: Sectional lift coefficient induced by a vortextba airfoil
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Since BVI noise is primarily a result of the unsteady lift — alniis caused by the vertical
component of the vortex induced velocity — only the compopenpendicular to the rotor plane
has been simulated at this time in the BCDI experiment. The itapbcharacteristics required
to replicate the impulsiveness of the problem are: (i) thgmitade of the peak induced velocity
and (ii) the gradient of the induced velocity. In the pred@GDI approach, a controlled vertical
velocity field is provided in the form of a gust located at a fixezimuthal position with respect to
the rotor (Figl 2.5(a)).

The nozzle of the gust generator is designed so that the kegxveelocity characteristics,
viz. the vertical velocity gradient (which defines the imgpuéness of the problem) and the peak
velocity, are replicated. Unfortunately, in this simutettiapproach it is not possible to replicate the
negative portion of the vortex induced velocity. Howevle fundamental nature of the problem
remains unchanged as the impulsiveness can still be satficieplicated. The three-dimensional
geometry of the interaction is matched by orienting the gusiifferent angles with respect to the
blade. The gust when oriented parallel to the blade reglécatparallel Blade-Vortex Interaction,
while an oblique interaction with a straight line vortexeéplicated by orienting the gust at an angle
with the blade. However, it should be noted that in a real BN, tip vortex filament undergoing
the interaction with the blade is curved (Fig. 2.1(a)) andst@ight. This can be achieved by using
a curved nozzle and is left for future work (Fig. 2.5(b)).

Apart from the vortex vertical velocity characteristicsdageometry, it is also important to
match the rotor characteristics to scale the phenomendnfuly. In real BVI conditions the

helicopter is almost always in forward flight and most oftemiild descent. As discussed earlier, in
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Figure 2.5: Schematic of the experiment
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Figure 2.6: Trace Mach Number of BVI

order to carefully control the interaction parameters pgresent experiment is conducted in hover.
Thus it is difficult to precisely match the spanwise variatia velocity during the interaction.
However, for problems that depend on wave collection preegsit is very important to match
the tip Mach number of the blade. Therefore, the tip Mach remab the hovering rotor in the
experiment has to be matched to the advancing tip Mach nuwofoide rotor in forward flight
undergoing BVI. An important point to remember is that therattion geometry resulting from
the epi-cycloid like pattern laid out by the tip vortices pase, is a result of the forward speed
combined with the hover tip Mach number of the rotor. When tterrblade sweeps over the tip
vortex (Fig. 2.6), it can be considered as a series of tweedsional interactions, each of which
radiate noise in the medium. The rate at which these “seditiacoustic sources” sum in the
medium is critical to the resulting phasing and hence thrength and directionality of the radiated
noise. The velocity of these “sectional sources” non-disi@malized with respect to the speed

of sound is termed the trace Mach number. The trace Mach nuislggven by the following
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equation:

Mg — Qr(u+§inwb) 2.1)

While the acoustic phasing along the rotor plane is deteminyethe trace Mach number profile,

the actual three-dimensionality of aerodynamics is datezthby the interaction geometry.

2.2 The Assembled Experimental Setup

Fig.[2.7 shows the layout of the experiment along with theitamthl acoustic treatment (
melamine wedges) and microphone positions inside the charfbe rotor stand is positioned to
one side of the chamber in order to maximize the distance fr@mwotor hub to the microphone
locations. The fan-blower of the Gust Generator is placesioe the chamber to reduce extraneous
noise sources inside the chamber. The nozzle of the Gustr&enées placed vertically below the

rotor stand as seen in Fig. 2.8.

2.3 Experimental Design and Calibration

The experimental setup consists of many components (se@.Big each of which was devel-
oped and tested, including the “Gust Generator”, the Rotet $tand, and the Acoustic Chamber
alongwith their respective instrumentation. The follogrisections describe in detail the various
components of the setup.

A schematic of the hardware necessary to perform this exeertial BVI simulation is shown in

Fig./2.10. The hovering rotor stand along with the gust gatieeiis placed in an acoustic chamber.
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Figure 2.7: Layout of the different components inside theustic chamber
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Figure 2.8: Schematic of the final assembled experimentiapse
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Figure 2.9: Photograph of a portion of the experimentalsetside the chamber
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Figure 2.10: Schematic of experimental setup

While the acoustic chamber was already available at the begrihe program, the other critical

components have been developed and tested in-house aatpatexperiment.

2.3.1 The Gust Generator

The “Gust Generator” shown in Fig. 2.11 is a critical parttué BCDI setup. It is basically
an open jet wind-tunnel with a specially designed nozzlehs the obtained velocity profile at
the blade-passage section mimics a vortex induced profile.glist generator consists of various

sections, each performing a certain function in obtainisgecially tailored low turbulence jet at
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Figure 2.11: Schematic showing different sections of thastGsenerator”
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the blade passage location. An important requirement waslility to orient the nozzle at any

angle with respect to the interacting blade to simulatequigliinteractions. This is achieved with
the help of the turn-table sections which share a circulasseisection. The details of the key parts
of the “Gust Generator” are given in Appendix A.

The most important section of the gust generator is the sor#tiich has been designed based
on the concept of free jet mixing. As mentioned previous$ig nozzle simulates the vertical veloc-
ity field of the vortex by attempting to replicate the asymmef the vertical velocity component.
To provide vertical flow-field asymmetry, the curved wall waslt shorter than the flat wall, as
shown in Figl 2.12. This results in greater mixing on the edrwall, thus smoothing out the
flow and resulting in a reduction of the velocity gradient be turved side. For a free jet, the
jet width is proportional to 1/ wherel is the mixing length. As the mixing width on the curved
side is greater than that on the flat wall of the nozzle, the @idfuses and spreads out to a greater
extant on the curved side than on the flat side, resulting iasgmmetric flow profile as seen in
Fig.[2.13(a). Since the main feature of the flow is the shaipgiedge, the classical technigue of
boundary layer suction was employed to control the velogigdient on the flat side. Slots were
made on the flat side (Fig. 2./12) to provide boundary layetisucfurther increasing the gradient

of the velocity on the flat wall side.

Mean Flow Characteristics

A set of measurements were performed at three positiong dlwn length of the nozzle,

viz. y=0.25L, y=0.5L andy = 0.75L to ensure the uniformity of the flow across the nozzle
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Figure 2.12: Schematic of the final nozzle design
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length. Fig. 2.13 shows the mean vertical and chordwisecitgloomponentswm, andun, resp.)
measured at each location. A second set of measurementspergoemed at different heights
above the nozzle at the mid-point locatiorys= 0.5L), viz z = 0.625inches, B75inches and
1.275inches (Fid. 2.14). These data were taken with a cadibrato-component hotwire probe.
The main character of the flow-field necessary for replicaiBi1 is clearly shown. The span-wise
variation in velocity is seen to be almost negligible. As lieéght of blade passage location above
the nozzle increases, the flow starts diverging on the flataidhe nozzle, decreasing the slope of
the rising edge of the velocity profile. This suggests thabimmal height exists for simulating a
chosen BVI.

The various other sections constituting the gust geneeddmg with detailed turbulence mea-

surements of the flow are described in Appendix A

2.3.2 Comparison of Gust to Vortex Induced Velocity Profile

To complete the comparison, it is useful to know the type of B¥it the equivalent vortex
characteristics being simulated by the present B-CD-| erpant. For the present nozzle, the
event that is chosen to set the strength of the vertical uglbeld is a parallel BVI.

The following analysis can be used to establish some of the/agnt vortex characteristics
that are simulated. Using Biot-Savart Law, we know that fomeaflel BVI, the induced velocity

on the blade is given as,

(2.2)
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Figure 2.13: Variation of velocity distribution across ggan of the nozzle

53



160 T T T
3 : —&— z=0.625in.

_ g _ —— z=0.875in.

 (13)

W

0 ! ! L
-05 0 05 1 15
x(in)

(a) Vertical velocity component)

14 ! 1 ! 1 1 -
: : : —— z=0.625in.
12 : : : : —+— 2=1.125in.

U_(its)

-4 L ! L !
-05 -025 0 0.25 05 0.75 1 125 1.5
x(in)

(b) Chord-wise velocity componehitg,)
Figure 2.14: Variation of velocity distribution with heighbove the nozzle

54



Differentiating Eqn. 2.2 and equating to zero, we ggtthe point wherev peaks as,
Xp = Zh (2.3)

This gives,

. _ORG 7
P O Z+r2

(2.4)
Since we are trying to achieve equivalence between theactien in the hover experiment
and the real BVI events, we can idealize the velocity obtaiwigl the nozzle at the blade pas-
sage location to be represented by Eqn.2.2. For the gustajenease, the peak velocity from
Fig.[2.13(a) is 155.4ft/s, and occursxat= 0.0572 (non-dimensionalized w.r.t the blade chord).
This is equivalent to a miss distance of 7% and the core radit® of the blade chord signifying a
strong BVI. It is possible to modify these equivalent vortexgmeters by changing the gust peak
velocity and by adjusting the height of blade passage abblmwendzzle. Fig. 2.15 compares the
measured gust vertical velocity with the induced velocig do such a vortex. It is observed that
the peak and gradient of the vortex induced velocity and tist gpatch closely. However, the tail
of the gust falls off more rapidly than the vortex inducedoegty. The impulsive noise from the
BVI primarily results from the rising edge of the velocity fife. Since this is closely replicated in
the gust velocity field, it is assured that the main acoustakpwill be captured in the experiment.

However, the steeper falling edge in the gust velocity fieilinesult in a change in the character

of the acoustic pulse.

55



160

140

120

|—\
o
o

60

Vertical Velocity (ft/s)
oo
(@)

40

: : - —+— Measured Velocity Profile
......... Lo & | = = =Vortex Induced Profile .

A3

...........................................................................

i i i i i : ;
2 0 02 04 06 038 1 1.2 1.4
Nozzle Width (inches)

Figure 2.15: Comparison of measured gust and vortex indueledity

56



2.3.3 Rotor Test Stand and Operation

The rotor (shown in Fig. 2.9) is a rigid single-bladed cowmweighted 1:7 scale, untwisted,
model UH-1H blade with the ability to spin to high RPMs. Havimgingle blade greatly reduces
the chances of rotor-to-rotor aerodynamic interferenceyigding a cleaner experimental setup.
Further, the blade is run at a small pitch anglé)(2esulting in a very small thrust in order to
prevent the blade’s wake from staying in the rotor plane. Alhde is positioned to pass 1.62 inches
above the outlet of the nozzle, close enough to maintainithelated vortex characteristic, but far
enough to minimize the interference effects of the nozzlae Whole setup is oriented so that
the tip of the blade passes well within the gust field and hénéee of the three-dimensionality
associated with the outer edge of the nozzle (Fig. 2.16).idtheard half of the blade, contributes
little to the acoustic field as the Mach number is very smallorébver, if the nozzle extended
inboard, these blade sections could experience a high ahgltack resulting in stall. In order to
avoid such complications, the inner edge of the nozzle iatxt at the 48% spanwise section of
the blade.

The rotor stand is also instrumented with thermocoupleserbearings and accelerometers.
The signals from these sensors are sampled 10 times evenydsand are constantly monitored to
ensure the safety of the system. A magnet attached to theafttak rotor stand triggers a hall-
switch once every revolution. There is also a 10bit quadeadémcoder that provides 1024 pulses
every revolution. Since this signal perfectly phase-ladkethe shaft it is used to estimate the blade
location accurately at any given time instant. Acceler@netcordings when striking the rotor test

stand with an impact hammer were used to establish safetojgecanditions. In particular, it was
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Figure 2.16: Schematic of the setup showing the relativéipas of the gust and the rotor blade

during interaction

found that the operating close to 2500RPM resulted in sontatidns in the rotor, and hence was
avoided for the experiment (see Appendix B). A summary of tterroperational characteristics

is presented in table 2.1.

2.3.4 Acoustic Chamber

The acoustic chamber is an octagonal chamber that isx20ft wide and 30ft tall. The walls
of the chamber consist of 8inches of fiber glass sandwichtdeas two metal plates. The metal
plate on the inside of the chamber is porous. This constmas mainly designed to prevent
external noise from contaminating the acoustic envirortni®r also has limited acoustic treatment
(the fiber glass) to minimize wall reflections within the cli@n The relatively small size of the

chamber implies that it is not ideal for testing low-freqagmoise sources. The thickness of the
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1:7 scale untwisted UH-1H single-bladed rotor
Blade airfoll NACA 0009
Airfoil chord 3 inches
Blade radius 38.75 inches
Blade pitch angle -2°
Max. rotor RPM 2640 RPM
Max. tip Mach number 0.77

Table 2.1: Some key characteristics of the rotor

fiber-glass filled chamber walls result in a cutoff frequeatgbout 500Hz. While this frequency is
acceptable for the BVI experiment, it was also found that takkswvere not sufficiently absorptive
and tended to reflect significant amount of the impulsiveaois

A test was designed to estimate the amount of sound reflegtadhigh frequency noise pulse
with the aim of improving the chamber characteristics. Aadae was placed close to the expected
interaction location and an impulsive signal generatedfoyetion generator was fed to it through
an amplifier. The fed signal was chosen to match the frequearoye expected from simulating
the BVI experiment — 200Hz to 2000Hz.

Fig.[2.17 shows a representative example of the direct andefilected acoustic pulses mea-
sured at one microphone location. The acoustic pressursurezhat the microphone has been
normalized by the maximum observed pressure, since we dyargarested in relative magni-
tudes. The first reflection off the wall behind the microphshews only a 33%~2.5dB) re-

duction in peak-to-peak value. For a good acoustic experime require at least a factor of
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Figure 2.17: Reflection characteristics of chamber priordatment

three 9.5dB) between the main signal and any reflected signals &gbawand noise. In order
to improve the absorption characteristic of the chambepuarsound absorbing materials were
tested on the chamber wall to decide on the ideal treatmdittrog-iber glass panels of different
thickness varying from two inches to six inches and two d#ife types of foam with and without
wedge shapes were tested Finally, the six inch deep melgoane wedges were chosen because
they had the best absorption characteristic providingia sa~~14dB) between the main pulse and
the reflected pulse (Fig. 2.18). It was decided not use deepeges as it would overly reduce the

measurement space available in the chamber.
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2.3.5 Microphone Measurement System

The chamber is instrumented with a vertical microphoneyaroasisting of four 0.5 inch B&K
microphones placed at various elevation angles. The nhcrnogs are mounted on a traverse that
can be moved to different azimuthal locations, with respettie rotor hub, allowing the measure-
ment of the directional nature of the acoustic field. Figgd92and 2.20 shows the top and front
view of different microphone locations used to obtain daterdy the course of the experiment. It
is known that for a parallel interaction the peak azimuthedaivity of the noise is about a per-
pendicular line drawn from the 75% span section of the rot@ddvat the interaction. This is close
to 104 azimuth microphone location. The other microphones weaequ about 13-15° apart
from each other one either side of the peak azimuth locafibe.microphones vary from 2.8R to
3.5R in distance from the hub and can be considered to be ustcdar-field for the experiment.

It should, however, be noted that this distance is not idedlacceptable because the BCDI events

occur only over half the blade span.

2.3.6 Data Acquisition and Reduction Technique

The data for the four microphones were obtained simultasigaising a 16 bit data acquisition
system sampled at 50kHz and triggered by a 1/rev hall sensontad on the rotor stand. The 1024
pulses per revolution signal from the encoder mounted ondtoe shaft is also simultaneously
recorded. As mentioned earlier this can be used to proviel@zimuthal location of the blade at
any instant of time to 0.3%5accuracy.

For each microphone data is recorded for close to 100 rotofutons after an initial start up
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Rotor RPM 1950 | 2108 | 2260 | 2410 | 2640

tip Mach Number| 0.569| 0.614| 0.659| 0.702| 0.768

Table 2.2: Tip Mach numbers tested

period to let the flow transients die down. However, becawseep fluctuations and the accuracy
of the motor controller, the rotor RPM is not always constaatrahis time period. The fluctuation
in RPM is +£2 RPM about the nominal value. In order to perform the avemtiie 1024 pulse
per revolution signal is used to add the acoustic time hystorresponding to the correct blade
location. This is very accurate since the encoder is fixetiaft &nd records the variations in RPM
faithfully. The microphone data corresponding to time sk®n between two successive pulses
are obtained by interpolation. The correct acoustic tingohnies are then summed over 80 such

revolutions and averaged.

2.4 Experimental Cases Studied

A controlled experiment such as this one, offers the pdgsibf wide variation in parameters.
A total of five rotor tip Mach numbers (Tahle 2.2) were studiAtleach of these tip Mach numbers

four different interaction geometries (discussed beloWases 1-4) were studied.

2.4.1 Case 1 — Parallel BCDI

The first set of experiments performed were for the paraiteraction (Fig. 2.21(a)). Although

perfect parallel Blade-Vortex interactions do not occur imeticopter because of the curvature of
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the tip vortex trajectory, near parallel interactions (FA®1(b)), where the trace Mach number is
well above supersonic (Fig. 2.21(c)) over most of the blgznsdo occur and have very similar
acoustic radiation characteristics to the parallel irdtoa.

The parallel BCDI performed in the acoustic chamber using tfaeght nozzle has an infinite
trace Mach number through the entire blade span. Thus, ibie impulsive than the near-parallel
(slightly curved) BVI. The testing with a slight curved noztb match the right trace Mach number

profile for the near-parallel BVI is left for a future effort.

2.4.2 Oblique BCDI

Most of the previous experiments on BVI in conducted in winahels [64] have focused pri-
marily on parallel BVIs. The experiment described in thissdisation takes the understanding of
BVIs a step further with the ability to study oblique inteiiaas. As mentioned earlier, the inter-
actions are conducted with a straight nozzle. The obligtexactions in the current experimental
setup are obtained simply by orienting the nozzle at theireduangle with respect to the blade.
This is achieved with the help of the two sections of the gesiegator that share a circular cross-
section (see Fig. 2.11) so that the top three sections imgjutie nozzle can be rotated without
affecting the flow through the nozzle.

A set of three oblique interactions have been studied angrasented here. All the interac-
tions start at the tip of the blade and sweep in-board as shhowre schematics. The result of

this orientation is a decelerating trace Mach number prddilailar to the oblique interaction in

Figs. 1.10(c) & 1.10(d) in Chapter 1. The trace Mach numbeiatian determines the speed of
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(&) Schematic of the parallel in-

teraction in the experiment
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BVI in the real helicopter parallel BVI

Figure 2.21: Comparison of the parallel interaction in theeziment with a real BVI
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the acoustic sources in the medium, and hence the phasihg ofaves from these sources. This
affects the radiation patterns in the plane of the rotor.tRermreal helicopter BVI, the trace Mach
number profiles contain within them information about theaatte ratio of the helicoptep) and
the tip Mach number of the rotor. While the experiment is penked in hover, the trace Mach
number profiles obtained by orienting the nozzle match sinzibnditions as in helicopter forward

flight case.
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Chapter 3

Experimental Results

The previous chapter discussed the experimental setuptail.d€he number of possible pa-
rameter variations in this experiment is quite extensia@.tke present dissertation, the parameter
variations has been restricted to values that are closdrosetthat occur in real helicopter BVI
situations. As discussed earlier, in the real BVI case, thiedtory of the interaction follows an
epicycloid-like geometry, the nozzle in this experimerttis used to simulate the vortex induced
velocity is not curved. However, the interaction betweeanrthtor blade and straight gust captures
most of the relevant physics with regards to the aerodyraasevell as the acoustics. This chapter
covers the experimental results obtained during the stuglyinning with parallel interaction and

later discussing the oblique interaction angles.
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Figure 3.1: Power spectrum of the gust flow noise

3.1 Data Quality

3.1.1 Background Noise

Fig./3.1 shows the acoustic power spectrum of the noise dtletgust flow from the nozzle
inside the chamber at the microphone azimuth and elevati®2® and 53.785, respectively. The
fan/motor powering the gust is spinning at close to 1210Iu\ams per minute, resulting in a few
harmonics associated with this frequency. Prominent arént (20.22Hz), second (40.44Hz) and
the eleventh (222.42Hz) harmonic, the last one being ptdssause the fan has eleven blades.
The total noise generated is less than 80dB. This is more B 2ss than the noise of a typical

BCDI pulse shown in the figure.
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Figure 3.2: Ratio of main acoustic pulse to the first reflectdde

3.1.2 Acoustic Pulse Reflection

Once the entire setup was assembled inside, the chambeeveasaluated to check for unac-
ceptable reflections at every microphone location usedh®rekperiment using the method out-
lined in section 2.3/4. Figure 3.2 shows the ratio of peageak amplitudes of the direct acoustic
pulse and the first reflection for each microphone. Exceghimextreme azimuthal locations of the
microphonesy > 140) the ratio of the direct acoustic pulse to the first reflecteldgis greater
than 15dB. Even at the highest azimuthal location the ratodee than 10dB for the topmost mi-

crophone and the data at that location is therefore, quiebte. Moreover, since the experiment
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is run with a single-bladed rotor, the acoustic pulse refi@ctff the wall does not overlap with the

acoustic pulse corresponding to the interaction event.

3.1.3 Repeatability of Acoustic Data

Fig. shows the revolution-to-revolution variation hretmeasured noise for the parallel
interaction case at the topmost (53 &evation) microphone placed at TGa&zimuth at 0.61 2.
The figure shows instantaneous data from 80 revolutionseplan top of each other along with
the ensemble averaged data. The total variation in magndtidoise from revolution to revolution
is less than 5%. Moreover, azimuthal variation of the eveiess than 0:2corresponding to the

time interval between successive samples recorded by theadquisition system.

3.2 Noise radiation due to nozzle presence

The presence of the nozzle very close to blade (1.62 incHew/peesults in some radiation of
impulsive noise even without the gust turned on, as the jiadees over it. This noise radiation
is most likely because of the fluid that is dragged along bybtade having to accelerate over the

nozzle wall.

3.2.1 Case 1 — Parallel BCDI

Figurel 3.4 shows the SPL trends for radiated noise, with ¢ier running over the nozzle
— without the gust turned on — for all the 30 microphone lomasi for the parallel BCDI. The
peak noise is about 108dB. As can also be seen from the figuradhegion reduces when the
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Figure 3.4: SPL trends of noise radiation due to the nozzlearalfel BCDI

microphone elevation angle increases, unlike the BVI dinalvhere the noise increases as the
microphone elevation increases. Moreover, there is notraaonuthal variation in the noise. The
azimuthal variation is only about 7dB for the lower micropkaelevation, while for the topmost
microphone it is less than 5dB.

Figure 3.5 shows the variation of sound pressure level al@7 azimuth microphones as a
function of the peak gust velocity as the gust strength iseimsed. At the first non-zero gust veloc-
ity ( 80ft/s) shown in the graph, the sound pressure levelsbnost equal for the three elevations.

At the highest gust strength (corresponding to a peak gustitae of 160ft/s), the difference be-
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tween the gust-on and the gust-off (0ft/s) case is about I@d#e topmost microphone and 8dB
for the lowest. Moreover, the velocity profile at the highpstk velocity case matches closely
with the original design point discussed previously in £8.2.

Figure 3.6 shows the time history recorded at the three mpiwnes at the 107azimuth. The
figure shows the acoustic pressure time histories for theetmicrophone elevations with and
without the simulated vortex velocity profile. The noisearted at the microphones without the
gust turned on, is impulsive and occurs over the same azahtdhge as the main BCDI event,
confirming that it is due to the proximity of the nozzle. Moveq the pulse radiated by the nozzle
interaction is of opposite sign compared to the BCDI event. él@#, the noise radiation from the

blade due to the nozzle presence alone is significantly Idveer total noise radiated when the gust
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Figure 3.6: Acoustic time history comparison with and withthe gust, showing the effect of the
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is turned on. In order to remove the effect of the nozzle fromacoustic data, the noise from the
nozzle alone (without any flow) is subtracted from the totata radiated. This not only removes
the effect of the nozzle on the acoustics, but also elimgthite thickness noise and steady loading
noise from the blade as it is of equal magnitude in both thesdns. All further results presented

are with the effect of the nozzle subtracted from the datavdtidthe peak gust velocity at 160ft/s.

3.2.2 Case 2 — 3:30blique BCDI

Fig./3.7 shows the noise levels due to the nozzle interferaball the microphone locations.
The microphones at the lower elevation record more noise ah#he higher elevation angles for
most of the microphone azimuths. The radiation from the leozzopposite in sign to the total
noise radiation, as can be seen from Fig. 3.8. However, tlse madiated due to the interference
effect from the nozzle is significantly lower than the totaise radiated at all the microphone

locations.

3.2.3 Case 3— 8.80blique BCDI

Fig.[3.9 shows the noise levels due to the nozzle interferanall the microphone locations.
The microphones at the lower elevation record more noise ah#he higher elevation angles for
most of the microphone azimuths. The radiation from the leozopposite in sign to the total
noise radiation, as can be seen from Fig. 8.10. However,dise madiated due to the interference
effect from the nozzle is significantly lower than the totaise radiated at all the microphone loca-

tions. Moreover, the noise levels for this interaction arayle lower than the previous interactions.
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3.2.4 Case 4 —15330blique BCDI

Fig./3.11 shows the noise levels due to the nozzle interéeranall the microphone locations.

The microphones at the lower elevation record more noise @h#he higher elevation angles for

most of the microphone azimuths. The radiation from the leo&zopposite in sign to the total

noise radiation, as can be seen from Fig. 8.12. However,dise madiated due to the interference

effect from the nozzle is significantly lower than the totaise radiated at all the microphone
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Figure 3.10: Acoustic time history comparison with and withthe gust, for Case 3 gt= 1209
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Figure 3.11: SPL trends of noise radiation due to the nozzlgase 4

locations. The noise levels for this interaction angle agaicantly lower than the previous
interactions, and there is a greater difference betweetothkradiation with the gust on and the

interference due to the nozzle.

For complete acoustic time histories of the effect of thezteat other azimuthal angles, please

see Appendix C.
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Figure 3.12: Acoustic time history comparison with and withthe gust, for Case 4 gt= 1209

(Mt = 0.702)
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Figure 3.13: Top view of acoustic wavefronts radiating fribra parallel interaction

3.3 BCDI Acoustic Data — Parallel BCDI

As mentioned earlier, the parallel interaction has a traeeivhumber of infinity. This results
in the span-wise acoustic sources being triggered simedtasly (Figl. 3.13), and arrive in-phase at
the far-field observer position assumed to be perpenditailanid-span of the interaction, leading
to significant noise radiation. Typically, this case resut maximum noise radiation from the
helicopter. These near-parallel interactions occur cto80” azimuth on the advancing side of
the rotor (for a two-bladed helicopter) and tend to radiatsiof noise to the starboard side of the
helicopter, around a perpendicular line drawn from the 808ddspan location at the time of the
interaction. This corresponds to a microphone azimuthgleaof 107 in the BCDI experiment.

Fig.3.14 shows the unaveraged data for two revolutions @frtiior at the microphones at
Y = 120.9° for the parallel interaction at 0.702 tip Mach number. It@doe noted that the data

in these figures have not been scaled with different micropHocations. Thus the amount of
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spherical spreading of the acoustic waves from the sourtietmicrophone is different for each
of the microphones. Firstly, it is obvious that there areteai few reflections recorded by the
microphones. However, they are significantly lesser in ntaga than the main pulse due to the
interaction. Secondly, it also seen that the pulses aretblidifferent from revolution to revolution.
This is mostly, of the turbulence levels in the gust and tosade extent due to recirculation setup
in the room.

In order to study the directionality characteristics, ituMbbe ideal to position microphones at
a fixed distance from the acoustic source, and distributetbephones on the surface of a sphere.
However, this is not possible within the constraints of tharaber, and so the spherical spreading
of the noise from the interaction is different for differentcrophones. In order to compare the
noise across microphones, this effect needs to be norrdalitenas decided to normalize the
all the microphone pressure data to a distance of 3R from tibeoh the rotor. This would be
equivalent to distributing the microphones on a sphere vathus 3R and centered at the rotor
hub. Ideally, this sphere should be centered about the ac@mirce. However, in the case of
the experiment, there is no single point of origin for theseoiWhile for the parallel interaction
most of the acoustic activity occurs close to the 80% bladm sprhen comparing the acoustics
across different interaction angles there is no partidixad point in space to choose as the center
of the sphere. Thus, in order to be able to compare the restitss the various parameters, it
was decided to normalize the microphone pressure data agd distance about the rotor hub.
Moreover, changing the center of scaling to the 80% blada spation during at the interaction,

does not result in significant changes to the relative nesel$ and the directionality for different
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interaction angles. For some results and discussion wgtrds to this, please refer to Appendix F.
The distance of 3R was chosen because it is in between the cdimgicrophone distances used in
the experiment. The acoustic pressure data are normalszed a far-field solution to an acoustic
point source and are divided by the distance of the micropticom the rotor hub. All the data
presented here onwards is for microphones whose distaagedleen normalized to a distance of
3R from the rotor hub.

The infinite trace Mach number along the blade span esdgnti@ans that all the acoustic
sources along that the blade span are triggered simultalye@nd are perfectly in phase when
they radiate from the rotor blade. However, the directiataracteristics of this interaction is de-
cided by the arrival times of these acoustic pulses at @iffeobserver locations. The microphone
location where the important pulses add in phase recordmthémum noise. This peak noise
azimuthal location is close to a perpendicular line dravamfithe 80% blade span location at the
time of the interaction. For the parallel interaction, eliean angle does not affect the phasing of
the acoustic signals. The variation of noise across thagtevabove the rotor plane is determined
by the dipole nature of the acoustic sources and hence aeetexpto increase up to a certain
microphone elevationy{ 60°) and reduce thereafter. In the present experimental siiebjghest

microphone is at 53.75— close to the 60angle.

3.3.1 Acoustic Time Histories

Fig.[3.15 shows the acoustic time histories for the paratiigraction at most of the micro-

phones, after subtracting the effect of the nozzle fromithe histories. The plots are truncated in
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time to show only the acoustics of the interaction event tibserved from these plots, that there
are two strong peaks — a negative peak followed by a positve dhe first negative peak is a
result of the velocity gradient in the gust velocity field, ilghthe positive peak is caused by the
negative velocity gradient of the gust field. The asymmatryhie gust (higher positive velocity
gradient compared to the negative velocity gradient) tesula higher negative peak in the acous-
tics. This is most easily observable at the 18Zimuth microphones, where most of the span-wise
acoustic disturbances arrive almost in-phase resultiagiistinct pulse, and hence high frequency
noise.

At the microphones at lower azimuthal anglds< 107°), the acoustic disturbances from the
tip of the blade arrive earlier than from further inboardloé blade. The first pulse arriving from
towards the blade tip results in the initial negative gratlie the acoustics. The following pulses
from further in board of the blade, arrive a little later im@, resulting in a broadening of the
positive peak in the acoustics. At even lower microphoneatts, the span-wise acoustic pulses
become more out of phase and result in almost no positive peak

For microphones at azimuth larger than 1,ale opposite is true. The acoustic pulses from the
in board blade locations arrive earlier than from the tiphaf blade. This results in out-of-phase
summation in the negative peak of the acoustic pulse ancereetmvering of the magnitude of the
negative peak relative to the positive peak. As the microphazimuth is increased)(> 1337°),
particularly at the lower microphone elevations, the tgpbghape of pulse is almost completely
lost.

Figure 3.16 shows the variation in sound pressure level azimuth and elevation for a tip
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Mach number of 0.702. The peak noise levels occurs afthel07 microphone location. This
is to be expected — as explained earlier — as this microphaeegibn is perpendicular to blade
around the 80% blade span location when the interactionreccis expected the SPL values
increase with increasing microphone elevation due to theldinature of the loading during the
interaction. The radiated noise has a sharp peak in the #zandirection close to 107and
falls quite rapidly on either side. The asymmetry about teakpnoise azimuth observed can
be attributed to the choice of the rotor hub as the center ohabizing the spherical spreading.
Most of the acoustic energy is concentrated close to thestilpdSince the microphones at higher
azimuthal angle are farther away from the interaction, #r@yup being scaled to a greater distance
than the microphones closer to the interaction. An appat@ihoice of the scaling center§0%
blade span at the interaction) would reduce this asymmetryhe parallel interaction, however,
as explained earlier, this would make it difficult to comptre results across different interaction

angles.

3.3.2 Frequency Spectrum

Fig./3.17 shows the frequency spectrum of the noise recatebst of the microphone loca-
tions. The microphones recording high amplitudes60dB) at frequencies as high as 200 rotor
harmonics are ap = 107°. This corresponds to the strong narrow time history of thisg(see
Fig.[3.15). As the microphones are moved to azimuths awany the peak noise location, the time

histories exhibit wider waveforms and correspondinglydowagnitude at these high frequencies.
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3.3.3 Effect of tip Mach number

Fig.[3.18 shows the variation of the peak-to-peak noisergbdeat the various microphones as
a function of the rotor tip Mach number. Clearly, as the tip Mlaamber increases, the noise level
also goes up. Itis also observed that the noise levels iseraianost monotonically with increase
in tip Mach number. While this increase occurs for the micaps close to the peak microphone
locations, this is not true for all microphone azimuths. &rtigular for the lowest microphones
positions atp = 61.6° andy = 148. This is probably due to reflections from the gust generator
affecting the former microphone, while reflections off oé ttotor stand itself affecting the latter.
For the peak noise microphone location at the*l@zimuthal location, Fig. 3.19 shows the peak-
to-peak variation with rotor tip Mach number. As can be sdka,noise level increases almost
linearly up to a tip Mach number of about 0.65. At the highprNlach numbers the noise level

increases slower than the linear increase rate, partigtditarthe lower microphone location.

3.4 Oblique BCDI

3.4.1 Case 2 — 3.30blique Interaction

The first interaction angle (starting with 3.8t the blade tip) studied is shown in Fig. 2.22(a).
The interaction starts out at the tip of the blade at a smallahgle and sweeps inboard. This near-
parallel interaction has a completely supersonic tracehMaenber profile(Fig. 2.22(b)). This im-
plies that the noise sources are triggered very rapidiytioigéhe in-plane acoustic wave pattern

shown in Figl 3.20. In effect the BCDI summation process caniéwed as a decelerating super-
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Wavefront
Wavelets

Rotor Blade

Figure 3.20: Top view of acoustic wavefronts for Case 2 o@iBCDI

sonic unit acoustic source. The envelope of this wave pasteows the grouping of the waves that
contribute to the peak levels of radiated noise in the rolane.

Fig.[3.21 shows the time history of the noise at most of theopicone locations for the 3.3
oblique angle at a tip Mach number equal to 0.702. It is irstiang to note that while the pulse
shapes close to the peak noise azimuth=1209° to ¢ = 91.4°) are similar to that during the
parallel interaction, the pulse shapes at higher microptaamuth angles are also still preserved,
unlike for the parallel interaction case (Fig. 3.15). Atlég microphone azimuths the phasing of
the spanwise sources results in less destructive intexferef the sources originating at the most
inboard location as well the tip of the blade, leading to argjrand well-defined pulse shape with
higher noise levels.

The small change in interaction angle results in a significhange in the phasing relation

between the spanwise acoustic sources, and hence thengsattiation pattern. This can be seen
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Figure 3.21: Acoustic time histories at the various miciapds in terms of Acoustic Pressure (in Pa) vs. Rotor Azimutb&Qg)

— Case 2 (3.30blique InteractioMt = 0.702)
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in the sketch of the wavefronts radiation from the blade Far parallel (Fig. 3.13) and the 3.3
oblique interaction (Fig. 3.20). The in-phase summing ef $panwise acoustic sources for this
small oblique interaction angle, results in a higher fregpyecontent at the 120°9nicrophone az-
imuthal location (Fig. 3.22) and slightly lower frequersa the microphones at 1Q€ompared to
the parallel interaction. The frequency content of the mesanoise at the microphones at higher
azimuths, particularly for the topmost microphone, is leigbompared to the parallel interaction.
Fig.3.23 shows the peak noise levels observed at the vanmer®phone locations for the
tip Mach number of 0.702. As before the pressure values haea Bcaled using 1/R law to
a distance of 3R from the rotor hub. The small change in iotema angle results in quite a
different directionality profile when compared to the phalainteraction (Fig 3.16). While the
parallel interaction had a sharp peak in the azimuthal timecthe small oblique interaction has a
much shallower peak, falling off more slowly with changesaimuth, particularly towards higher
azimuth angles. The peak noise level has also shifted tohehigicrophone azimuth for the top

most microphone, compared to the parallel interaction.
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3.4.2 Case 3 — 8.80blique Interaction

Fig.[2.22(c) shows an in-plane schematic of the second wbiigteraction angle which starts
out at 8.8 at the tip of the blade and proceeds inboard. The correspgrichce Mach number
shown in Figl 2.22(d) is supersonic throughout the entireraction, just as in Case 2. The corre-
sponding sketch of the radiating wavefront in the rotor plamshown if Fig. 3.24. This suggests
that the azimuthal phasing of the spanwise sources woulhbkasto the previous case discussed.
However, the trace Mach number for the Case 3 oblique BCDI is nmwhar than the previous
case. Thus, for the topmost microphone location, the compioof the trace Mach number will
become subsonic. When the trace Mach number becomes 1, thstiacepurces are triggered
at the speed of sound, and hence the waves emanating froe sbasces would all collect in
the medium and radiate outwards to the microphone (sinolargonic boom). However, for the
particular interaction angle under consideration, theer®ach number is low enough for the
component above the rotor plane to become subsonic onlpahdithe 50% blade span location,
which does not have a significant contribution to the acosgtiue to the very low Mach number
at the blade section).

Fig.[3.25 and Fig. 3.26 show the time histories and the fraguepectrum at the microphones.
As expected the trends are similar to Case 2 oblique BCDI, asdbe Mach number profiles are
similar. Just as in the previous case, at azimuths greai@rthére is a lesser extent of destructive
interference compared to the parallel interaction resglin higher noise levels. The frequency
content (Fig. 3.26) at the microphoneg|at 120.9° is higher than the parallel interaction case —

similar to Case 2.
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Figure 3.24: Top view of acoustic of the wavefronts for Casélgjoe BCDI

The peak noise levels in decibels for this interaction afgla tip Mach number of 0.702 are
shown in Fig! 3.27. The asymmetry in the azimuthal directtomuch more prominent for this
interaction than was for the two previous interactionsuksed. The reason for this, once again,
is the phasing of the spanwise sources radiating from traeldathe time of the interaction. It is
interesting to note that at although the peak noise layret (120.9°) has reduced from the parallel
interaction case, the noise levels at higher azimuth hafecinncreased compared to the parallel

interaction.

3.4.3 Case 4 — 15:30blique Interaction

The third oblique interaction angle (Fig. 2.22(e)) stausat an angle of 15.33at the tip and
proceeds inboard as the blade rotates. For the case of e $pénning with a tip Mach number

equal to 0.702, the in-plane trace Mach number is superdonithe outboard blade sections,
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Figure 3.25: Acoustic time histories at the various miciapds in terms of Acoustic Pressure (in Pa) vs. Rotor Azimutb&Qg)

— Case 3 (8.80blique InteractioMt = 0.702)
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Figure 3.26: Frequency spectrum of noise at various mi@onps — Sound pressure in dB vs. Single-blade rotor harmesics

Case 3 (8.80blique InteractioMt = 0.702)
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Wavelets

Rotor Blade

Figure 3.28: Top view of acoustic of the wavefronts for Casélbjoe BCDI

but crosses 1 and becomes subsonic close to the 60% bladéosptian. This implies that the
waves emanating from the triggered spanwise sourcesgctoltese to the 60% blade span location
(Fig./3.28). These waves then propagate in the medium neguit increase in the noise level.
However, the fact that for the 0.702 tip Mach number, thiscpes occurs at 60% blade span —
where the contribution to the acoustics is relatively low -eams that the final effect of this process
is relatively small.

The acoustic waveform for the interaction consists of neggteak followed by a positive peak
(Fig./3.29). The negative peak is a result of the sharper efitiee gust velocity profile and hence
has a higher frequency content compared to the positiveddittee waveform, which is a result
of the more gradual velocity gradient. Because of the widaefaam shape on the positive side
of the pulse (because of the lower frequency content), tiseagyreater possibility of constructive

interference. Thus, even if the waves from the spanwisecssuare slightly out of phase, there is
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a greater possibility of these waves summing up on the pesstde of the waveform. This effect
is seen at the 107azimuth (Figl 3.29). The positive peak for the microphon276 is slightly
higher compared to the topmost microphone, and this resultise slightly higher peak noise
levels observed from Fig. 3.831. This is also more clearlyblésat the 120.9 azimuth location
where the lowest microphone once again has a higher popgizk compared to the topmost. The
microphone at 41.43however, has higher negative peak compared to the other terophones
because of fortuitous constructive interference at thation.

It can be seen from Fig. 3.80 at 120.8zimuth location, the microphone at 41khs a greater
energy at the higher frequencies compared to the other twooptiones at that azimuth. Also
the frequency content is significantly higher for the midropes at the higher azimuth angles
compared all the previous cases discussed this far.

Fig. shows the variation in peak noise level expressedeaibels. Two things stand
out when compared to the results of the previous interastibirstly, the azimuthal asymmetry is
significantly higher than all the previous cases. Secomfoll\gome microphone azimuths, the lower
microphones actually, record a greater noise level. Trpsiigly because of the simultaneous and
in-phase addition of the waves from a greater region of taddkpan at the lower microphones
than at the higher ones.

For the microphones at 120.8zimuth the acoustic waves from the last 10% of the blade span
arrive simultaneously at the microphone that is 41ot¢ation resulting in higher noise levels. At
the other elevations the acoustic waves from the blade tigeasomewhat out of phase, resulting

in higher noise levels at the second microphone at the 120.9
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Figure 3.29: Acoustic time histories at the various miciapds in terms of Acoustic Pressure (in Pa) vs. Rotor Azimutb&Qg)

— Case 4 (15.30bligue InteractioMt = 0.702)
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Figure 3.30: Frequency spectrum of noise at various mi@onps — Sound pressure in dB vs. Single-blade rotor harmesics

Case 4 (15.30blique InteractiorMt = 0.702)
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Figure 3.31: Directionality trends for CaseM+ = 0.702)

A similar situation occurs at 10Azimuth resulting in the lowest (27)elevation microphone

having a higher noise level compared to the topmost microel{63.7).

3.5 Effect of Interaction Angle on Noise Levels

Previous researchers have studied the acoustics and tdyaamics of the parallel interaction
in controlled environments of the wind tunnel. For the finstd, in this experiment a comparison
between various interaction angles can be performed.

As before the tip Mach number of 0.702 is used for this conspari Fig. 3.32 shows the vari-
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ation with interaction angle for all the microphone locaso Clearly, for a given elevation above
the rotor plane, the parallel interaction has the maximuakp®ise level across the azimuthal
angles. However, the parallel interaction has a sharp petled 07 azimuth and then falls off
rapidly on either side for all elevations.

The obligue interactions have a lower peak noise level av@ngelevation, but the azimuthal
variation is shallower and the noise levels tend to fall e§leapidly, particularly along the direction
of the trace Mach number. With the oblique interaction sigrout at 15.3 at the blade tip (Case
4), the peak noise levels roll off very slowly at higher mighone azimuths. In fact, the noise levels
are higher for higher interaction angles at microphone attinfocations greater than about 220
The acoustic energy is therefore, spread out over much &imderuthal area (towards the direction
of the acoustic trace velocity). Moreover, as noted eardisrthe interaction angle increases, the

noise levels at the lower elevations can increase aboveatlia¢ higher elevations (Fig. 3.31).

3.6 Effect of tip Mach number on Case 4 (15.3 Oblique BCDI

The acoustics directivity is a strong function of the tip Mawimber for the parallel interaction.
As discussed earlier, the noise level increases with iser@atip Mach number. It did not result
in any significant change in the directionality patternsher along the azimuthal or elevation
directions. The noise level trends in the elevation dicectivere directly related to the dipole
nature of the spanwise acoustics sources. The’&3evation microphone always had the highest
noise level, followed by the 41%4and the 27.6 elevations microphones, at any given azimuthal

location. The noise levels were affected because increabe impulsiveness of the event as the
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tip Mach number was increased. The oblique interaction,evew is different. Changing the

tip Mach number when keeping the interaction angle constdr@nges the trace Mach number
and hence phasing. This results in differences in direatityntrends both along the azimuth and
elevation.

Fig.[3.33 shows the trace Mach number for the five tip Mach remnbtudied. As the tip Mach
number decreases, the percentage of the blade near theregiun of the trace Mach number
also increases. More importantly, the trace Mach nhumbesse®the sonic point closer to the tip
of the blade as the tip Mach number is reduced. Thus, theveladntribution of the acoustic
sources in phase increases closer to the rotor plane witrethetion in tip Mach number for a
given interaction angle.

Fig.|3.34 shows the directionality trends for four of the Kach numbers — 0.614, 0.658,
0.702 and 0.768, respectively. It can be seen that for tiphiMaenbers of 0.614 (Fig. 3.34(a)) and
0.658 (Fig. 3.34(b)), the noise levels at the 4lefevation microphone are greater than at other
elevations over much larger azimuthal range compared tothetM = 0.702 (Fig/| 3.34(c)) and
Mt = 0.768 (Fig. 3.34(d)). Moreover, the noise levels at the 2@lévation microphone and the
53.7 microphone are close to each other over a wider azimuthgketa®@nce again, as explained

earlier, this is due to the phasing of the spanwise acousticss.

114



3 ....................................
25F - ....... ....... ....... _
@ . . . .
& o2r SERRREE SEREEEE SERREEE M, =0.768
@
Qo
g
C 15k A A
<
[&]
©
=
[}
(&)
S 1

O5F - -- ....... ....... ....... ....... ....... ........ ........ ........ ........

0 ; ; ; ; i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Blade Span (r/R)

Figure 3.33: Variation of trace Mach number as function pfifach number — Case 4 oblique

BCDI

115



145 T T T - —T T T
: : Rotor Direction : -
— : : 837
: : : : : —o— a4
140 AR R R R . [
X : : : : : 27.6
(]
£ 135 : LB R R R .
L : - : : : :
[
(]
o
Q : : # : : :
i P S SR P S SR T
3
(2]
[%]
a : : : : : :
© 125F - o Doy RN Doy e T
= : : : : : :
>
o
Q N N N N .
< : : : : : :
120 o T R U N gy 1
115 : : : : : :
180 160 140 120 100 80 60 40
Microphone Azimuth (Deg)
(&) My =0.614
145 T T T T T T
Rotor Direction 53.7°
140 - : : | —e— a4 1
27.6
3135 |
%)
2]
=)
T
=}
% 130 i
o
o
o
2
S 125 -
<
120~ S LY EE R T RTITEL CARRERRRRRRRRE
115 i i i i i i
180 160 140 120 100 80 60 40

Microphone Azimuth (Deg)

(b) Mt = 0.658
Figure 3.34: Acoustic directivity variation with tip Maclumber — Case 4 (15°3blique BCDI)

116



145 T T

T T
Rator Direction

< —+—53.7

: : : : : —o— °
140 """"""" e Ty e T 41.40_
: : : : : 27.6

185 g NN EERTE SEERTTRRE SRR -
1306 SERRRRIEE SN Qe SEERTTRRE SRR -

125 OO L |

Acoustic Pressure(dB Peak-to-Peak)

120F e SR PR RPN TR S .

115 ; ; ; ; ; ;
180 160 140 120 100 80 60 40
Microphone Azimuth (Deg)

(c) Mt = 0.702

145 T T ! i : -
: - Rotor Direction : B
4— : —+—537
0 41.40 ]
27.6

135 : : SO SRT SR .

130f S RIRTEET R AN RIS SR .

125 I Do i

Acoustic Pressure(dB Peak-to-Peak)

120F e SR PR RPN TR S .

115 ; ; ; ; ; ;
180 160 140 120 100 80 60 40
Microphone Azimuth (Deg)

(d) Mt = 0.768

Figure 3.34: (Cont'd) Acoustic directivity variation withpt Mach number — Case 4 (15.3

Oblique BCDI)
117



Chapter 4

Theoretical Comparison

4.1 Theoretical Approach

The experimental results presented in Chapter 3 show thaictigstics is a very strong func-
tion of the phasing of the spanwise sources distributed emlide during the time of the interac-
tion. Using the data recorded from the microphones along nivt always possible to understand
clearly the contributions of the blade span-sections tasiio time histories. Understanding the
phasing of these blade spanwise acoustic sources, couddimglications to quiet blade designs
— both passive and active techniques — by modifying the ivelgihasing of the sources to re-
duce noise radiation in certain directions. A thorough stigation of the radiation characteristics
during BVI requires a comprehensive and detailed understgrad the unsteady surface pressure
distribution on the rotor blade. This requires a compreivertbree-dimensional CFD analysis of
the experiment, followed by a solution to the Ffowcs-Witlisand Hawking’s equation (Egn. 1.6)

using the off-surface formulation, and is beyond the scdphis dissertation. However, simpler
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approaches such as the indicial method has been used indh® paderstand BVI aerodynamics
and acoustics. It has been shown [28, 29] to predict witharalsle accuracy the magnitude and
pulse shape of the acoustic pressure for the parallel cttera This approach is used here to study

the acoustics as it is easier to implement as well as beingnriaster than a CFD simulation.

4.1.1 Linear Unsteady Indicial Aerodynamics

A simpler approach, geared primarily towards understapthe phasing effects of the acous-
tics, can be implemented using a simpler unsteady aerodgeaapproach which provides inte-
grated sectional loads on the blade rather than a full seiaessure history. One such approach
is the unsteady indicial approach developed used init@aflBeddoes [27], and later extended by
Leishman [28, 29] for studying helicopter BVI noise. The wasty indicial theory involves es-
timating the two-dimensional airfoil response to a stepngfeain induced velocity on the airfoil.
This indicial function can then used to calculate the bladel$ for an arbitrary induced velocity
using the Duhamel’s integral.

The indicial function used on the present study is one dérelLeishman [29] and is of the
form:

@g(S) = 1— Gre %! Gre % (4.1)

whereGy, G, g1 andg are the indicial coefficients, ang(s) is the indicial response as a func-
tion airfoil semi-chord, s. By choosing the indicial coeftiots judicially, compressibility effects
at moderately high Mach numbers can be accounted for. Theiah@oefficients used in this

study (Table 4.1) are those derived by Leishman [29] by camgadhe step response of the airfoil
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using two-dimensional CFD analysis of the Kitapliouglu anda@anna [84] wind tunnel BVI

experiment. The Duhamel’s integral for the change in li¢fficient is solved using a recursive

G1 01 Gy g2

0.67| 0.1753| 0.33| 1.637

Table 4.1: Coefficients of the Indicial gust functiag,

algorithm [15]:
Z1(s) = Z1(s— As)e P51 Gy [wy(s) — wy(s— As)] (4.2)
Zo(S) = Zo(s— Ds)e2FBS 4 Gy [wy — wy(s— As)] (4.3)
8G (1) = Ty [Wo(S) ~ Z3(8) ~ Z2(5) (4.9)

where,3 is the Glauert factor given as

B=/1-M2 (4.5)

To capture the effect of the spanwise distribution of lifie outer 50% of the blade is divided
into 50 spanwise lifting elements. The three-dimensioyalue to the tip vortex is accounted for
by employing the Weissinger-L approach [87], a schematiwloith is shown if Fig. 4.1. The
Weissinger-L model is a vortex method with one horseshotexdor each blade section. The
vortex is placed at the quarter chord location and the indlwedocity is evaluated at the three-
quarter chord location of the airfoil. This approach acdedor the three-dimensional effect of the

tip vortex. The induced velocity on the blade used for thedgnamic calculations is the measured

vertical velocity field at the blade passage location, preskearlier in section 2.3.2 (Fig. 2.13(a)).
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Figure 4.1: Weissinger-L lifting line model for the rototaole

4.1.2 The Acoustics Formulation

As discussed later in Chapter 3 the process of subtractingffibet of the nozzle also removes
the thickness noise from the the resulting acoustics. Ttwusdmparison, only the acoustic contri-
bution from the blade loading needs to be calculated. Thigosed lift coefficient can be directly
used to estimate the radiated noise using the loading renses tof Farassat’s formulation 1A [55].
This formulation of the Ffowcs-Williams and Hawking’s edqoa is dependant on the force ex-
erted by the body on the surrounding medium (which is equélogposite to the lift force on the
airfoil), and is dependant only on the source time (equabtorrangular velocity in rad/s divided
by the rotor azimuth in radians). The acoustic pressureeabbiserver location is calculated by
repeated evaluation of the integrands in Eqn. 4.6 at theecbretarded time [55] over the blade

surface for each spanwise blade element and summed up\te atrithe acoustic pressure at the
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required observer time.

1 lifi liM;
amp (Rt) = a/{—robs(l y ] o|s+/{0bS Ltds

+ 1‘/ { r(rObS'\:;Li(faL\jr) aMz)]

a
wherel is the sectional load on the blade, and the dotdj @nd M; denote the derivative with

ds (4.6)

ret

respect to source time. The integrands are bracketed withjp: to reinforce the fact that the
terms are to evaluated at the correct retarded times. Theefims in the equation varies as dds
with the observer distance from the source, and decays nmstyscompared to the other two
terms, which decay asrf,; The first term is therefore, referred to as the far-field tastnile the
last two terms are referred to as the near-field term and dbana a significant contribution far
away from the source, although the actual computationaltemcludes all the terms.

When evaluating the surface integral in Egn.| 4.6, if the bleddiscretized only along the
spanwise direction, the acoustic representation is saie tmon-compact” (distributed) in span,
and “compact” (acting at a point) in chord. A more detailedwstic representation is to dis-
tribute the acoustic sources in the chord-wise directisrwaell as in the spanwise direction. This
acoustic modeling of the problem is said to be “non-compacttioth the spanwise and chord-
wise directions. Strictly speaking, the unsteady aeronyos and the acoustics of the problem
should be consistent at all levels. This requires that ttetaadly aerodynamic solutions be fully
three-dimensional and “non-compact” when non-compaait&ols to the acoustic problem are
employed. However, this approach has not been studiedsritbsis because of the added com-
plexity involved. Nevertheless, some of the important @feof acoustic compactness can be
explored by assuming a chordwise pressure distribution theeblade surface. Various pressure
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distributions including triangular distribution [88], bapoint chordwise distribution and the an-
alytical flat plate pressure distribution in incompressiibw [28] have been used by previous
researchers. In this dissertation, the sectional liftfacieht obtained from the indicial model was
converted to a chordwise differential pressure distrdouton the mean chord using a flat plate
model, and is given by:

2C /1—x

NCp = —4/ —— 4.7
P= < (4.7)

wherex is the chordwise station non-dimensionalized with respettie local airfoil chord.

Distributing the acoustic sources over the chord resultnomzero time interval between the
arrival of the acoustic waves at the microphone from the esgige chord-wise sources. For the
case of the parallel interaction, this results in a widere&faxm of lesser magnitude compared to
the compact chord acoustics, as can be seen in Fig. 4.2. Theampact chord predictions are
much closer to the measured data, both in magnitude and widde However, the non-compact
formulation does not have the same effect at all microphooations. Microphones near the peak
impulsive noise azimuth angle and those located neareret@ldme of rotation see the largest
reduction. Microphones located away from the peak leveldtivity see much lower reductions in
pulse amplitude.

A microphone atp = 107 and in the plane of the rotor would see the chordwise section
“straight on” resulting in a finite time interval between #eival of the chord-wise pulses. While
a microphone at the same azimuth but out of the rotor planddagee the blade such that the
chord-wise sources are almost equidistant from the mi@oehesulting in an almost simultane-

ous arrival of the pulses. Thus, this case would result irssdedifference between the compact
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and non-compact chord predictions compared to the microphearer to the rotor plane. A sim-
ilar argument can be applied for variation in the azimuttatemn of the microphone. This result
is presented in Fig. 4.3 as a plot of the difference in sourdsurre level between the compact and
non-compact approaches versus microphone azimuth angleefdhree elevations. At the peak
noise azimuth, the difference could be as much as 5dB at leleeation levels. The difference
between the compact and the non-compact chord approacte®dlightly as the interaction be-
comes more oblique, but the difference remains as high asdrdBe lowest microphone even for
the Case 4 BCDI (Fig. 4.4). At higher microphone elevationssgi@nwise phasing becomes more
important for the oblique interaction and the differencensen the compact chord approach and
non-compact chord approach reduced significantly. See #gpi® for time history comparisons

between the compact and non-compact chord formulations.

4.2 Comparison with Experiment — Parallel Interaction

Fig./4.5 shows the time history comparisons at some of theapiimne azimuths at the three
different elevation angles. For some cases, in particaanficrophones afp = 107 andy =
1209°, the time histories from the theoretical predictions do owgrlap with the experimental
observations precisely. This is possibly a result of inagcies in the measurement of the micro-
phone coordinates with respect to the rotor during the aatesn. There is an error of up t¢ 3
of rotor azimuth in the time histories. For the case undeisiaration in Fig. 4.5, the rotor is
spinning at a frequency of 40Hz. This translates to an erfr@ %% in the distance from the mi-

crophone to the rotor hub. Although great care was takendorately, position the microphone,
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Figure 4.3: Difference in peak-to-peak sound pressure d@mtwcompact and non-compact ap-

proaches — Case 1 parallel BCDIMt = 0.702
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Figure 4.4: Difference in sound pressure between compaktchan-compact approaches — Case

4 (15.3 Oblique BCDI) atM = 0.702
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the fact that the microphone array needed to be moved frédguessulted in some inaccuracies
in the positions. However, as can be seen, these errorsilargitsin acceptable range to make
reasonable comparison between the theory and the experimen

As discussed earlier, the pulse shapes obtained in theimgydr have a strong negative peak
followed by a positive peak. The positive peak is most pranirclose to the peak noise azimuth
of 107 and is smaller in magnitude for other microphone azimutle theory tends to predict the
negative peak very closely for all the microphone locatiadewever, the positive peak is under
predicted for all the cases. It should be noted that the waditthe gust is about half the blade
chord, implying that there is a point of time during the iaigtion when the chord stations ahead
of the quarter chord point experience no gust field, whilemta behind the quarter chord location
experience a strong upwash from the gust. The unsteadyiahdiodel, being a compact chord
aerodynamic approach cannot account for such steep gtadieng the chordwise direction. The
indicial approach nevertheless, captures the negatisemilthe acoustic history as this event is
dominated by the leading edge of the airfoil.

Fig./4.6 shows the directionality trends computed usindittear indicial theory approach for
the parallel interaction for the tip Mach number of 0.702s#y, for the parallel interaction case,
the general azimuthal directionality at the three elevetiare captured reasonably well by the
non-compact chord theoretical approach. The peak noisgr®et the same azimutlp = 107°)
location for all the elevations as in the experimental cd$e azimuthal directivity has a sharper
peak atp = 107 and rolls off more rapidly compared to the experimental ltssu

The theoretical results, however, under predict the ndise microphone positions that are at
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Figure 4.5: Acoustic time histories at the various micrapgmin terms of Acoustic Pressure (in Pa) vs. Rotor Azimutibég)

(M7 = 0.702 — Parallel Interaction)
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lower azimuth angles compared to the peak noise azimuth)) k€107, the theory under predicts
by less than 3dB. However, for microphone azimuths abové,10& difference increases and can
be as high as 6dB in some cases. This difference betweendbeythnd experiment is mostly
because the theory does not predict the second positiveipéad acoustic time history.

One of the main advantages of using a simple theoreticalftaton is the ability to study the
spanwise phasing and its effect on the radiation patterheoftoustic energy. Fig. 4.7 shows the
spanwise contribution for blade elements at 5% spanwigsardie from the each other (every fifth
element start on the rotor blade). As can be seen in all thesfigthe contribution from the blade
element at 95% span station is slightly smaller than thertmriion from the 90% span station.
This is due to three-dimensional effect of the tip vortex eltat by the Weissinger-L approach.
Apart from the contribution from the element near the blagdeall the other contributions scale
directly with the local sectional Mach number. As can be sdenblade sectional element at 50%
span contributes a significantly lesser amount to the oVapae levels, due to the lower sectional
Mach number. The acoustics of inner 50% of the blade spartisamoputed as the contribution is
very small. Moreover, in the experiment, the inner 50% ofliteele does not experience the gust
interaction.

Figs|4.7(a)-4.7(c) correspond to the microphone just ®side of the peak noise azimuth. It
can be seen that the acoustic waves from the blade tip atritésamicrophone azimuth location
earlier than from further inboard of the blade. At the peak@azimuth location)j = 107°) shown
in figs.[4.7(d)-4.7(f), all the waves from the spanwise seararrive simultaneously, resulting in

the sharp acoustic time history seen in Fig.l 4.5. This micooe location corresponds to the
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wavefront of the acoustic wavelets sketched in Fig. 3.13% dimival of these pulse is the same at
all the three microphone elevations because the trace Macter is infinity for this case. The
simultaneous in-phase summing of the pulse at this loca@sults in strong and sharp acoustic
pulse.

At microphone azimuth locations greater than 1QFigs|4.7(g)-4.7(l)), the acoustic waves
from the inboard blade section arrive earlier than from et the blade. This results in the over-
lapping of the positive acoustic peak from the spanwisa@exfurther inboard with the negative
peaks of the waves from the sections closer to the tip of th@ebIThis results in some destructive
interference leading to the reduction in noise. A similawation occurs for the microphones at
Y = 1337°. The difference in the interference of the spanwise acoustves, before and after the
peak noise azimuth explains to some extent the asymmetrglitrper fall off noise fap > 107°)

observed in Fig. 4.6.

4.3 Oblique Interactions

4.3.1 Case 2 — 3:30blique BCDI

A comparison of the time histories in Fig. 4.8 shows that tieggeak of the acoustic pulses is
reasonably well captured at most location, except at thesowicrophone location fap > 120°.
However, just as in the parallel interaction case, the peseak of the acoustic pulse is notably
under-predicted by the theory, and results in the smalleibéévalue shown in Fig. 4.9. Moreover,

the predicted pulses at the peak noise azimuth is sharpgrarechto the experiment. This can also
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be seen from the larger amplitudes of high frequencies ifrétgiency spectrum plots in Fig. E.2.

Fig.[4.9 shows a comparison of the noise levels expressegcibels between theory and ex-
periment for Case 2 oblique BCDI 8t = 0.702. The peak azimuth location is captured for
the lower two microphone elevations, but the peak azimuthtions is different for the highest
microphone elevation. Once again, similar to the paratitdraction case, the theoretical predic-
tions are closer to the experimental results for micropreamuths less than 107At the higher
microphone azimuths, the difference between the expetiarhtheory is now about 10dB.

Fig./4.10 shows the spanwise acoustic contributions to safrttee microphones for the Case
2 oblique interaction. For the microphones at 9lazimuth, the acoustic waves from the blade
tip arrive earlier than from the inboard blade sections.sHiight difference in phasing leads to a
certain amount of destructive interference between theip®peaks of the spanwise waves from
the tip and the negative peaks of the inboard sections,treguh an almost complete removal of
the positive peak in the final acoustic pulse (see [Fig. 4.8)thA peak noise azimuth locations
the spanwise acoustic waves no longer arrive perfectlyhasp, unlike in the parallel interaction
case. For the lowest microphone, most of the waves from edblade tip arrive almost simul-
taneously, but are slightly out of phase with the waves franthker inboard. As the microphone
elevation increases, the outboard waves too arrive somewhaf phase resulting in some de-
structive interference. However, due to their dipole mattine spanwise acoustic sources tend to
radiate more acoustic energy out of plane. Neverthelessjgidifference is insufficient to dif-

ferentiate between the final acoustic levels at the 5anfl the 41.4 elevation microphones at
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Figure 4.8: Acoustic time histories at the various micrapgmin terms of Acoustic Pressure (in Pa) vs. Rotor Azimutibég)

— Case 2 (3.30blique BCDI;Mt = 0.702)
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Y = 107. The two microphones record almost the same noise levals 4M) due to the slight
difference in phasing of the waves alone.

At the = 1209° microphone azimuth, the acoustic waves from the inboardebtsections
arrive earlier than from near the blade tip for the lower twionophones. However, for the highest
microphone (Fig. 4.10(i)), some of the waves from the indddade sections arrive almost simul-
taneously, followed a little later by the waves from clogettte blade tip. This in-phase arrival of
the waves results very slight change in the final noise leévigl @.9) between highest microphone
at =1209° andy = 107 azimuth, in the theoretical predictions. Even a slight cjeaim either
the microphone or the interaction location could lead to@wfer in-phase summing of the waves,
resulting in higher noise levels.

As for the parallel interaction case, for the microphoneragh of 133.7, the waves from the
inboard section arrive earlier than from the blade tip, itesyin a destructive interference of the
positive side of the acoustic time history.

The summation of the acoustic waves from the spanwise blact®oas is a function of the
interaction geometry as well as the location of the micro@so While the trace Mach number
profile (see Chapter 2) determines the summation of the wavibeirotor plane, the component
of the trace Mach number in the direction along each microphs representative of the spanwise
summation process discussed above (Fig. 4.10). Figuresthids the trace Mach number profile
along the radiation direction for four azimuthal micropkdocations. The trace Mach numbers
remain supersonic over a large portion of the blade for mpicome azimuth greater than 120.9

suggesting that the acoustic waves from the outboard seatiove later than the from the inboard
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Figure 4.11: Trace Mach number along the radiation diredbo Case 2 (3.30blique BCDI)

sections. For microphones at T0&zimuth, the trace Mach number (Fig. 4.11(a)) becomes equal

to 1 close to the blade tip, implying that waves from this orof the blade arrive in-phase at the

microphone azimuth leading to increase in noise levels.

4.3.2 Case 3 — 8.80blique BCDI

Fig./4.12 shows the acoustic time histories comparisonthimtheory and experiment for the

8.8 oblique interaction aMt = 0.702. The theoretical results under predict the acoustipsfsi
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icantly at many the microphone locations, particularly fucrophones atp > 107. Part of this

is probably due to the increasing three-dimensional effadihe aerodynamics as the interaction
angle increases. Moreover, while in the experimental testiie magnitude of the positive peak
increases relative to the negative peak, the theory mibgegsasitive peak altogether. This results
in some significant underprediction in the peak-to-peak@atvels as shown in Fig. 4.13. Never-
theless, the relative noise levels at the different micam@locations are similar for the theoretical
and experimental cases. The peak noise azimuth is the saché¢ha@ azimuthal asymmetry are
similar in both cases.

For Case 3 BCDI event, the peak noise azimuth is at 12 before, for the microphone
azimuthsy < 1209°, the acoustic waves from near the blade tip sections araxeethan from
the inboard section. However, unlike the previous casetheap = 120.9° azimuth locations,
there is a significant amount of destructive interferendsvéen the spanwise waves at all the
three elevations. At the lowest elevation microphone (Bi@4(d)), the acoustic wave from the
close to the 70% blade span section arrives first followedisaneously, by acoustic waves from
the sections on either side of the blade. At 41(Big./4.14(e)) elevation, the most of the waves
from the outboard blade section arrive in-phase resulting tonstructive interference. At the
highest microphone locationsi@t= 120.9°, the outboard waves arrive earlier than from the further
inboard of the blade. While, the trace Mach number describssine extent the spanwise phasing
along the azimuthal direction, clearly, spanwise phaslagga significant role in determining the
noise trends along the elevation as well. Similar trendsiotmr the other azimuth microphone

locations shown in Fig. 4.14. The difference in the phasifip@ spanwise waves at the different

140



n
. s D
0 10 I
’ < ©
8 e 0
4 S N—r
’ o =} ©®
> 4 ~ g w £
) < ’ / 7 [ =]
g2 9 8 ’ 8 ’ e B
® e} ’
o
B o ’ @ ’ Q m
nj [ ’ o ’ o ’ N
7’ ® ’ n 7’ Ire) [}
/ / © S
/ n 7/ / o
’ Q o Q N Q o =] o v/ o S =} =] =
, s} s} o, s} =] S, S S S o
- — N — — o — - oN
’ [ | [ | 1 | x
e — m — — — — — — — - - - = = — S — — — — - - - - - - - = — — fm - - — - - — - — — —
/ 0 ’ T e
/ w0 / o 8 ! ﬂ_
/ / g i
=}
’ 2 ’ 2 |
’ ’ =) ’ ® |
—
/ . / / o h
/ ~ / < /
’ ) ’ ©
’ o ’ ’ o
/ ~ / / 3
/ / oy
It 0
/ £y / / 8
/ =) S / S =] =] =]
i S s} S / s} =] <} s} =1 <}
\ . TR . 78 . 7O¥
/ /
e mans A s | s s— 7- E T -
=] / o / =} > 1
© / f @ 1
/
o @ 1
/ / Q / !
! ! ! 8 I |
1 1 9 1 ™ ! |
! Q ! ! Q !
! 0 ! ! 2 ! !
[ S [ ” ! Q
[t) (8]
I I < !
| 0 | @ [ ©
< I I ! o
<] =] ' S S =] =} ' =) =] | =
s} S S =} =1 =} s} =1 S S
. 7 OF PR T8 F TR 7
I I I L
b e e e e I o e e e e e e e 7, | [a)
| | I +—
] | =) I Yoy 1%}
® o \ >
I I S \ [Te}
=] I I L0, ]
I} Y
[ [ " \
| |
10 Vo
8 o
| Q | ° W~
! ! i
3 ! ! o
| |
o \ \ i &
< S - .
o =) =} =} '8 © g g 'S =) =] o e
s} S <] (= S < (IR =] S o
- ~ « | | - B «
1 1 | | 1 | —
- __ i m——mm e — -
\ \
Jre} \ o \ o
© \ ™ \ N .7
\ \ -
o £
\ © \ \
\ \ \ w
=}
\ 8 \ < \ 3 —
\ \ \ @ | o
2 \ \ , %
' ' | o ~
\ \ - ©
[} | [le]
) \ ] \
< =1 ] | | — ~
V9 =) Q Q V9 o =] =} Vo =) Q Q | —
\ 2 S S \ © =} =} \ & IS) IS) |
— - N — - N - - N | 1
\ ! ! \ ! ! N | ! \
\TT Tt T T T T T oot T o L y
, \ o ,_
\ \ - !
\ o \ =)
©
\ \ @y S !
\ \ \ '
o
\ @ \ Q o !
\ \ \ |
\ o) \ o |
\ w \ N \ < |
\ ° \ \ \
\ \ n \
) el |
\ \ - \ i _
g =] =] =} ‘o =) =] =] ‘oo =) S =}
A= s o =] s o N1 S o !
= =l 1N N =1 I N b= I 4
| | | | | |
P U
\ o
\ < o
\ o N
\ =
N\ N\
\ w N \
\ © \ o\
\ \ ™ N\ o
\ o \ \ -
N © N N
N N N
N 0 N
N e} N
N N Q
N o
N S =} =] =} =) =}
=] s} <] s} s} <] s} s} S
. 7 = 7 8 s 7
N el m L ____=> N L ____~> N ___

141

Figure 4.12: Acoustic time histories at the various miciampds in terms of Acoustic Pressure (in Pa) vs. Rotor Azimutb&Qg)

(Case 3 —8.80blique BCDI) atMt = 0.702
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microphone azimuth, clearly determines the azimuthakbtanm.

The trace Mach number profiles along the microphone direstave shown in Fig. 4.15. The
trace Mach number profile at the 10&zimuth location (Fig. 4.15(a)) is subsonic for the micro-
phones at the higher elevations. For the two highest miaogé it becomes to equal to one for the
outboard blade sections at the 120a2imuth suggesting that the peak noise levels would occur at
this azimuth (Fig. 4.13). For the microphone at 27e&vation, the trace Mach number becomes
equal to 1 close to the blade tip at the 1@7icrophone azimuth. At the 120.@zimuth, the trace
Mach number becomes 1 at the outboard sections for the lougopmone elevation and has a
higher subsonic value over the rest of the blade when cordpatee 107 location. This results in

a greater number of the spanwise sources being in-phase 82€h9 azimuth compared to 107

azimuth for the lower elevation microphone (Figs. 4.14(c%&4(f)). This results in the noise

levels at these two locations being very close to each otheaa be seen in Fig. 4.13.
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4.3.3 Case 4 — 15330blique BCDI

Figs./4.16 and 4.17 show the comparison between the expriane theory for the Case 4
BCDI event (15.8 at the blade tip) at a tip Mach number of 0.702. Once againthibdery under
predicts significantly — 8dB-12dB depending on the micromhtatation. The general trends
of the radiation directionality, both along the azimuth asllvas the elevation are picked up by
the theory for most of the microphone locations. The peakentdvels occur at slightly different
azimuth locations for the lower two microphones as predidtg the theory. Nevertheless, the
theory does manage to pick up the effect of the 4Ekvation microphone recording a higher
noise level at the 120°9nicrophone azimuth.

Fig.4.18 shows the phasing of spanwise acoustic waves & soenophone locations. Clearly,
the maximum in-phase arrival of the spanwise waves at theopfione has moved to higher mi-
crophone azimuth angles. However, unlike the previousszdkere is no single location where
all the waves arrive in-phase. Most waves from the outbopash $ocations arrive close to each
other at 120.9microphone azimuth. At this azimuth location, there is leigim-phase summation
of the waves at the lowest elevation. However, the spanwaesithemselves at this low eleva-
tion are lower in magnitude compared to the radiation atdrighevations. The summing of the
waves at the 41Amicrophone elevation for this azimuth location results inigher noise level
than the highest microphone. The fact that this trend iSedhwver to the next microphone az-
imuth (@ = 1337°) in the experiment, but not in the theoretical predictiarm)ld be attributed to
the lower predicted positive peaks. A higher magnitudetpespeak from the spanwise sources,

could results in significant increase in the noise levels.
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Figure 4.16: Acoustic time histories at the various miciampds in terms of Acoustic Pressure (in Pa) vs. Rotor Azimutb&Qg)

— Case 4 (15.30blique BCDI;Mt = 0.702)
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Figure 4.18: Spanwise acoustic phasing (ﬂfsct — Case 49(ThBque BCDI;Mt = 0.702)



Figurel 4.19 shows the trace Mach number profiles along thatia direction for the 15.2
obligue BCDI. Note that for the 107azimuth location the profiles almost entirely subsonic-sug
gesting that this is not the peak noise azimuth any longethét20.9 azimuth, the trace Mach
number remains subsonic for the highest microphone (at ®BYation), but crosses 1 close to the
blade tip for the lower elevations. This helps explain why fieak noise elevation moves closer
to the rotor plane at this azimuth (as seen in Fig. 4.17). E\aeg the trace Mach number profiles
are very similar for the microphone azimuths greater tha? 2sulting in similar phasing of the
spanwise sources at these microphone locations/(Fig..4Th& also helps explain the reason for

the distribution of acoustic energy over a larger azimutegion for this oblique interaction.

4.4 Summary of Results

Indicial aerodynamics, combined with a non-compact chotarracoustic formulation predicts
the acoustic pulse shape reasonably well for the paraltehaar-parallel interaction angles. The
negative peak of the pulse is well predicted, however, tistige peak is not captured sufficiently.
Moreover, it is seen that using a non-compact chordwisedgesmic approach is essential to cap-
ture the noise levels adequately, particularly for the peage microphone locations. The acoustic
predictions become more divergent from the experiment asltiqueness of the interaction in-
creases, and under-predict the noise levels. Neverthdlesselative negative peak noise levels
and the trends at the different microphone locations areicagh reasonably well. In particular, the
general trend of the broadening of azimuthal directivitywdods the direction of the trace Mach

number with increasing BVI obliqueness is captured to songesde Moreover, it is seen that the
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phasing of the spanwise acoustic waves plays an importéirrdhe spatial distribution of the
acoustic energy and could result in the peak noise elevéiais moving closer to the plane of
the rotor as the interaction angle increases. This regutlistribution of the acoustic energy can

be explained in terms of the trace Mach number profiles indd@tion direction.
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Chapter 5

Summary and Conclusions

This chapter discusses the conclusions that been arrivezhathe experimental investigations
and measurements discussed in the previous chapters. Tinpumpose of the present work was to
better understand the physics of the blade-vortex interaand their effect on noise radiation char-
acteristics. The present fundamental work decouples tieeaicting vortex parameters from the
blade parameters, by replicating the vortex parametersamaxolled manner. In essence, the BVI
problem is transformed into an experimental simulatioteckihe Blade-Controlled Disturbance-
Interaction (BCDI) that captures the major features of the BxMing but allows independent eval-
uation of the important governing parameters.

A unique and novel experimental facility has been develdpaah the ground up in order to
study the BVI acoustics in a controlled manner. This expemimew facilitates a true comparison
of the blade response — both aerodynamic and acoustic respenwhen blade planform is
modified or rotor parameters are changed. Previous expetsnwéhich similarly decoupled the

vortex parameters from the rotor parameters focused piyraar the parallel interaction, despite
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the fact that real helicopter BVIs are never truly parallebr Ehe first time in the present work,
oblique BVIs at different interaction angles have been sidiThis experimental facility offers

the ability to study in detail the effect of passive and actiade design changes on BVI noise.

5.1 The BCDI Facility

A unique experimental facility has been developed, caidat@and used to understand the fun-
damental mechanism involved in the helicopter BVI noise gaien. The BCDI experiment con-
sists of a single-bladed hovering rotor that is capable efafng at high tip Mach numbers passing
through a controlled two-dimensional gust field. The rotpMach numbers that are capable of
being tested cover the full operational range of moderrcbpters.

The gust field that the rotor passes through has been dedigrsgaiulate the vertical veloc-
ity field induced by a vortex filament, the strength and oaéoh of which are close to a typical
vortex filament during a BVI event. A special “gust generatoa’s been designed, built and cali-
brated to generate this controlled disturbance. Detailegsurement of the gust field using hotwire
anemometry has shown that the gust field is predominantlydiwmnsional in nature, with a neg-
ligible velocity in the blade’s chordwise direction and aafe of simulating the BVI. A residual
acoustic response of the rotor blade due to the close pagktdugerotor blade to the nozzle lip was
identified as an additional source of acoustic radiationapdssible limitation of this approach.
A superposition technique was developed that effectivetyaves this source of error from the
BCDI acoustic time histories.

The BCDI testing space has been acoustically treated to le¢ksereflection of the BCDI
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acoustic pulses from the surrounding walls and apparaaisglvecorded by the microphones. A
suite of microphones has been positioned in this acoulstitehted testing chamber to measure
the acoustic directivity, including time histories and ovgpectrum of the radiated noise.

The successful development of this facility brings a neveaesh tool to the helicopter acoustic
community to help understand the basic mechanisms invatv8Y¥1 noise. The facility can also
be used for applied research to study the effect of diffdokatte design changes, such as planform

or even some active control techniques on the BVI noise riadiat

5.2 BCDI Experimental Findings

Some basic mechanisms of the BVI have been explored using thd BCility. The BCDI
experimental acoustic results present a first quantitaiveilation of the oblique BVI problem
and a method of isolating the key governing parameters. Tdesared acoustic pulse consists of
two distinct pulses — a negative pulse followed by a smalbsitive pulse.

The geometry of the interaction is shown to play a significafe in the acoustic waveform
and directivity of the radiated noise — a good part of theatfbeing a result of the phasing of the
acoustic signals over the span of the rotor blade. Acousfitats from the parallel BCDI emanate
from the blade in-phase, resulting in the largest overdgin a direction perpendicular to the
rotor span, with the levels decreasing on either side. Medsnoise levels in this case, were
highest out of the plane of the rotor due to the dipole natfiteeoacoustic sources. Their detailed
pulse shapes did not change character with decrease inghame elevation angles.

Noise levels for the oblique BVI are generally slightly lespeak magnitude, but spread the
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acoustic energy over wider azimuth angles. A small non-r@syaction angle results in a more
acoustic energy being distributed to higher azimuth angtespared to the parallel interaction.
The peak noise directivity for the oblique interaction anigl primarily along the direction of the
BVI trace velocity.

For a given interaction angle, as the tip Mach number is dese@, the point where the trace
Mach number becomes one moves further outboard along the.bldis results in an increase in
the effective strength of spanwise waves that arrive at aingalane microphone in phase. For
very higher BVI interaction angles, the noise levels at lomé&rophone elevation angles increase

because this effect becomes larger at lower elevationathmagher elevation.

5.3 Indicial Aerodynamics and Acoustic Predictions

Indicial aerodynamic theory (when corrected for compiabtsi and three-dimensional effects)
and when combined with a Green'’s function solution of the¢hdimensional wave equation for
fixed sources in space, predicts the acoustic pulse shapenadaly well for parallel BVI. It is
necessary to treat the acoustic sources on the rotor blale@s-compact source to the bring the
predicted peak noise levels more in-line with the measuatd. dHowever, this approach does not
predict the smaller positive pulse adequately.

Acoustic predictions using indicial aerodynamics beconeeendlivergent from the experimen-
tal measurements with increasing BVI obliqueness. Howelergeneral trend of broadening di-
rectivity with increasing BVI obliqueness is captured to sotegree, but theoretical calculations

substantially under-predict the noise levels.
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Acoustic time tracing methods show that distinct eventshenllade are related to the mea-
sured pulse shape and help develop a more complete undbngian the mechanism of the BVI.
This approach has shown that span-wise phasing of the acoustes plays a significant role in
determining the directionality both along the azimuth adl eievation direction. It is also seen
that the trace Mach number in the radiation direction plaggaificant role in the spanwise phas-
ing of the acoustic sources at the corresponding obsergatibms, and hence also determines the

distribution of the total acoustic energy due to the intBoacevent.

5.4 Recommendations for Further Research

The BCDI experimental facility provides an ideal conditiom festing the blade response to
known velocity disturbance field for a variety of blade paesens. The parameters used in the
present study can easily be extended to include higher tghMambers and different interaction

geometries. Some of recommendations for future work infdusity as listed below:

e Most helicopter BVIs occur at higher transonic tip Mach nunsb&here compressibility
become important. The experimental setup developed inwthik can be used to study
the BCDI at higher transonic tip Mach numbers. This will pravicaluable information

regarding the effect of the aerodynamic non-linearity in B\glse.

e Moreover, it would be interesting and very useful to studyhier oblique interaction angles
at these high transonic tip Mach numbers as the trace Maclheubecomes 1 closer to the

blade tip. The resulting collection of strong spanwise aticiwaves on the blade could re-
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sult in interesting acoustic as well as aerodynamic phenamrend might play an important

role in the final generated noise.

e As a natural extension of the work so far, it is suggestedadhated interaction geometries
to closely match the real trace Mach numbers be tested. $takso important since the
spanwise acoustic phasing would be differ from the straigktaction cases and could have

an effect on the resulting acoustics.

e In order to understand the acoustics completely, it is égden understand the detailed
aerodynamic events occurring on the blade. It is therefsuggested to test rotor blades
instrumented with a sufficient number of pressure transgupkaced at carefully chosen
locations to capture important aerodynamic events, paatily those associated with the

wave collection process on the blade at higher transonid&ph numbers.

e As mentioned already, one important advantage of the preggroach is the ability to
objectively compare the aerodynamic and acoustic respoindéferent blade designs to a
given velocity disturbance. Thus different passive, ad a&hctive blade designs could be

tested in this facility.

e The Weissinger-L lifting line approach used to correct th&idgial aerodynamics for three-
dimensional effects needs further research to make it @gpé for oblique BVI cases. A
more complete theory that resolves the pressure distoibatver the blade chord, as well as

along the span, is required for accurate oblique BVI preoindti

e A CFD approach could be used to model the experiment and ldateadl against the exper-
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imental data. Either pressure measurements on the blaféees\if available), or hotwire

and pressure measurements in the near-field of the blade lseulsed to validate the CFD.
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Appendix A

Gust Generator Fabrication and Operational Details

The Gust Generator consists of various sections which aadmeving a clean flow with less

turbulence. A brief description of the sections are giverehe

Fan Blower The fan-blower assembly was sized as per the procedure Udith d?ope’s Wind-
Tunnel Design and Testing [89], keeping in mind the lossestdithe screens and various
sections of the gust generator and the final required peaicitalof the flow. The fan-
blower is placed outside of the chamber in order to preventasnination of the acoustic

environment within the chamber due to the fan.

Diffuser section A long rectangular section with a small divergence anglddw she flow. The
divergence angle is kept small to prevent flow separationgatbe walls. It also consists
of screens to smoothen the flow and reduce the turbulencks |éMee diffuser section was

also built, keeping in mind the chamber dimensions to enthatkthe fan-blower assembly

remains outside the chamber.
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Corner Section Since the flow starts out horizontal, it needs to be turned @ye® the final
velocity required is in the vertical directions perpendicuo the rotor plane. This section
primarily consists of vanes which were designed based ong®pto achieve the required

flow rotation.

Turn-table Sections An important design criteria for the gust generator was thktyto orient
the nozzle at any angle with respect to the blade to simuldigue BVIs. This was achieved
by fabricating two sections such that the interface betwkeetwo was circular. One section
was a transition from a square to a circular cross-sectimhtltze other was a transition from
a circular to rectangular cross-section. The dimensiorisesfe two sections were based on
keeping the divergence angle to a minimum to prevent flowrsd¢ipa along the walls. The

top section along with all the sections above it can be ceetat any angle.

Settling Chambers Two settling chambers — one after the diffuser and one dfterturn-table

sections equipped with screens reduce the turbulenceslawuedl allow the flow to settle.

Nozzle The nozzle is the most critical section of the gust genegdrdecides the velocity profile
of the ensuing gust at the nozzle outlet. The detailed desigme nozzle is discussed in the

following section.

Nozzle Design

The dimensions of the gust are chosen to match a typical BVMach-scaled rotor blade
of radius 38125n. The DNW tests [92] have shown that a typical vortex shed feoblade has
a core radiusg) of 0.05c¢ and vorticity I[) of 5.46ft?/s, giving rise to a peak velocity of about
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Nozzle 1

Figure A.1: Schematic of early nozzle design

150— 170ft/EH. In order to minimize the three dimensional effects of thezt® edges, the blade
would be run such that one edge of the nozzle lies outsiddlge badius, while the other edge sits
within 50% of the blade radius. These criteria require thatrtozzle dimensions be &4 x 1in.
Various nozzle designs were attempted before the currentn@s realized. In most of the
designs, the two walls of the nozzle were parallel to eachrahthe outlet. On the curved wall, it
was postulated that the boundary layer would be thickerefidtv has to travel a greater distance.
This reduces the velocity gradient on the curved wall, thaisstng an asymmetry in the velocity
profile. Moreover, the negative static pressure gradiesith@ advantage of preventing boundary
layer separation and reducing turbulence in the shear.l&yschematic of the this nozzle design
is shown in Fig. A.1. However, pitot probe measurements of fia this nozzle (Fig. A.2) showed
that the asymmetry between the flows on either wall, was nificnt enough to generate the

required velocity profile. However, building this nozzlendenstrated that a span-wise uniform

1Based on OLS rotor [92]
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Figure A.2: Velocity profile obtained from the first nozzlesom
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flow was achievable with the present gust generator desightheat the flow was effectively two-

dimensional.

Gust Turbulence Characteristics

The rotor blade, when passing over the gust is also affegtedtidoturbulence present in the
gust. Since, the mean velocity profile is generated by etippmixing regions, there is a tendency
for the turbulence to be high when the mixing region is longud'it is necessary to characterize
the turbulence and study its contribution to the radiatedendo show that the main features of
BVI noise can be replicated by the current experiment. Measants were carried out using a TSI
1241-20 two component Hotfilm sensor probe and a TSI 1056sanemometer. A sampling rate
of 12800Hz was used to cover a wide range of frequencies thyttraffect the blade response,
including possible BVI frequencies. The obtained data wasaged over 75 frames of 0.32 sec-
onds. In situ calibration was considered impractical, gitree rapid change in velocity along the
nozzle width. The calibration was carried out in the GlenMartin Calibration Facility Wind
Tunnel over the velocity entire velocity range that encossea the a single gust velocity profile.

The turbulence levels, measuredWwyandu’ are also uniform across the nozzle length, sug-
gesting that the flow is effectively two-dimensional. The Riéues of the turbulent velocities are
shown in Fig. A.8. The trend shown is typical of mixing flowshe€Tfirst peak represents the mixing
layer developed on the flat side of the nozzle, while the sgconresponds to the mixing layer on
the curved sidex = 1in). Since the mixing length on this side is higher as compavetidt for

x = 0, this is to be expected. Nevertheless, the RMS values andisantly lower than the mean
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Figure A.3: RMS variation of velocities across nozzle width
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velocity. The dip in the turbulence level nea« 0 is purely due to wind tunnel turbulence and has
little contribution from the mixing. The wind tunnel itséifis significantly lower turbulence levels
because of the screens placed in the two settling chambers.

Fig./A.4(a) and Fig. A.4(b) show frequency domain represtion of the data after a Fast
Fourier Transform at .625n and 1275n above the nozzle. The bumps in the graphs between
500Hz and 10061z correspond to some coherence in the mixing layers. Thertietees corre-
sponding to 5081z and 100®1z appear at 275n above the nozzle as well. However, across the
nozzle width the variation in amplitude appear to be less that at 0625n.

While the mean and turbulence levels are only statisticahtiiess, the blade “sees” something
different. When the blade moves over the gust, the instaotenealues of the velocity are quite
different from the mean values. However, one can view thieulence fluctuationsuf) as a high
frequency signal superimposed over the mean velod)tyNow, the aerodynamic response of the
blade is such that it acts as a low pass filter, respondinggya@o lower frequencies — in the range
of the mean velocity profile — and not so strongly to the highegquencies — associated with the
turbulence fluctuations. Thus, the turbulence in the gustl@voot result in significant effect on
the acoustics of the blade, in the frequency range assdaidatk the BVI. However, it would be

interesting to see what the effect is on the higher freqsna@nd broadband noise in general.
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Appendix B

Rotor Test Stand Dynamics

It is important to establish the smoothest operating cambtof the motor/rotor dynamical
system during the operation. Every complex dynamical systas resonance like operating con-
ditions that should be avoided. Strike tests with an imphe@mer were performed at key loca-
tions on the rotor stand while recording accelerometer idabader to identify these resonant like
fundamental frequencies of the rotor stand. The modessmoraling to these frequencies could
be excited when the rotor is spinning at the corresponding &Ml are to be avoided or passed
through quickly. Fig. B.1 shows the natural frequencies efstfand. The impact hammer strike test
suggests that Rotor RPMs close to 1200 and 3600, (corresgpiod2®Hz and 60Hz, respectively)
are to be avoided. With the shaft spinning (without the rdiede), two more stand frequencies
show some resonance like characteristics at about 42HDR%Y) and 84Hz (5040RPM). Out
of the four critical frequencies, the one closest to the atiag range is the one at 42Hz, and so the

rotor was not operated close to 2520RPM for any of the expeiisne
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Figure B.1: Resonant frequencies associated with the RTS
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Appendix C

Effect of Nozzle Interference on the Acoustic Time

Histories

As mentioned in Chapter 3, the proximity of the nozzle lip te tbtor blade results in some
noise radiation by itself. This radiation is impulsive arators over the same time interval as the
main BCDI event, possibly limiting the scope of the experim@iie acoustic pulse radiated from
the rotor blade due to the nozzle presence alone is signifydamwer than the main BCDI pulse
and its effect is removed from the acoustic data by subtrggdtifrom the total noise radiated.The
radiation of noise resulting from the nozzle’s proximitytie rotor blade peaks azimuthally at the
same microphone location as the BCDI event. However, it seeiins tirected more in the plane
of the rotor, suggesting it is not due to impulsive lift on tilade. At this point, the reason for this
noise is speculated to be a result of the fluid dragged alomdpyithe blade having to accelerate
over the nozzle wall. For completeness, the time histori¢ki® acoustic event is presented here

in Figs. C.1-C.4 for all the microphones at a rotor blade tip Maagmber of 0.702.
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Appendix D

Comparison Between Compact and Non-Compact

Acoustic Formulations

The acoustics formulation used in Chapter 4 is a non-compactuiation, which distributes
the lift over the blade chord using a steady flat-plate assiomgEqn. 4.7). This approach pro-
vides for better prediction of negative peak of the BCDI evé&stdiscussed earlier, for a parallel
interaction, the non-compact chord formulation resulta slightly wider pulse width and lower
magnitude at the 107microphone azimuth. This effect is most prominent at thekpease az-
imuth at the lower elevation. The difference between thepawwhand non-compact formulation
decreases for the microphones on either side as was showig.id.B. The acoustic time his-
tory comparisons between the compact and non-compact fations for the various microphone

locations are shown here in Figs. D.1-D.4.
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Appendix E

Comparison of Frequency Spectrum Between

Theory and Experiment

Figs. E.1-E.4 show a comparison of the frequency spectrumedam the theory and experi-
ment for the different interaction angles Mt = 0.702. The theory tends to under predict the
magnitude of the frequencies for the corresponding peakopimne azimuths. This corresponds
in the time history plots (Figs. 4.5, 4.8, 4,12 & 4.16) to a @ighulse width predicted by theory
at the corresponding microphones. Part of the reason ceudddtrong tip vortex predicted by the
Weissinger-L model based on the two-dimensional indi@aulits. Since the indicial aerodynam-
ics is assumes a compact chord approach (which might isumtrirreality) the strength of the tip
vortex and hence the contribution to the acoustics from keebtip might actually be higher than

that predicted by the theory.
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Figure E.1: Acoustic time histories at the various micrap®in terms of Acoustic Pressure (in Pa) vs. Rotor AzimutiDég)

(M7 = 0.702 — Parallel Interaction)
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Figure E.2: Acoustic time histories at the various micrap®in terms of Acoustic Pressure (in Pa) vs. Rotor AzimutiDég)

(M7 =0.702 — Case 2)
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Figure E.3: Acoustic time histories at the various micrap®in terms of Acoustic Pressure (in Pa) vs. Rotor AzimutiDég)

(M7 =0.702 — Case 3)
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Appendix F

Scaling of the Acoustics Data

F.1 Choice of Scaling Origin

The experimental and theoretical results have been scaledlistance of 3R from the hub,
for easier comparison, as has been mentioned in the thesisdisdussed earlier, the parallel
interaction peaks about a line drawn perpendicular to théebt the 80% span location during the
interaction event. Moreover, most of the noise is radiatethfthe outboard region of the blade
for all the interaction angles, as the sectional Mach nundbigher at those sections compared
to the inboard sections. Thus, one could also scale thetsesubut a location that is not the hub,
but rather a point on the outboard section of the blade duhegdnteraction, as it would be more
representative of the source of sound. For a truly far-fissleover, this choice of scaling would
have a very negligible effect. However, given the size ofdhamber, the microphones cannot be
considered truly far-field with respect to the spanwise cesir

Figures F.1,F.3,F.5 & F.7 show the measured peak-to-peak eapressed in decibels when
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scaled about the 80% blade span location during the interacthe corresponding plots with the
measured data scaled about the hub are also shown for eappiesom (Figs. F.2,Fl4,F.6 & F.8.
Although there is some difference in the noise levels, fertito choices of scaling origin, the over
all azimuthal trends do not change. Moving the origin of sgato the 80% blade section at the
interaction, increases the distance between the micrgshioom the effective sound source. Thus,
the scaling results in an increase in magnitude, when caedgarthe values scaled with respect to
the hub.

For different interaction angles, the 80% span section efllade undergoes the interaction
event at a different azimuth. This makes it difficult to comgpthe noise levels across different

interaction angles.
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