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Inhomogeneous, Anisotropic Turbulence Ingestion
Noise in Two Open Rotor Configurations

Christopher J. Hickling
(ABSTRACT)

Two rotor configurations with different non-uniform inflows were studied: a rotor ingesting the
wake of an upstream cylinder and a rotor ingesting a thick axially symmetric boundary layer from an
upstream centerbody.In both cases, the undisturbed inflowwas measured without the rotor presert

in order to characterize the inflow, in particular to calculate the unsteady upwash velocity
distribution at the location of the rotor. In addition, detailed acoustic measurements were cometed
using a 25%channel large-areamicrophone array. In all, over 400 conditions covering different
advance ratios, angles of yaw, and inflow conditions were measuredileasurements of the sound
show that the source has a complex directivity, different from that of a streamwisdigned dipole,
due to the inhomogeneous unsteady upwash distributionln addition, observers at different far field
locations will perceive sources from different locations on the rotor diskThe directivity is a function
of both the rotor geometry and tirbulent inflow. A simplified model of the sound source was
developed using these inputs and accurately predictsends observedin the far field noise. For the
cylinder wake ingestion case, ofblade measurements of the flow field show that the wake isrdwn
to the center of the rotor disk with increasing thrust. This is particularly noticeable if the wake does
not strike the center of the rotor disk. The effects of this flow distortion on the far field directivity
are well predicted by the model.The effects of yaw to rotate the produced sound field can be inferred
from this model as well. A novel beamforming procedure was used to isolate sources across the face
of the rotor for the cylinder wake ingestion case for an upstream observer positionThis method
may be used to isolate different sound sources on a rotor if multiple sources are present or if different
regions of the rotor disk need to be isolatedThe directivity of a rotor ingesting an axially symmetric
boundary layer is far less complex Han the ingestion of a twedimensional cylinder wake, but
measurements still show the perceived source location shift with observer locationOverall, the
proposed noise modeling technique is an efficient method to predict the directivity of turbulence
ingestion noise for inhomogeneous inflows.This can enable quick absolute noise predictions at all
far field locations using only a single point measurement or far field noise prediction to establish
absolute levels
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In many engineering applications, rotors interact with turbulence. Aircraft and ships with rear
mounted propellers can have upstream appendages discontinuities that generate turbulence that
travels downstream and is drawn into the propeller. Wind turbines interact with turbulence in the
atmosphere and with turbulent wakes from other turbines. Interaction of a rotor with turbulence
results in unsteady loading on the rotor blades that can radiate as sound, causing unwanted
community noise or vehicle detection.As such, prediction and reduction of noise due to turbulence
ingestion is highly desirable and remains an active area of research.

Turbulence ingestion noise is well understood from first principles and can be successfully predicted
provided an accurate description of the turbulent inflow and unsteady aerodynamic response of the
rotor blades. Much work has focused on homogenous, isotropiturbulence ingestion noise, however,
in practical applications, the rotor inflow is often norruniform, anisotropic, and can change
dramatically with the thrusting condition of the rotor. Research efforts to develop noise predictions
considering these mae complex, but practical inflows have focused on the inflow modeling and
measurement and have relied on a small subset of sound measurements for validation.

The present study seeks to provide new physical insight into inhomogeneous, anisotropic turbulenc
ingestion noise through wind tunnel experiments. In particular, two rotor configurations with
different practical non-uniform inflows are studied: a rotor ingesting the wake of an upstream
cylinder and a rotor ingesting a thick axially symmetric bounday layer from an upstream center
body. In both cases, the undisturbed inflow was measured without the rotor present in order to
characterize the inflow, and detailed acoustic measurements were completed using a 28iannel
large-areamicrophone array. In all, over 400 rotor operating conditions were measured.The
acoustic directivity in each case is examined in detail as a function of rotor operating conditios
simplified directivity model is developed and validated with measurements. Ultimately, the
directivity model can provide a good engineering approximatiorof the full directivity with reduced
computational time or can be used to extrapolate measured results to positions in the far field where
placement of sensors is not possible.The results canalso be used to guide the analysis and
interpretation of single point or microphone array measurements in the acoustic far field of a rotor.
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1. Introduction

1.1 Motivation

In many engineering applications, propellers interact with turbulence. Aircraft and ships with rear
mounted propellers can have upstream appendages or discontinuities that generate turbulent
boundary layers or wakes that convect downstream before being drawn into the propeller. Wind
turbines interact with turbulence in the atmosphere and wakes from otkr turbines. The interaction
of a rotor with turbulence results in unsteady loading on the rotor blades that can radiate as sound
to the far field which may causeunwanted community noise or vehicle detection. This noise due to
turbulence in the rotor inflow is known as turbulence ingestion noise (TIN).

Turbulence ingestion noise can be a dominant source of noise if the turbulence is of sufficient scale
to produce unsteady loads which are correlated from bladéo-blade. That is, if the convecting
turbulent structures are cut multiples times by the rotor blades as they pass through the rotor disk
plane. In this case, broadband humps aobaystacksappear in the loading and consequent noise
spectra at the blade passage frequency and its harmonics. The degte which the haystacking
phenomenon occurs is a complex function that depends on 1) the exact character of rotor inflow, 2)
the distortion of that inflow by the rotor, and 3) the details of the interaction of the distorted flow
with the rotor geometry.

To add to the complexity, in some applications, the rotor is only partially immersed in a turbulent
flow and operating at a thrusting condition which significantly stretches and distorts the turbulence

as it approaches the rotor disc. This results in amhomogeneous and anisotropic interaction. In
addition, the rotor can be yawed to the inflow and its blade geometry complex, changing the details
of the rotor/turbulence interaction. Developing TIN prediction methods accounting for all the factors
found in real rotor applications is a complex, difficult problem. As such, turbulence ingestion noise
has been of interest for decades, and remains an active area of research. This dissertation focuses on
the broadband noise produced by a sulonic rotor interacting with inhomogeneous, anistropic
turbulent inflows .

1.2 Review of Subsonic Rotor Noise

The source of noise generated by the interaction of a rotor with the fluid in which it operates has
many possible underlying mechanismg for an exhaustive list see Blake (1986). These include
periodic and stochastic sources that result in tonal and broadband noise, respectively. This section
provides a review of the theoretical background for the relevant tonal and broadband noise sources
on a subsonic rotor.

1.2.1 Ffowcs Williams and Hawking (FWH) Equation

While the physics of the noise generated by rotor/fluid interaction are governed by the conservation
of mass, momentum and energy as described by the Nawi8tokes equations, an understandig of

the mechanisms that produce noise during the interaction is not easily gained from direct study of
these equations. Lighthill (1952) rearranged the NavieiStokes equations into an inhomogeneous
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wave equation that describes the sound generated by arbulent flow in an otherwise stationary
medium. Ffowcs Willliams and Hawking (1968) derived the analogous inhomogeneous wave
equation to describe the sound generated by turbulence in the presence of an arbitrary moving
surface. Given that a rotor/inflow interaction is the interaction of a set of moving surfaces with
turbulent flow, it is the solution to the Ffowcs Williams and Hawking (FWH) equation that provides
the theory to understand rotor noise.

If the surface is impenetrable and moving through atationary medium in an otherwise free field, the
solution to the FWH equation gives the pressure fluctuationaperceived by anobserver ataat time
oas
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In this equation,w is the region of turbulent flow,"Y is the moving surface@defines the location of
the integrands in a frame moving with the surfacd, T $6 S ® Bt sis the distance from the
sourceat @to the observer at the time of emissiont, 0 @t pj @ 'QjQ tis the source Mach
number in the direction of the observer, and¢ is the outward facing surface normal.”Y is the
Lighthill stress tensor,] is the compressive stress tensor and is the surface normal velocity The
integrands are evaluated at the time of emission or retarded tim& 6 1 t 7o which is the time
that the sound reaches the observer less the time taken for the sound to travel from the source to the
observer. Each term of this solution identifies a mechanism by which sound is generated when a
surface is moving throudn a turbulent flow. The first term describes the noise radiated directly by
turbulence, the second term describes noise generated by the aerodynamic force per unit angag
exerted on the fluid by thesurface, and the last term describes noise gemated by the displacement
of the fluid mass by the surface€, we .

The source that is dominant in a given flow can be determined by considering the general scaling of
each termin Eq(1.1). To do this, the spatial derivatives & @ need to be evaluated. It is convention
to place the origin for acoustic analysis near the source so that if the observer is in the far field where
@Bl 9B the sourd waves at@are propagating very nearly in the direction ofia Thus! "OjT w
wTwspj @ T 'O dn the far field, where OEO OEA A£EOAA FE AddALl)y canfdi 6 O A£O
approximated as
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where in addition to the evaluation of time derivatives, the approximation  sghas been made.
With the far field approximation, the scaling of each of the noise source terms is readily assessed.
The integration of the tubulence Y is expected to scale as the square of the free stream veloci¥y

for self-similar flows as”Y is dominated by the Reynolds stress terms (squared velocity quantities).
The integration of the pressure force on the fluid by the surface) € , is expected to scale as
6 "7Yj ¢ "Y where"Yis the surface area and is a coefficient of normal force. The final term
integrating the mass displaced by the surface scales o If we take the time derivative to be
proportional to "YJO where 0 is characteristic dimension of the turbulence, the pressure amplitude
of the turbulence, surface loading, and mass flux terms scale o¥, 'Y and "Y, respectively.
Combining this scaling with the speed of sound scaling in each term, we see that the pressure
amplitude of the turbulence, surface loading, and mass flux terms scale respectively™nd ,"Y 0 h
and”Y in general. Now, noise is percead as an intensity which is proportional to the mean square
of the pressure fluctuation, which in turn is proportional to the square of the pressure amplitude.
Thus, the turbulence, surface loading, and mass flux noise as perceived by an observer scal¥ 6n
and™Y 0 ,7Y, respectively.

For low speed flows) L p,sod 0 and noise generated directly by the turbulence is negligible
compared to the noise generated by surface loading. The relative strength of the mass flux and
surface loading term depends on the strength of the loading (i.6. ”"Y j ¢ "Y) which is not known
simply for all cases and is therefore, application dependent. Thus, for a subsonic rotor in a low Mach
number flow, the noise is determined by the pressure loading on the blades and fluid mass
displacement by the blades. The noise generated by the fluinass displacement term is referred to
as thickness noise. Eliminating the turbulence term in Eq1.1), one general starting point for the
analytic prediction of subsonic rotor noise is

! n € o~ W
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Given the densityof the ambient fluid,” , thickness noise is solely defined by the rotor geometry
("YR and deterministic rotational kinematics (®,i,0 ) and is thus tonal in nature. Surface loading
noise, in contrast, results from the rotor interacting wth deterministic and stochastic (turbulent)
components of the flow and can therefore be tonal and broadbandnflows of practical interest will
have steady, unsteady, deterministic, and stochastic components, all producing components of the
overall soundfield that cannot be measured independently (that is, without changing the others).
Thus, ®veral aerodynamic loading noise sources can be present at once and while analytically
distinguishable arenot experimentally separable in the acoustic far field beause they are directly
tied to the flow. As such, while the goal of the present work is to experimentally study turbulence
ingestion noise, a particular subset of loading noise, the loading noise arising from all components of
the flow are briefly described in the next section.

1.2.2 Surface Loading Noise

The integration of the compressive stress tensom) hin the direction ¢ amounts to the force,
unsteady or steady, on the surface of the blad&hus,fj € "Q, where™Qis the force per unit aea.
In general,”Qwill be the result of viscous normal stresses and flow pressur@, In the case of inviscid
flow, "Qs simply ¢ . In either case Qs the negative of the surface pressure loading. From €4.3),
we have
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For a given observer location, rotor geometry and kinematic$, £ ,"Yandg 0 sare all defined,
leaving the surface pressure on the blade€dht to be determined. Knowing the surface pressure,
the above equation could, in principle, be evaluatl numerically. Further physical insight into surface
loading noise is gained by bringing the divergencej! w in to the integral and applying the chain
rule which results in Formulation 1A derived by Farassat (1980)iven in eq.(1.5). Note that this
differs from eq. (1.2) in that a far field approximation has not been made so that—
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where AT-O i ¢ 7i and thus—is the angle between the surface normal and radiation direction
defined byipat the time of emission. In this form, we see that the loading noise can be separated into
far field terms (order pfi) and near field terms (orderpZi ). In many applications, the observer is

in the far field so the first term in eq.(1.6) is of primary concern. Rearranging the far field term, we
have
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and we see that in the far field the surface loading noise decaysag® and has a basé | —@lirectivity.
Further there are two fundamental contributions to the noise: one due to the unsteady pressure
loading on surfac& M fand one dependent on the time rate of change of the relative Mach number,
T0 jT T If wedecompose the surface pressure into steady and unsteady componemi/ respect
to the bladesas

Q Qe Qi (1.7)

then (1.6) can be written as
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where we have used the facthat 1 "@! 1t 1 This form of the expression for loading noise
emphasizes the fact that the far field noise arises from the unsteady surface loadi@gand that, even
if the loading is steady [@e ), there will still be noise due to the motion of theotor (T 0 jT T T
over the rotor surface). Thus, rotor noise prediction due to surface loading is well understood from
first principles; the task remaining is determining the rotor surface pressure and thus loading
distribution from the flow over the blades. Analytically this requires a description of the flow which
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is non-trivial in practical turbulent flows and modeling of the rotor aerodynamic response to that
flow (blade response function).

1.2.2.1 Common Simplifications

Considering practical rotor geometries, there are several simplifications that can be made that aid in
both the acoustic prediction and blade response efforts. To start, for a rotor with identical blades
each with surface areay, the surface integrain (1.4) can be rewritten as a summation over of the
blades, so

R ! Q -

Simplifications to the above equation can be made based on acoustic compactness and observer
location, as well as, if the blades are thin, have a large aspect ratio and are at low angle of attack. For
clarity, each d these simplifications are considered individually in this section. In the next sections
they are combined to form the common starting points for the theory of different types of loading
noise.

Acoustic Compactness

If the size of theacoustic source region,0, is much smaller than the wavelength of the sound,, then
the source is said to be acoustically compact. For this condition,L 1, there is minimal phase
cancelatior? very little interference? between the sound waves produced at differg points in
compact region and retarded time variation across the acoustically compact region can be neglected.
The wave length_ & Q ¢“®j] ¢" TQ so the acoustic compactness condition is typically
written as ‘Q{L p. Acoustic compactness dependsn the speed and frequency of sound as well as
the size of the source region.The rotor blade chord, blade span, or entire rotor can be acoustically
compact, with the resulting directivity of the overall sound field simplifying with each degree of
compachess. The speed of sound in air and water are ~343 m/s and ~1500 m/s, respectivelylhus,
there is typically a greater degree of compactness in hydrodynamic applications than aerodynamic
applications at similar frequendes.

If the chord of the blade is aoustically compact ¢» L _), the variation in retarded time across the
blade chord can be neglected so efl.9) becomes

- Q v, -
n ao T— — w éh Q "QQw (1.10)
Tw ™“ip U ,

where"Q the force per unit span along each blade commonly taken to act at the point of maximum
loading along the chord (typially near the leading edge). Note, in practical rotor geometries, the
blade chord is larger than the blade thicknessg, which implies that if wL 1 then oL _ and
differences in retarded time from opposing sides of the blades can be similarly neglected.

Further, if the blade span is acoustically compacty{ L 1), the variation in retarded time in the span
wise direction can be similarly neglected and



. O . N -
n ao T— —_— h O Q @t W @ (1.11)
Tw tip U ,

where "O is the total force acting on each blade and is taken to act at center of loading along the
span (typically around 70% of the blade span).

Finally, if the entire rotor can be consideredacoustically compact OL _), the variation in retarded
time between blades can be neglected so

o O . .
n ao T— —_— h O 'O aht (112)
Tw Tt ip U 2

where "Ois the total force acting on the rotor and is taken to act at the center of the rotor disc. If the
blade loading is axisymmetric the net force on the rotor will act along the rotor axis. With this
perspective, the blade motion has been simplified out @he analysis, thus the only considered force
is now the total force on the blade disk.If the observer is in a location that is stationary relative to
the blade disk the relative Mach number term0 , can be omitted.Thus, this becomes

T O

n & ST (1.13)

Combined Acoustic Compactness and Far field

In many instances, it is fair to assume that the observer is in the acoustic far field|( _) and there

is some degree of acoustic compactness (chord, blade, or entire rotor). In this case, the far field
approximation can be combined with the compactness approximations of e§1.10), (1.11), or
(1.12). In the far field, eqg. (1.13) can be simplified further by using the previously defined relation,
TOjTw wfespj ® 1°ON pemployed to derive eq. (1.2)For an acoustically compact rotor
('OL _) inwhich the observer is at a stationay position relative to the blade disk, the far field sound
can be approximated as

AT-©
TH

o 1.14
% Tt (1.14)
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n &

which is an acoustic dipole aligned with the direction of the total force on the rotor, not necessarily
Al TT¢c OEA O1I 01 060 AgGEOh AT A OOOAT COE (@ih®nladd A A
loading is axisymmetric, the net/total force on he rotor will act along the rotor axis andhe radiation
pattern will be that of an axially aligned dipole with a strength dictated by the time derivative of this
unsteady thrust. This directivity pattern produces a null in the disk plane and a maximum ithe axial
direction forward and aft. Through this analysis, the noise produced by steady loading was
eliminated with the assumption of a compact rotor diskThe effects of torque and the blade geometry
were removed by this assumption, as well. In ap@ation, this assumption of a compact blade disk is
often too restrictive and the analysis may maintain an assumption of compact chord while still
accounting for the steady and unsteady load distribution across the blade disRhis maintains the
effect ofthe steady and unsteady force components and produces a more complex directivity pattern
dependent on the blade geometry and force distribution.
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Thin Blades

If the blades are thin L ¢) and the blade thickness is acoustically compacbl _ , the integration
over the blade aredY can be simplified to the integration over the blade planform projected onto
the blade disk. With this approximation, the displacement of the upper and lower surface is neglected
and the surface loading per unit are&Qis taken to be the difference in the loading per unit area on
the upper and lower surfaces’Q Thus, for thin blades, eq. (1.9) becomes

g 1 3Q

N &t —_— | ; 115

where
3¥Q "Q Q n e ne (1.16)

The integration over the planform can be broken into the radial and circumferential directions
resulting in

B 10) T 0 QY (1.17)
d T ™ ip O , '

Large Aspect Ratio and Small Angle of Attack

If the blades have a large aspect ratio, the flow can be regarded as locally 2D over the majority of the
blade span and the surface loadincan be decomposed into lift and pressure drag components with
respect to the local 2D flow direction

L T a Q
w T

———— QOYa (1.18)
l p U z

—a

If the blades are additionally at low angle of attack, the remaining components '©f will be small if
the pressure drag is low. Thus, compared to the liffQ is negligible for most observer locations,
reducing the previous equation to

o 1 & ,
— [9) 11
r] dD d) _[.u 3 QY @ ( 9)
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1.2.2.2 Types of Loading Noise

So far, the focus has been on the acoustics and simplifications once the rotor surface pressures are
known. The focus now turns to the second challenge in subsonic rotor aeroacoustics: determining
the surface pressures from the aerodynamic response of thetor to the flow field in which it is
immersed. To start, the velocity fieldY around the rotor can be decomposed intanean and
fluctuating parts with respect to the fixed frame of referenceq as

Y Y@ Yesft (1.20)



Although fundamentally all loading noise sources, the response of the rotor to these mean and
fluctuating components of the inflow and the noise produced have often been described separately
in literature. In application, the noise produced by the mean and unsteady inflow components are
not always experimentally independent.However, analytical analysis can often guide the evaluation
and characterization of the different loading noise sourcesln the following sections, the nise due

to different inflow characteristics are briefly described.

Noise Due to Steady Loading (Gutin Noise)
Given a purely steady blade loa®) (@ , the far field loading noise given by eq(1.8) reduces to
P A& 10

N & T Oip 0 171 .9® (121)

and we see that the sound produced is due to the ped@ deterministic directional change of the
steady force vector with respect to the observer and is therefore tonal in nature. This source of noise
is known as Gutin (1948) noise and includes both steady thrust and torque components. These tones
appear & the blade passage frequency (BPF) and its harmonics. Steady aerodynamic loading is a
function of the steady part of the flow field'Y @ and therefore, if theinflow is axisymmetric and has
no fluctuating component so thaty “Y'Y , Gutin noise willbe the primary source of tonal loading
noise not accounting for any sethoise phenomena like shedding. This source also scales with the
aerodynamic loading and blade tip speed and is therefore more important at higher rotational
speeds. Unlike the axisy aligned dipole discussed earlier, this source produces no sound along the
axis of rotation. Additionally, interference effects between the thrust and torque components
produce a directivity pattern with a stronger downstream lobe and weak irplane radation. This
directivity pattern is illustrated in Marte and Kurtz (1970).

Noise Due to Circumferential Variation in the Sectional Load

Given a rotor inflow with no fluctuating component but a noraxisymmetric mean flow with respect

to the blade sectionsa portion of the sound produced will be due to the unsteady loading, with
respect to the blades. This is produced by the varying effective mean velocity and sectional angle of
attack experienced by the blade during a rotation. This noisean be producedwhen the rotor is
yawed to the free stream (e.g. a helicopter rotor for which the inflow velocity produces a steady
asymmetry in the disk loading) or if the rotor is operating in a wake deficit from an upstream body
(e.g. hull, support strut, etc.). Althagh the effect of a circumferential noruniformity in the sectional
flow, the interaction is still periodic. Thus, all of the spectral content is tonal and results in stronger
higher harmonics of the BPF than if the loading were steady. The directivity tfis source is more
complex than Gutin noise and is dependent on the disk inflow and geometric characteristics of the
rotor.

Noise Due to Stochastic Blade Loading

The final type of loading noise is due to stochastic pressure loading. This study focusesteo

primary sources of stochastic loading, turbulence ingestion noise and blade selbise. Turbulence

ingestion noise is the noise due to interaction with turbulence in the approach stream and is the rotor

equivalent of leading edge noiseLeadingeddd T 1T EOA EO OEA 11 EOA POI AOAAA
to an incident gust. As a gust convects past an airfoil, there is a fluctuation in lift which can produce

an acoustic wave.In the context of a rotor, turbulence convecting through the rotor disk irgracts
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with the blades producing unsteady lift and thus noise. Blade seaibise is noise due to turbulence
originating on the blade itself (e.g. the blade boundary layer or tip vortex). This sedenerated
turbulence produces unsteady pressure on the sgeice of the blade and generates a scattered acoustic
field as it passes the trailing edge discontinuity. Therefore, the noise produced by this scattering is
called trailing edge noise. In predicting these sources of noise, turbulence ingestion noise &nadling
edge noise, the challenge is one of modeling the turbulent flow and the unsteady aerodynamics of the
rotor blades. Since both sources originate from interactions with turbulence, the lift fluctuations are
not periodic and therefore the noise is ot tonal. Instead, these sources produce broadband noise
which is produced over a wide frequency range dependent on the turbulence scales and interaction
velocities.

1.2.3 Leading and Trailing Edge Noise

To allow a more direct physical interpretation, sound has been expressed as the instantaneous
pressure amplitude in the time domain up to this point. For sound generated by deterministic
sources, evaluating such expressions is feasible. The instantanealetails of turbulence (and
therefore instantaneous details of the loading and sound field it produces), however, are very
sensitive to the flow time history and boundary conditions. Thus, while described by the Navier
Stokes equations, the complex and etic nature of turbulence makes instantaneous acoustic
prediction unfeasible.

In practical application, the typical behavior of the sound need only be considered for design and in
the case of turbulence generated noise is the only tractable approadirom the proceeding sections,

we have seen that the acoustic field is a time dependent function of the blade surface loading. Since
the blade loading of interest is generated by turbulence which is stochastic, a simple averaging of the
time history is insufficient to give the typical behavior. In this case, the concept of expected value
must be used which can be defined as,

O & @b ié-g o @ (122)

(o}

where dcan be viewed as a generaldv or acoustic variable. Here, realizations of the phenomenon
of interest in time & are averaged overN realizations, giving the typical behavior of the
phenomenon over time. The expected value is simply the limit of this averaging procedure as the
number of realizations goes to infinity. The expected value gives the typical time history of the
variable @

The typical behavior of sound is generally characterized by the intensity as perceived by a human
listener, which is proportional to the meansquare of the pressure amplitude. In addition, a
guantification of the frequency content of the sound is typically desired to assess the impact on the
human observer and to identify which turbulent scales are contributing the overall sound field. This
frequency quantification is accomplished with Fourier transform defined here as

¢ éh g hav'Q Qo (1.23)
which can be applied to any of the proceeding time domain expressions for the acoustic pressure
amplitude na Combining the desire for the typical behavior and frequency content of sountthe
expected value of the square of the Fourier transform of thecaustic pressure amplitude is of most
interest. This is by definition the auto spectrum of the acoustic pressure amplitude

9



Y ah ,,—\}om n ah (1.24)
The noise generated by unsteady loading due tarbulence, can be more easily understood, by first
considering a single stationary blade (ie. airfoil) and fixed observer location. In this situatiod, and
‘Q) j 'Q fare both zero and the far field loading noise given by e(fl.8) reduces to

L p Ao @
n &o © Oi % ZQ\b (1.25)

where —andi are also not a function of time for a fixed observer and surface and have therefore been
pulled outside the retarded time evaluation. Also noted @ for a non-moving surface. The
coordinate system for this fixed airfoil is shown inFig.1.1 and will be used for the remainder of this
section. Descriptions of turbulence are typically in the frequency domain and so the prediction of
sound from turbulence is also typically carried at in the frequency domain. Taking the Fourier
transform of the last expression using eq.1.23) gives

g AT-O0 p !

n &h o1 o — @ Qon Yo (1.26)
Substituting,6 T 17 , we have
L AT-© p 1@ e
n ah o1 o T_TQ Q1 Q"D (1.27)
or
_ Al-é&n 1 @
| G — —, Q" 1.28
N ah ol T e (1.28)

where the tilde denotes the Fourier transform. Using the time derivative property of the Fourier
transform, T & Ttk "Q'Q71 ,the last equation may be written as

g QAT
0 %I—QQ ® (1.29)

Taking the origin of the analysis to be close to the surface, if the observer is in the far figig] @3
Sop @andges Swin the far field when not in a phase termand can be pulled out of the surface

V2

L

U—> ———— —=

!

Ap'

Fig. 1.1: Coordinate system of 2D stationary airfoil
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integration. Wheniis in a phase term, the Taylor series expansidn % aBifasmust be used.
With these further far field approximations eq.(1.29) becomes

"Q](b'Q SBR

——— 2 Q TREQH (1.30)
™ W 9B

N ah
Taking the blade to be thin;Q can be expresseds the unsteady pressure jump across the planform

3N . Further, for a thin (flat plate) blade& does not vary across the surface and can be pulled out of
the integral andwé  w (using the coordinates inFig.1.1). With this eq.(1.31) becomes

'Q]w ‘Q .

T 3 'Q B Q) (1.31)
™ W B

n éh

where the integration of the planform has been expressed as an integration along the span and chord.
This last expression can be written in terms of the wavenumber transform as

. N p'Q = e o
N @ 3z On 1.32
n ah 5 5 3N QhQh (1.32)
where
o B2
3N ‘QhQh 3N'Q Qo (1.33)

Eq.(1.33) gives the loading noise generated by a stationary, thin blade and is comprised of a source

term (the wave number transform of unsteady surface pressure jumpt) ) with a propagation term
out front, leaving the relationship between the turbulence interacting with the blade and the
unsteady pressure jump it causes to be determined. The desired relationship is solved for by using
the Schwartzschild solution for scatering of acoustic waves by a servinfinite plane. This procedure

is shown in Amiet (1976) for an impinging upwash gust. The solution is given in the form ofren-
dimensional gust response function;Q For example, the relationship forr) in terms of "Qfor an
arbitrary turbulent gust impinging on the leading edge of a thin airfoil takes the form

an whoh “r 37 hQ QohQh M Q da (1.34)
where 0 is the planar wavenumber transform of the unsteady upwash & o in the plane of the
airfoil @ T

The mathematics required to determine the gust response function is extensive, and so only the basic
physics, approach, and results will be given here. The physics captured by the gust response function
are as follows. It can be shown from eq. (1.34) thahe far field noise is produced by the unsteady
pressure evaluated at the acoustic wavenumber in the direction of the observer. Therefore, in
subsonic flow, convected turbulence can only create an acoustic pressure disturbance from surface
loading if it experiences a discontinuity or edge, in this case the airfoil leading and trailing edges. At
these edges, the turbulence is scattered into acoustic waves that propagate along the airfoil at the
speed of sound. Consider a turbulent gust impinging on theading edge of an airfoil. When the gust
passes over the leading edge, an acoustic pressure wave is created and radiates outward from the
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edge. This is the loading response of the airfoil in a compressible flow. The portion of the disturbance
radiating downstream induces an unsteady surface pressure loading on the airfoil. As the acoustic
wave generated at the leading edge passes over the trailing edge, a similar acoustic pressure wave is
created and travels outward from the trailing edge. The portiorof this acoustic wave radiating
upstream eventually interacts with the leading edge and the process repeats.

There is no analytic solution to the flat plate gust response function and numerical methods are
required to solve the full problem. Analyticalapproximations, however, were derived by Amiet
(1974) using the closedform expressions for semiinfinite flat plates and the iterative approach
proposed by Landahl (1971). In this approach, as a first approximation the blade is modeled by a flat
plate extending infinitely downstream of the leading edge. This gives the solution to scatting by the
leading edge, satisfying the ngenetration condition at the plate, but introduces a norphysical
pressure jump across the wake, violating the Kutta condition.To impose the Kutta condition, a
second solution is added to first to exactly cancel the pressure jump across the wake. This second
solution is for a flat plate extending infinitely upstream of trailing edge and accounts for scattering
from the trailing edge. The sum of the two solutions satisfies both the Kutta condition and -no
penetration condition but introduces a pressure discontinuity ahead of théeading edge. A third
solution, that of a flat plate extending infinitely downstream of the leading egk, can be added to the
first two to remove the pressure discontinuity and satisfy the negpenetration condition, but this once
again introduces a pressure jump across the wake which must be corrected. Alternating solutions
can be added in this manner indinitely and converges if the residual pressure jump approaches
zero. In practice, the series of solutions converges quickly and for engineering applicatsonly the
first two terms are typically required for leading edge interactions.

Retaining only the first term for a flat plate extending infinitely downstream of the leading edge gives
a first order solution to the leading edge gust responséQ hQRA R , appropriate at low
frequencies. Including the first trailing edge correction gives a seconarder solution to the leading
edge gust responséQ w QR R , applicable to higher frequencies. It turns out that the second
order approximation "Q is well approximated by"Q if the solution is truncated at the trailing
edge and thus, lhe gust response is largely captured by a truncated version @ given by

cQ
7 — (1345)

where the origin is taken to be at the leading edge. Integratin@ along the chord, we can define
the non-dimensional blade response function

¥y Q hQ A I

M ohQ AR Q o (1.35)

% e

so that for leading edge noise, e@1.33) can be written as

En

aNe’Q Q i &) J—“‘Q ¥ Q RQ h (1.36)

Substituting into (1.30) and computing the autospectrum with eq(1.24) gives the far field leading
edge noise sound spectrum as
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where %o is the planar wave number spectrum of the unsteady upwash.

A similar process to that just described for leading edge noise, can be done for trailing edge noise as
derived by Amiet (1976, 1978). For trailing edge noisezr) arises from the blade boundary layer
turbulence on each side of the airfoil and its interetion with the trailing edge. Assuming identical
boundary layers on either side of the airfoil, the pressure jump for trailing edge noise can be
expressed as

3N ©hQh ¢y QR Q "0 »hQhQ (1.38)

where 1 is the wave number transform of the boundary layer pressure fluctuations, an®@ is
trailing edge gustresponse function approximated by using the single solution for a flat plate
extending infinitely upstream of the trailing edge and is given by

Q ohQQ Q p 00 Qoxws p (1.39)

where the origin is taken to be at the trailing edge. Substituting e€l.38) into (1.32) and computing
the autospectrum, the far field trailing edge noise sound sp&am can be expressed as

N

1

Y @ ———— %o QN “ G 14
Y ah O e % Qh “ @fls (1.40)

where %0 is the spanwise wavenumber frequency spectrum of the undisturbed boundary layer
pressure fluctuations

%0 WO 3“ﬂ (141)

andffEO !' i EAO6 O CAT AOAI EUAA 1 EAO AQ1akrykhe thord, Bid 0T 1 OET

providing the trailing edge analog to they function for leading edge noise (whichintegrates "Q
along the chord).

The far field sound spectrum for leading and trailing edge noise given by gd..37) and eq.(1.40),
respectively, are the major results from this section up to this point. From these expressions, we see
leading and trailing edge noise are different responses to ffierent inputs but have similar overall
form: a base directivity and scaling] &]j 1“0 @% from the fact that the noise arises from surface
loading, an input source spectrun¥%. or % , and a nondimensional blade response functiory or fl
with dimensional coefficients. In general, the blade response functions must be evaluated
numerically and the compressibility effects captured by these functions modify the scaling and
directivity implied by (1.37) and eq.(1.40) significantly. For analytic solutions, general scaling and
directivity, high and low frequency approximations of the blade response are typically made.

For both leading and trailing edge noise, the frequency of sound will scale on the flow speed divided
by the turbulence scaleYf0. For leading edge noise, the upwash wave number spagit %o will be
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proportional to 6 0 and, for trailing edge noise, the fluctuating surface pressure wave number
spectrum %o will approximately scale on the dynamic pressure squared Y'Y , where™Y
provides the shape of the underlying spdeum. Using these scaling in ed.1.37) and eq.(1.40), we
have

Y oah  x Yo ol Al &
N (142)
Y o@h o x Yo Al & dIsy
0 oG

where and—is the angle betweenp @and the surface normak . For leading edge noise, we are
often concerned with large scale turbulence at lower frequencies whef@d p. For this acoustically
compact condition, the compressibility effects can be neglected and the blade response does not
further modify the scalingand directivity indicated in (1.45). For trailing edge noise, the turbulence
scale is often small compared to the blade chord and we are concerned withd p. In this case,
compressibility cannot be ignored andgls modifies the scaling and directivity of trailing edge noise.
For these two conditions, eq(1.42) becomes

LYoo Al o, o

Y ah - h Qd
&n T b p
B (1.43)
Yo & OElg— o
Y ohohmh T Y h Qd p

where the trailing edge noise has been assessed in ttee Ttplane, and— is the angle between the
trailing edge (w and observer. These expressions give the canonical dipole and cardioid directivity
patterns associated with leading and trailing edge noise, respectively, as shownhiyg. 1.2 below.
Thus, although both broadband sources are produced by surface loading they have distinct scaling
and directivity.

@ (b)

Fig. 1.2: Directivity of sound spectrum for leading and trailing edge noise. a) Leading edge noit
for acoustically compact chord Qd p) and b) trailing edge noise at high frequency limit

As final note, he results of ths section have neglected convection effects on the sound propagation
which are important in a wind tunnel application where the airfoil is immersed in a free stream that
extends beyond the immediate vicinity of the airfoil. These results also apply to a single fikairfoil,
but can be extended to rotor applications, which is the topic of the next section.
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1.3 Review of Turbulence Ingestion Noise

The preceding sections provided an overview of subsonic rotor noise sources and the theoretical
framework for subsonic rotor noise prediction. The goal of this section is to first combine the theory

to give a general starting place for turbulence ingestion noise prediction and then review turbulence
ingestion noise literature.

Analytic TIN predictions commonly assumes a thiblade with acoustically compact chord thus begin
by combining the surface loading noise given by e¢l.9) with the approximation of eq.(1.10) giving
L ! Qe ‘Yht
L ) 1T p 0

Q'Y (1.44)

z

where the unsteady force component@ds considered for TIN. Now, the unsteady force can be
specified as a magnitude and direction

Qe Qe Wi Yt (1.45)

where the direction is additionally a function of the local inflow anglerotor speed and blade position.
Asdiscussed in the beginning ofection 1.2.3, the sound spectrum given by e¢1.24) is the desired
result of TIN prediction. Taking the Fourier transform of the previous equation,

P T 3 . e
— ——— Qe Q QoY (1.46)
Tw t™ip U ,

Shifting the integration from observer timeoto source timet(Qo6 0 Nindo T 1 T Tw),
we have

s P I L — e h A
n ah o o T T Qe Q Qt QY (1.47)
Or
L P Toe Yo 0o
n & o o T Q Q QftQY (148)

Taking the expectedvalue, the acoustic autospectrum can be written as

Y & P A YitQ oo 1 ¢ YRt Q ]
™Y Tw i t Tw i T (1'49)
v POvEY R Q QYQRQt @t

where the terms in { } account for the propagation of sound from the blade to the observer and thus
retarded time effects and the source ternms the correlation function of the loading pemnit span and
is given by
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Eq.(1.49) represents the most general starting point typically taken for analytic TIN prediction in
literature and is the basis of the prediction methods of Glegg (2012, 2015). Carrying out the Fourier
transforms, this equation can be expressed in terms of the Idag cross spectrum and then serves as
the starting point for frequency domain approaches requiring a turbulence model. Many expressions
for TIN predictions can be derived from this general expression by applying further compactness
assumptions (blade or entire rotor), applying the far field approximation, and substituting

expressionsfor Y " in terms of a particular turbulent inflow model and blade response function.

Early work on turbulence ingestion noise considered the rotor as a set of istéal airfoils unwrapped
into a linear cascade, giving the most direct extension of alreadieveloped unsteady airfoil
aerodynamic theory to the TIN problem. At the timencompressible bladeresponse functions such
as that of Sears (1941) for an incident gst and Filotas (1969) for an oblique gust were available to
predict the unsteady blade loading from the turbulent upwash. This early approach is summarized
in Mugridge and Morfey (1974). Assuming a functional form of the spanwise correlation and using
one of the available blade response functions, strip theory was applied to determine the sound
generated by a single blade. The sound from the entire rotor was then calculated by multiplying the
single blade sound spectrum by the total number of blades.hiB approach does not allow for blade
to-blade correlation and at the time was limited to acoustically compact chord. These limitations
were well known at the time and correlation effects considered an area needing further research
(Mugridge and Morfey, B74). Experimental data to assess the validity of both the compact chord
and correlation approximation was limited and when available often contaminated by multiple noise
sources, in particular blade sehnoise.

The possibility of bladeto-blade correlation is a differentiating factor between airfoil and rotor
loading noise and can significantly impact the level and shape of the rotor sound spectrum. As
previously stated, bladeto-blade correlation arises when multiple blades slice the same turbulent
structure as it convects through the disk plane. The degree of blatteblade correlation is primarily
controlled by 1) the character of the turbulence at the rotor inflow plane and 2) the path the rotor
blades take through the turbulence as it convects thragh the rotor. A criterion for correlated blade
loading to occur is that the axial time scale of the ingested turbulence as it passes through the blade
disk (0F7Y) is significantly larger than the time-scale of a bladeto-blade passage g¥6m) (Homicz
and George, 1974) This criteria can be written a$im)j Y | p. Correlated blade loading can result
in the organization of the broadband spectrum into peaks near multiples of the blade passing
frequency. This phenomenon is known aaystacking.

Sevik (1974) was among the first to observe the haystacking phenomenon while investigating a rotor

ingesting turbulence in the Garfield Thomas Water Tunnel. In his work, Sevik develops a model to

predict broadband turbulence ingestion noise by taking a strip theorgpproach. With this approach,

each blade is considered separately as a series of spaise elements, and thus, only correlated

loading along the span of each blade and not blade-blade is considered. A homogenous, isotropic

turbulence model is used alag with the blade response function developed for thin airfoils by Sears

(1941). 4aEA 11T AA1T DOAAEAOO Ai OE OEA O1 OO0AAAU 11T AAET C 1
function, rotor noise spectrum. Sevik assumes the rotor radiates as a dipole algg with the

freestream.

To validate his model, Sevik measured the total unsteady thrust experienced by a-hldaded, 3inch
diameter rotor ingesting turbulence generated by grids of various size. The blades of the rotor had
no rake or skew with athinaD £ EI  AOT 00 OAAOQOEI T xEOE OEAODP |1 AAAE]
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captured the broadband component of the total unsteady thrust force on the rotor, but missed

OEOI P06 OAAT ET OEA 1 AAOGOOAA OPAAOOA Ol ECEM U AAT
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but were in fact haystacking caused by correlatedblade-to-blade loading due to largescale

turbulence ingestion (Blake, 1986).

Hanson (1974) observed the effect of anisotropy on the haystacking phenomenon when investigating
a shrouded, 55in diameter rotor ingesting atmospheric turbulence. In static rgine tests, in which
the rotor is operating in still air, he characterized the turbulent inflow at the rotordisk plane with
hotwire anemometry and the unsteady pressure loading experienced by the rotor with transgters
embedded in the bladesAt the rotor disk plane, the streamwise turbulent length scale was estimated
to be on the order of 100 rotor diameters and the transverse scale only a fraction of a rotor diameter
giving a ratio of streamwise to transverse length scales of 400:1. This anisotropyédstreme and
attributed to distortion of atmospheric turbulence by the strong stream tube contraction that exists
at static conditions. When these long, thin eddies are sliced many times by the rotating blades, the
blades experience lift impulses that nedy imitate a train of truly periodic impulses. Though this
interaction is broadband in nature, the surface pressure spectrum contained haystacks so narrow
that they could easily be mistaken for true harmonics.

The theoretical study of Majumdar and Peak (1998) also examines the distortion of ingested
turbulence in static engine tests, awell as at flight conditions. Given a free stream turbulence model,
their theory accounts for therotor stream tube contraction with an actuator disk model and the
stretching of the turbulence as it is drawn into the rotor with a form of Rapid Distortion Theory
(RDT). Assuming isotropic free stream turbulence, their predictions showed that the turbulence
reaching the rotor face is significantly more stretched in stati¢gesting than in forward flight. As a
result, the predicted noise spectra for flight conditions are broadband while those for static
conditions exhibit significant haystacking and can even appear tonal.

Wojno et al.(2002a, 2002b) performed a similar turbulence ingestion noise study as that of Sevik
(1974) using modern instrumentation. In Wojno et al.(2002a), high-resolution, two-point velocity
measurements made downstream of turbulence generating grids were used to develop a continuous,
three-dimensional turbulence model that served as the rotor inflow information for turbulence
ingestion noise predctions. In developing the model, the threelimensional turbulence spectrum
was assumed to be separable into nedimensional spectral density functions in each direction
multiplied by the turbulence intensity. Each of these nordimensional spectral densiy functions was
determined by assuming an underlying model relying on turbulence length scales as a function of
streamwise wave number, which are determined from the measurements. In Wojrar a/. (2002b),
the semiempirical turbulence model developed inWojno et al. (2002a) was used to make TIN
predictions for the 10-bladed Sevik rotor and the 4bladed rotor of Scharpf and Mueller (1995) and
Minniti et al.(1998). The aeroacoustic response of both these rotors to grdenerated turbulence
had been experimentally characterized at Notre Dame and thus have an extensive empirical database
from which comparisons could be made. These predictions were compared with corresponding
measured noise spectra. Good agreement was observed between the predicted and mess
spectra from the BPF to 3 BPF. Accurate predictions of the broadband levels suggest the
streamwise and radial turbulence was correctly modeled. However, the haystacking was under
predicted around the BPF, which is attributed to under prediction ofhe blade-to-blade correlation

in the rotor response model as a result of inaccuracy in either the modeling of the tangential
component of the turbulence or bladedisturbance interaction. In addition, the Sevik rotor noise is
under predicted at high frequencies suggesting trailing edge noise may be dominant in this part of
the spectrum. Comparing the 1bladed and 4bladed rotor, the 4-bladed rotor noise was dominated
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by tones at the blade passage frequencies due to inhomogeneity in the mean flow, whie 10-
bladed rotor noise was primarily broadband TIN.

In progress towards studying the ingestion of inhomogeneous inflow turbulence, the experimental
and theoretical work of Stephens and Morris (2009) considered a ducted version of the dfladed
Sevik (1974) rotor interacting with the axisymmetric, turbulent boundary layer formed at the duct
walls. The boundary layer thickness at the rotor face was varied by changing the downstream
distance of the rotor face from the duct inlet. They collected a subset the two-point-velocity
measurements in the fixedframe to characterize the inflow and model the fowrdimensional velocity
correlation function. The path of the rotor blades through the modeled correlation function was then
calculated and used to predit the unsteady blade loading using the gust response function of Amiet
(1993). For the inflow velocity measurements, the rotor was removed and a pressurized plenum
used to achieve the same flow rate in thduct that would be achieved at ajiven rotor rotation rate.
Hotwire probes were then traversed radially and circumferentially at the rotordisk location. Noise
predictions made using the semiempirical model of the turbulent inflow agreed well with acoustic
measurements with the rotor installed. Thepredictions were within 4 dB of the measurements up
to the five time the blade passage frequency, except for the first haystack peak which was under
predicted by 8 dB. The width of the haystacking at the BPF and first harmonic were well predicted,
but the predicted higher harmonics were much narrower than those measured. Based on varying
the turbulence model parameters, the authors conclude that disagreement between the
measurements and prediction is due to inadequate information about the full foudimensional
AT 01 AAoOU 1 AUAO AT OOAIT AGETT1T ~&O1 AOET 1 8 51 OEI AOAT Uh
can be adequately predicted using a simplified model of the twpoint velocity correlation.

Catlett et al. (2012) consider TIN due to a sheared, anigropic, and spatially inhomogeneous
turbulent inflow. In particular, they consider a rotor operating at the rear of a large 2D airfoll,
ingesting the planar turbulent boundary layer formed on each side of the foil. Unlike casing boundary
layer ingestion, the spatial inhomogeneity in this case is not circumferentially symmetric, so that the
rotor blade sections experience statistically timevarying turbulent inflow as they rotate, that is the
inflow/rotor interaction is non -stationary over a rotor revolution. To account for this kind of
inhomogeneity, they develop a semempirical model of the inflow by introducing a coordinate
transform to the well-known model for homogeneous isotopic turbulence an@llowing the model
parameters to vary across the rotordisk inflow plane. A stretching coefficienin each direction is
introduced to account for anisotropy of the flow and a shearing anglis used to account for mean
flow shear in the planar boundary layer flow considered. The model parameters are determite
through single and two-point hotwire measurements made without the rotor present. Given the
ET £l T x I TAAITh OEA OAAOEITT AT Al AAA 11TAAETC xAO AAC
function, and integrated to give the cross spectrum tensor of éhtotal force on the rotor as a function
of blade position. Acoustic predictions were made with a frequency domain approach modeling the
rotor as an acoustically compact dipole with strength determined by the total axial (thrust) force
spectrum, neglectirg the radial forces. The noise predictions agreed well with microphone
measurements taken near the downstream axis of the rotor, with the haystacking shape and level up
to 3 times the blade passage frequencgwhere the acoustic compactness assumption hosj being
well captured.

Anderson et al. (2014) presents a model to predict broadband unsteady force crosspectrum
exerted on a rotor due to inhomogeneous turbulent flow and uses it to predict the resulting noise.
Using a strip theory approach, the rotototal force cross spectrum is determined including the radial
forces (that is, the drag forces in the rotodisk plane) that are typically neglected. These radial forces
can be important at low frequencies for rotors with advance ratios as low as unity.he far field sound
is predicted assuming an acoustically compact rotor. The possibility of inflow inhomogeneity is
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introduced with the use of double frequency cross frequency, which allows for nestationarity in a
statistical process. The model is testl numerically with the same turbulence model and
experimental setup as Catlett (2012) described in the preceding paragraph. With the turbulence
model assumptions, predicted thrust spectrum (and therefore sound) only captures content due to
BPF modulation

1.4 Review of TIN Research at Virginia Tech

1.4.1 Project Background and Objectives

Many TIN studies use only a small subset of inflow measurements to provide the required inputs for
turbulence modeling. This approach, while understandable, makes it difficult taléntify the source

of discrepancies in acoustic predictions and measurement and therefore make model improvements.
Discrepancies can arise from simplifications in the inflow modeling or the blade response modeling,
as well as, simply not accounting for dter loading noise sources (i.e. trailing edge noise, mean flow
distortion noise etc.). When the inflow is complex with the anisotropy and inhomogeneity found in
application, the challenge in identifying the source of differences in measurements and pretiims

is made even more difficult.

Addressing this challenge for inhomogeneous, anisotropic TIN has been the focus of a sustained
research effort funded by the Office of Naval Research (ONR). Starting in 2012, the primary objective
of this larger effort has been todevelop analytic TIN prediction methods supported and validated
with measurements from carefully controlled experiments and computational modeling. This
development has been a thregart collaboration with Florida Atlantic University (FAU) leading the
analytic efforts, the University of Notre Damé&UND) leading the computational efforts, and Virginia
Tech leading the experimental efforts. This dissertation is part of the experimental efforts at Virginia
Tech.

The experimental work at Virginia Tech has sought to carefully and more completely document
turbulent rotor inflows and the resultant noise, thereby removing inflow modeling assumptions.
With the inflow known, the effects of inflow distortion and blade response on the far field sound can
be better isolated and quantified for model improvement. In particular, the goals of the experimental
effort have been to

Y Develop benchmark experimental databases for comparison with analytic and computational
prediction methods for inhomogeneousanisotropic turbulence ingestion noise.

Y Form the basis for new physical understanding of inhomogeneous turbulence ingestion noise
through measurements

The experimental challenge has been to cleanly define the scientific problem and design a systematic
series of experiments that retain the relevant physics, but not the compounding complexities of
practical applications that hinder the use of analytic and computational methods. In collaboration
with ONR and the analytic and computational efforts at FAU andND, three fundamental
experimental configurations have been developed and investigated, as described below and shown
schematically inFig.1.3:

Case 1z Planar TBL Study:A rotor ingestion a thick, planar, turbulent boundary layer, (TBL),
replicating the physics found in applications where rotors ingest the boundary layer of a ship
hull or fuselage
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Case Z Cylinder Wake Study A rotor ingesting a turbulent wake generated by an upstream
cylinder, replicating the physics found in applications where the rotor ingests the wake of an
upstream appendage

Case & BOR TBL Studly A rotor ingesting the axisymmetric turbulent boundary layer formed
around an upstream body of revolution (BOR), for example, a rear mounted propeller ingesting
the boundary layer formed around an engine nacelle.

Case 1: Planar TBL Study Case 2Cylinder WakeStudy Case 3: BOR TBL Study

e i
| | X :
| ! | :

I A £ A A 4 S —

I

Fig. 1.3: Experimental configurations considered in larger turbulence ingestion noise study

The collection and analysis of detailed flow and acoustic measurements of t@glinder Wake and
BOR studies (Cases 2 and 3) are the major contributions of this dissatibn However, many of the
measurements systems, techniques, and analyses used in these studies grew out of the earlier TBL
Study (Case 1). In the following sections, the developed analytic approachpplicable to all cases

is reviewed first. Then the pevious work on the TBL study is covered in detail. Finally, the initial
previous work on the Cylinder Wake case is outlined (this will be covered in detail in the proceeding
chapters).

1.4.2 Analytic Approach

The experimental work at Virginia Tech was guidedind informed by the parallel analytic work
carried out by Dr. Stewart Glegg atlBrida Atlantic University. A TIN prediction method was first
developed in the frequency domain in Gleggr a/.(2012), and later recast in the time domain in Glegg
et al.(2013) with the entire approach summarized in Glegget a/.(2015). Both approaches time
domain and frequency domain require no assumptions to be made about the isotropy or
homogeneity of the ingested turbulence, directly relatinghe perceived sound to tke turbulence cross
correlation function, Y , at the rotor disk plane in the fixed frame, which is provided through
previous modeling or measurement. As such, both approaches are equally applicable to the three
case studies considered as part of the riger research effort. The distortion of the inflow is not
accounted for unless explicitly included in the inflow turbulence cross correlation functionly . This
can be a measurement or computational result or can be determined analytically using atmed like
Rapid Distortion Theory (RDT) to manipulate the known undistorted inflow. Both methods predict
the near and far field acoustics.

The time and frequency domain approaches make the same basic simplifications. Both assume thin
blades with acousti@lly compact blade chord and locallyD flow, so that the unsteady loading per
unit area can be approximated byhe 2D loading on each blade at each radius (i.e. strip theory). With
these approximations both approaches start withthe autospectrum of theacoustic pressure loading
term noise which was given previously in eq(1.49), repeated here as
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where again’Y " is the correlation function of the loading per unit span given by

Y " ogRe Yt @e YR (1.52)
Note that the double integration over the blade radius accounts for spawise correlated loading
along each blade, and the double summation ovérblades allows for the possibility of bladeto-blade
correlated loading. Givereq.(1.51), both approaches then relate the 2D loading at each blade radius
to the unsteady upwash (i.e. the unsteady inflow velocity in the direction of the blade normal) with
a 2D blade response functionand finally through geometry and kinematics of the rotor, relate the
unsteady upwash seen by the blades torbulence cross correlation function at rotordisk plane. The
difference between the frequency and time domain approaches comes in heg.(1.51), particularly
the propagation terms in { }, the blade responsé&nction and resulting far field sound spectrum are
evaluated.

In the frequency domain approach of Glegg (#2) the fact that the term in { } is periodic in source
time (due to the periodic rotation of the rotor) is used to expand this term as a Fourier series as

18 WirQ ] Q
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where myand %oare the angular frequency and position, respectively.With this expansion and
carrying out the Fourier transform implied by the time integrations,eq.(1.51) can be written as

0 Ywmo' YR'Y! YA amaQ ayvey (1.54)

where the acoustic source term is now expressed dBe cross spectrum of the unsteady loading

oy RooRe Yh fige V@ (155)
The unsteady loading spectruni® 1 AY experienced by a point on blade at radius 'Y is then
related to the unsteady Lip\‘/vash’spectrgn}') ] RY at the same pointusing a blade response
AO01 AOET T OOAE AO .OmrAndompresibie Aov@deOa thirp (fat plate) airfoil
appropriate at Qd p we have

" 1 RAY ‘@Y Y , 0 W (1.56)

where Qis the blade section chord’Y is the mean convection speed of the local blade sectié¥,, is
the SA A Gudafion given by
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cross spectrum’Y " s then
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where

v Rviy RO 1 AYO 1 five (1.59)
As a final step, the upwash cross spectrumy " defined in the rotating frame can be expressed in
terms of thecross correlation of the turbulent inflow velocity at the rotor plane’Y defined in a fixed
frame, which is more easily measured. To do thidye structure of the inflow turbulence is taken to
AA £EOT UAIT 4 AUl T 08 Gsthioligh theddioh & thedmean/effedtiveAédlocit) #s Ae@n
at each blade section including the rotational velocity of the bladeDefining the location on the¢

blade at source timetasé@ 1 in a frame with origin on the rotor axis and moving with the blades,
the unsteady upwash is related to the turbulent inflow velocity at the rotor plan& by

o thy & ‘Yito @ ftht (1.60)
which taking the cross correlation between points on rotor blades yields

v oow  tivo  tdv C
5 5 5 5 5 (1.61)
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where Y is the cross correlation of the turbulent inflow velocity at the rotor plane. Comping the
cross spectrum of this last expression

o, O Mo A% . L s L e , ~, ~
Y " 1 hvhy Ty € Yht € Yht 'Y @ thp T ht (162)
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In summary, given’Y and the geometry of the rotor, the frequency domain approach solves for the
upwash cross spectrum witheq.(1.62) thenError! Reference source not founduses this result ineq.
(1.58) for the unsteady loading cross spectrum which ithen substituted into eq.(1.54) in which the
Fourier coefficientshave been computed with eq(1.53).

In contrast, the time domain approach of Glegg (2013) just evaluates tlpgopagation termsin { } in
eg. (1.51) numerically, immediately conputing the sound power spectrum. The challengein this
approach becomes relating theunsteady blade force@e “Yht in the time domain to the upwash
using a blade response function which is typically expressed in the frequency domain as &1.(1.57).
&1 O OEA AT T 1111 U GKngikeisvédrdeBauler triGiorA & thé terim in O in eq.
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(1.56) and noting that that multiplication in the frequency domain is convolution in the time domain,
eg.(1.56) can be recast in the time domain as

Qe Yht i'yat t 0 Wit Qf (1.63)
where
i = “TTHYTY, Q0 Q] (1.64)
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so that the loading correlation function can be expressed as

v ' YRY R i YAt T i Ydte TeY " OFOf e (1.66)

where Y h is again he upwash correlation function defined by ad related to the turbulence
correlation function 'Y  at the rotor imflow plane by eq.(1.61). The time domain approach can be

summarizedvas follows: GivenY , ‘Y " can be computed with eq(1.61), which can be used to
compute'Y n with eq. (1.66), given a time domain form of a blade response function such as that

of eq.(1.64). Y h , the correlation function of the loading per unit span can then be used in eq.
(1.51), which can be evaluated numerically.

1.4.3 Planar Turbulent Boundary Layer Study

The experimental arrangement used to study the noise produced by a rotor ingesting a planar
turbulent boundary layer is shownin Fig.1.4. All measurenments were carried out in the Virginia
Tech Stability Wind Tunnel. For this arrangement, the rotor was positioned near the midngth of
the test section and thick, turbulent, 2D boundary layers were generated using a wall system
developed previously by Foest (2012). This system modifies one wall of the test section using a
series of adjustable Lexan panels and a custom contraction fairing. Boundary layer growth is initiated
with a trip in the contraction, reaching a thickness on the order of the rotoradius at the rotor
location. The Lexan panels are pressure instrumented and adjusted to ensure a zero pressure
gradient boundary layer. Most flow measurements were taken at the rotor locatiorhe rotor used

in this study is a2.25:1 scale version of tkrotor originally used by Sevik (1974) which is ten bladed
and has no rake or skew. The scaled rotor has a diameter of 457.2 mm (18 in) diameter.

The microphone arrangements used to measure the noise produced by the rotor/TBL interacti@ne
also shownin Fig.1.4. Most measurements were taken with-® B&Kp T w 1T mier@phones arrayed
approximately in an arc close to the horizontal plane through the rotor axis. With a combination of
four microphones inthe port anechoic chamber and 4% inflow microphones, noise measurements
were made in an arc from approximatelyp v td p x tfrdm the upstream rotor axis at a radius of
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approximately 1.5 to 3 mfrom the center of the rotor disk plane. A 117microphone, spral phased
array deployed in the port anechoic chamber was also used in the later study of Wisdaa/.(2015).

21m 7.32m
1.35m 3.41m Boundary Layeirlow Surface
T T ———— —— —— ——— —r— ]
Contraction
Fairing oy oo - _
Boundary ; ™
: Microphone o}
Layer Trip S
Turbulent — —
. Boundary
Flow Layer

//— ”””””””””””””””” Kevlar Acoustic Window ’
/ Port

_ Anechoic
117 Channel Spiral L / Chamber

Phased Array used By~.----<---- /17

Wisda(2015)
Fig.1.4: Plan view of experimental setup used in the planar turbulent boundary layer studyt &irginia Tech

Experimental work for the turbulent boundary layer ingestion case began with the study of Morton
(2012). To provide the input to the noise prediction theory of Glegg et al. (2012), Morton (2012)
took detailed boundary layer velocity meagsrements at the rotor inflow plane (without the rotor
present), ultimately characterizing the complete spacéime correlation function of the undisturbed
rotor inflow before distortion, Y . A single 9.5 mm Lbracket trip in the contraction initiated
boundary layer growth resulting in a boundary layer 101 mm thick at the location of the rotodisk
plane with a momentum thickness Reynolds number of 16,607 at a free stream velocity of 30 m/s.
Singlepoint velocity measurements taken at 20, 30 and 55 m/gee stream flow speeds showed the
boundary layer to be twodimensional, and seHlsimilar, scaling on the free stream velocity and
boundary layer thickness. Over 1700 twepoint, three-component velocity measurements were
made at the location of the rotordisk plane with traversing hotwire to determine the complete four
dimensional, two-point velocity correlation function. The four dimensions of the function are the
normal distance from the wall, the relative spacing of the probes in the vertical and spaise
directions, and time. Analysis of the measured correlation function revealed anisotropy of the
boundary layer and a largescale correlation structure elongated in the streamwise direction and
inclined 30 degrees to the wall.

Morton finished his study by using the measured twepoint velocity correlation function to make
predictions of the noise generated by a 2.25:1 scale version of the Sevik (1974) rotor using the theory
of Glegg (2012). Morton made noise predictions varying the advance ratio, freegeam velocity, and
extent to which the rotor is immersed in the boundary layer. For these predictions, inflow distortion
was not considered, and thus, variations in advance ratio only accounted for the change in the pitch
of the helical paths taken byhe rotor blade sections through the turbulence correlation function and
not distortion of correlation function itself. These predictions revealed a complex sound source with
significant haystacking in the acoustic spectra whose shape and level were higldependent on

24



advance ratio. Significant haystacked noise predicted in the plane of the rotisk showed that the
directivity was not that of a simple dipole, a direct result of inhomogeneity of the inflow, non
compactness of the rotor disk, and rotor gometry (particularly the blade normals). Predictions also
showed that the scaled Sevik rotor would produce noise well above the background of the Virginia
Tech Stability Wind Tunnel.

In advance of acoustic measurements, the distortion of the turbulences it approaches the rotor,
which was not accounted for in the predictions of Morton (2012), was analytically considered by
Glegget al.(2013). Using a form of classic Rapid Distortion Theory (RDT) modified for application
to shear flows, Gleget a/.(2013) related the turbulent structure at any two streamwise locations as
it is convected by the mean flow field which is knowna priori. Using the correlation structure
measured by Morton andmean flow predicted as a function of thrust with actuatordisk theory or
RANS (accounting for the wall), significant distortion was predicted that increased with thrust, with
the most distortion occurring at the bottom of the rotordisk due to the large mean velocity gradient
near the wall. Correspondingly, the normdized streamwise integral time scal@’Y 7 was predicted
to decrease with increasing thrust. Initial noise predictions using the distorted correlation function
as input to the time-domain noise prediction theory showed that distortion narrowed the haysack
peaks when compared to the undistorted inflow noise predictions.

Alexander et a/.(2013) conducted flow and acoustic measurements with the 2.25:1 scale Sevik rotor
ingesting the boundary layer measured in detail by Morton (2012) and were able to comfin many

of the acoustic predictions of Morton (2012) and Gleg@f a/.(2013), as well as, make several new
observations. Acoustic measurements were made using single microphones placed at different
receiver angles off the rotor axis (sed-ig.1.4) for advance ratiosranging from zero to high thrust.
Comparison of the acoustic measurements from different receiver angles confirmed that the
directivity of the rotor sound field was not that of a simple dipole aligned with the rotor axis. Though
measured noise was loudest along the rotor axis and decreased monotonically off axis, significant
noise was measured in the rotodisk plane, in agreement with the pedictions of Morton (2012). As
thrust was increased, haystacks narrowed, become more symmetric about the blade passage
frequency, and persisted to higher harmonics of the BPF. This trend was captured in paipsolute
noise predictions made using the thery of Glegger a/.(2013) accounting for distortion, however, the
haystacks decayed less rapidly with frequency than the measurements. In addition, a broadband
hump in the sound spectrum centered around 9 kHz was observed at lower thrust conditions,
consistent with trailing edge vortex shedding at small angles of attack.

At high thrust conditions, acoustic predictions made with the theory of Glegget a/. (2012, 2013)
progressively deviated from microphone measurements At these conditions, the theory unde
predicted the haystack levels and number of harmonicsAlexander et al.(2014, 2017a) investigated
the reason for this discrepancy by directly measuring the inflow as seen by the rotor. To do this, they
used hotwires probes mounted to the pressure sideof two consecutive blades of the rotor.
Comparing the measured upwash correlations along each blade and blaideblade with predictions
made with RDT, the measurements increasingly deviated at high thrust conditions starting at an
advance ratio of 0.72.At advance ratios below 0.72, tuft flow visualization on the wall directly below
rotor indicated a boundary layer separation and flow reversal.

To better quantify the observedseparation and flow reversal andassesdts impact on the acoustics,
Wisda era/. (2014, 2015) and Murray (2015, 2018) acquiredwall pressure measurementsunder the
rotor and PIV measurements in the rotor tip gap. In addition, these studies expanded the range of
advance ratios tested by Alexandeet a/.(2013) and acquired measurenents with the rotor yawed

in a plane parallel to the wall 6eeFig.1.3), enabling assessment of the acoustic prediction method of
Glegget al.(2015) over a wider range of conditions. The detailed PIV measurements in the rotor tip
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gap confirmed that at higher thrust there is separation of the boundary layer which produces highly
turbulent flow regions consisting of intense vortex structures tha could interact with the rotor
blades. Such vortical structures are known to form due to the proximity of the rotor to the wall and
are commonly referred to as the propellethull vortex (PHV) in marine applications (Murray, 2015).
Assuming the measuredtructures interact with the rotor blades, Murray et al.argue that they result

in a bladevortex-interaction noise mechanism that occurs in parallel with the boundary layer
turbulence ingestion noise. Absolute noise predictions made by modeling the varél structures as

an arch vortex system (with parameter determined from the PIV and acoustic measurements)
accurately captured the measured level of the tones at the BPF, providing strong evidence that BVI
noise is present at high thrust.

Ultimately, detailed study of the rotor ingesting a turbulent boundary layershowed that the
turbulence ingestion noise prediction method of Glegget al (2015) performed well at low to
moderate thrust conditions, provided the measured turbulent inflow correlation’y and accounting
for distortion with RDT. Verification of the theory at higher thrust conditions was complicated due
the rotors proximity to a wall which causes the formation of vortical flow structures known as the
propeller-hull vortex at high thrust. The formation and character of these structures are not
determined by the upstream turbulent inflow of the boundary layer, and thus, the sound they
produce isnot accounted for in thenoise predictiontheory of Glegget a/.(2012, 2013). Aeroacoustic
modeling based on PIV measurements strongly indicate these structures give rise to a parallel BVI
noise mechanism that if included with the TIN prediction accurately captures the total measured
noise. Besidescomplicating comparisons with theory at high thrust the presence of the fixed wall
next to the spinning rotor presented a major challenge tahe LES grid development of the parallel
computational efforts at UNDas part of the larger TIN study. fMere was not symmetryin the setup,
requiring modeling of the entire rotor, and a wide range of scales were needed to capture all relevant
boundary layer and rotor scales to compute the broadband noiseThus,resolution requirements
were high, and a sliding mesh needed to be used to account for stationary and rotatisurfaces.
Ultimately, the computational effort during the boundary layer study refocused on a rotor ingesting
grid-generated turbulence as detailed Mengt al (2015).

1.4.4 Cylinder Wake Ingestion Study

To make the computational effort more tractable, ande-isolate turbulent ingestion noise as the
dominant aeroacoustic noise source, the rotor inflow was changed to a turbulent wake produced by
a 2-in, diameter cylinder placed 20 cylinder diameters upstream of the rotodisk plane. This cylinder
wake inflow preserves the relevant inhomogeneous, anisotropic inflow characteristics of the
turbulent boundary layer but removes the wall boundary condition and propeller hull vortex noise
source. A rotor ingesting a cylinder wake also represents a canonical configtion that replicates
the physics of a rotor ingesting the wake of an upstream appendage found in practical applications.

The collection and analysis of detailed flow and acoustic measurements of this cylinder wake case
made at Virginia Tech is a major focus of the present work. Work on this case conducted before or
during the present study includes detailed characterizatiomf the cylinder wake by Molinaro (2017),
analytic noise predictions by Glegget a/.(2017,2018) over a wide range operating conditions, and
LES noise predictions by Wangt a/.(2016) with the rotor operating at zero thrust. Discussion of
the noise predctions is deferred to later chapters where they can be discussed in context of the noise
and flow measurements of this study. The wake characterization and measurements of Molinaro
(2017) is briefly summarized here and detailed in later chapters.

As with the turbulent boundary layer ingestion case, the turbulent wake ingestion case began with
detailed velocity measurements documenting the rotor inflow. Molinaro (2017), using a similar
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approach as Morton (2012), made extensive single and twpoint velocity measurements of the
cylinder wake with quad-hotwire probes with the rotor absent. In the Virginia Tech Stability Wind
Tunnel, he installed the fullscale, 2in diameter cylinder and made singlepoint wake measurements
at a free stream velocity of 20 m/s(YQ ¢ 1t )t A traversing Pitot rake placed 20 cylinder
diameters downstream of the cylinder centerline was used to confirm the twalimensionality of the
wake. Singlepoint wake profiles measurements were then made 10, 15, and 20 cylinder diameters
downstream of the cylinder centerline with traversing quadhotwire probes.

Due to the extensive time required, Molinaro made twgoint measurements in another facility, the
Virginia Tech Open Circuit Wind Tunnel (OCWT). For this test, flow measurementsnegerformed

20 cylinder diameters downstream of a 1.85n diameter cylinder at a Reynolds number matched to
that of the Stability Wind Tunnel testing. The complete foudimensional two-point velocity
correlation function was determined from approximately2500 independent velocity measurements
made in a logarithmically spaced grid. Since this work was conducted in a separate facility, Molinaro
took great care to ensure that these scaled wake measurements accurately represented the wake.
Molinaro extensively analyzed the structure of the correlation function of the wake. The full two
point correlation function also allow the statistical analysis of the typical eddy structure with in the
wake. Congilering compact eddy structures Proper Orthogonal Decomposion (POD) is taken in the
inhomogeneous direction (across the wake) and the remainder of the correlation function is used to
obtain the best linear stochastic estimate of the velocity field with each modérhis decomposition
revealed that the dominant poper mode (responsible for approximately one half of the total kinetic
energy of the wake) to consist of a coherent stress of spanwise oriented eddies of alternating sign.

The focus of thidissertation is the cylinder wake and BOR configurationswill d iscuss further details
of the setup and acoustic results in the results section along with the final BOR configuratiofhese
configurations are the focus of this study.

1.5 Survey of Phased Arrays Studies

The review to this point has shownthat the sound fidd generated by turbulence ingestioncan be
quite complex. In particular, the previous experiments at Virginia Tech have shown that when a ron
compact rotor is ingesting inhomogeneous, anisotropic turbulence, the sound field is not that of a
simple dipole. Predictions and measurements have both indicated a n@xisymmetric sound field
that changes significantly with operating condition. Further, whether the rotor is compact or non
compact, additional sources of loading noise (with their own unigue directities and scaling) are
necessarily present, if not dominant.lt is clearly difficult to characterize such a sound field with only
a smallsetof single microphone meastements. That being said, the TIN researaescribed thus far,
including most of those conducted at Virginia Tech, have measured turbulence ingestion noise with
only a small set of single microphonesExperimental efforts have understandably focused on the
substantial task of defining and modelig the turbulent inflow. The following section details
representative studies that have usedrrays of microphones and advanced processing techniques to
measure aerodynamic noise from rotor systems.The details of phase array processing will be
covered inChapter 3; the focus here is to briefly illustrate the typical use of phased arrays to rotor
applications.

Microphone arrays have become commomools in the field of aeroacoustics usedo 1) separate
background noise of a facility from the acoustic sourcef interest and 2) locate and determine the
strength of multiple acoustic sources. These tools rely on a spatially distributed array of
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microphones and the phase delagf the sound wavesacross the array thatresults from a source at a
given location. This phase delay, in theorycan be used taeveal the location of a sourceAs described

by Tester and Glegg (2008), all source localization methods using an array must assume a model for
the source distribution of the form

"YE O IYD'Q TR ZOE O WDA@OWI £ N OQHS @WOE G 6 I0NQG Q
and attempt to determine the location and source strength through the inversion
"YE 6 IR R "QOYE 6 IDA@ODWI £ 1 OQHS VOEO 0E O DVDOT Qa Qe o
A set of uncorrelated monopoles is the most widely assumed source model with convection and
refraction sometimes considered in the propagation modelln rotor studies, arrays canbe used to

separate noisefrom multiple blade rows as in counterrotating open rotors or to identify dominant
sources received at a particular observer position.

Marcolini and Brooks (1987) demonstrated the ability of a microphone array to measure sound
source distributions on the bladedisk of a 2/5 scale model of a $laded helicopter main rotor. The
4-m diameter rotor model was tested inan anechoic open jet with the microphone array placed 7.14
meters above thedisk plane on the rotor axis. The array consisted of 12 microphones glad at the
corners of three concentric squares 0.1, 0.265, and 0.7 meters on a siddsing celay and sum
beamforming in the frequency domain, Marcolini and Brooks (1987)scan for sources in different
guadrants of the rotor disk at different rotor operating conditions. Integrated spectra from each
guadrant agreed well with predictions of the seHnoise distribution across the rotor disc.

In approaches wheretraditional delay and sum beamformirg is used (like that just described)
sources are assumed to baon-rotating and sowhen applied to moving blade sources, the results
represent the average noise generated by different portions of the rotor diskSiijtsma ef a/ (2001)
show how the traditional beamforming methods can be adapted to consider the rotdrlade motion
using a time domain approach which takes the source model to be a set of rotating monopoles
AEOOOEAOOAA AiiTTc¢c OEA O1I 01 O Al AAAOS ODPAT 8 4EAU
method (ROSI) and illustrate its capability usingl36-channel microphone array measurements
made of a 5-bladed helicopter rotor and a 2bladed wind turbine rotor. Theyshow, for both cases,
that traditional beamforming is only able to indicate a source region extending around the entire
outer edge of the rotor diskwhile ROSI localized acoustic sources along each bladeor the helicopter
rotor, the ROSI method is able to iehtify a distinct sources corresponding to each blade tip. For the
wind turbine rotor, the ROSI method is able to reveal the leading and trailing edge of the blades as
noise sources.

Both stationary and rotating beamforming techniques havdecome common tools in measuring
noise from full-scale wind turbine rotors. For example, Oerlemans and Lopez (2005) apply both
beamforming techniques to measurementanade with a 152channel microphone positioned at
ground levelupwind of a3-bladed, 58 m diameter wind turbine. Acoustic source maps created using
stationary frequency domain beamformingidentified a crescent shaped regioron the down stroke
side of the blade disk agadiating the most sound toward the array. The maps also showed that this
dominant noiseregion shifted along the down stroke arc as the wind turbinés yawed toward and
away from the array. Results obtained using rotating beamforminglearly identified the outer span
of each blade as the dominant source of nois&he underlying mechanism éthe dominant noise was
convincingly argued to be trailing edge noise by comparing rotating beamforming resultsade with
one of blades tripped TheROSIsource maps indicated a significant increase in strength on the
tripped blade compared to the clearnblades, and since leading edge noise 3ot expected to be
influenced by tripping, this is strong evidence for trailing edge noiseIn this study, as is common,
stationary beamforming provided insight in to the average directivity and strength of the acatic
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source as whole (the entire wind turbine blade disk) while the ROSI method further localized the
source and provided insight into the underlying noise mechanism.

In wind tunnel testing, phased arraysare typically deployed in a sideline configuration due to the

obstruction they would causeif placed in the flow. Asideline deployment is not well suited for

identifying sources distributed across the rotordisk and can make interpreting beamforming results

difficult without a detailed understanding of the underlying source distribution and propagation.

This common difficulty and the kind of analysis required to interpret sideline beamforming maps of

open rotors is given byHorvath et a/.(2014). This study uses a 48nicrophone spiral array to study

the tonal noise produced bya counter-rotating, open rotor in the NASAwd @ pud , 1 x 3DAA
Tunnel. The array with an aperture of about 1-m wasembedded in the test section wall (behind a

Kevlar sheet) inasideline position with its streamwise center gpproximately aligned with the blade

disk of the second rotor Noise sources were expected along the blade span of the rotonswever,

measured beamforming maps, as well as those generated using CFD and t@ependent acoustic

simulations, counterintuiti vely indicated dominant sources on the rotor axis (within the rotor hub)

and above and below the rotor (beyond the extents of the blade radiusHorvath et a/. show that

these counterintuitive source locations correspond to he Mach radiuswvhich definesthe distance at

which the radiation efficiency peaks for spinning modes. Examining the simulated acoustic wave

AOT 100 ET OEA 01 01 066 AEOE DI AT Ah (1 OOAOE AO Al 8
explained by tracing the wave fronts normalsntersecting the array face back taheir apparent origin.

Ultimately, the counterintuitive source locations result from the fact that the stationary propagation

model assumed in beamforming is different than the actual sound propagation from a spinning rotor.

Array configurations with a more direct view of the rotordisk are typically limited to static engine
testing where the array is not obstructing the flow For examplePodboy and Horvath (2009)study
noise sources of a Williams FJ44 Engine with a 48icrophone, 1-m aperture spiral array deployed
ET Oxi OEAAITET A PI OEOGEI T Oh AO xAli1l AOh pwcgd OPOOO
Usingthe sideline array positions, several dominant tonal and broadband are localized at expected
locations within the engine and along its jet axis. With the upstream vantage, the array is able to
better resolve source across the disk plane, and in this caselditionally identifies two contaminating
noise sources: A total pressure rake within the engine duct inlet and a rear edge of the inlet control
device (ICD), which was believed to acoustically transparent. Such studies illustrate the value of
being abk to deploy an array in a norsideline vantage, even if the aeroacoustic source distribution
of interest is well resolved from the sideline.

The additional space available outside the flow impen-jet wind tunnels and the relatively new
hybrid anechoic wind tunnel configuration opens the possibility of deploying arrays in arrangements
other than the planar, sideline layout imposedn traditional hard wall wind tunnels. These facilities
combine the unique capabilities of wind tunnels,where inflow characteristics can be controlled
independent of the engine/fan,and anechoic facilities, where microphones can be positioneaver a
wide range of locations. From the review in section 1.3, anechoic open jet facilities are the most
commonly used facilities in TINresearch, but phased arrays capabilities have not yet been fully
exploited in the study of this noise source. Multiple microphones have been typically used only to
map the directivity of the sound field. At most, 1€B0 microphones are typically deployedn a fixed
line or arc center on the rotor disc. Occasionally, similar arrays of microphones are travetsen a
boom to more completely, but not simultaneously, measure the sound field directivity.

Advances in instrumentation, data systems technology, driowering of per-channel cost has enabled
arrays of very largesensor count (Underbrink, 2015). The study ofLan ef. a{2007) ,which uses five
separate microphone arraysto study the noise from GE9G115B engine during static testing
illustrates just how many microphones can now be brought to bear. Theyse a25-mic arc array to
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measure the far field sound; twol0-microphone arrays to measure the neaffield sound;and a100-
element array flushrmounted in the enginebelmouth inlet, as well asa 275-element array mounted

to the inside of he hemispherical inlet control device(requiring over five miles of cabling)to analyze
the inlet noise and duct modes. These large sensor counts allow simultaneous measurement from
many different locations, effciently mapping the sound field directivity. Instrumentation advances
has also lead to thelevelopmentanduse ofp/etharraysz arrays that contain a plethora of sukarrays,
each subarray containing a sufficient number of elements to operate effectivelgs an independent
array and where there is substantial reuse of microphones between subarray§Underbrink, 2015).
Thesepletharrays often have a larger aperture and allow array processing techniques to be applied
in the study of source directivity (in addition to the single microphone measurement of the sound
field). Using different subarrays can focus on different regions with different spatial resolution,
enhancing theability to isolate and localize multiple sources

Arrays of large sensor count ad p/etharrayshave been successfully applied to the study of jet noise,
OOAOEA AT CET A OAOOET ch AT A £l Ul OAO OAOOET C OAAR
been applied to the study of TINA major focus of this dissertation is explding the combined benefits

of such andarrays and the hybrid anechoic wind tunnel configuration in thestudy of TIN. In

particular, this study seeks to leverage the capabilities of 261-channel arrayspecifically developed

for use in the hybridanechoicVirginia Tech Stability Wind Tunnel. This array exploits the large

sensing area available in the hybriehnechoic arrangement and is detailed in the next chapter.

1.6 Summary and Aim of the Present Work

In summary, there have only been a limited number of N experiments conducted with
inhomogeneous, anisotropic inflow. In these experiments, researchers typically usenly a small
subset of inflow measurements to determine turbulence properties and extrapolate to form a full
inflow model (due to the extensivetime required to fully measure the inflow). Noise predictions
made with these inflow models are imreasonableagreement with measured noise from a small set of
microphones with the shape and level of the sound spectrum generally capturediscrepancies
between measurement and predictions are attributed to inaccuracies in the inflow or blade response
models or presence of other noise sources. However, witht a more complete set of inflow and
noise measurementsit is difficult to isolate the actual sourceof thesediscrepancies and make model
improvements. Therefore, the objectives of this study are to:

Y Documentthe distortion of inflow turbulence as a function of rotor operating condition and
explain its expected impact on the far fieldsound for two different fundamental
rotor/turbulence interaction experiments

Y Apply phased array processing techniquethat have beenused successfully in the study of
other aeroacoustic sources to TIN, and in so doing, provide insight into the measurememid
prediction of this noise sourceincluding measurements of the inhomogeneous production of
sound across the rotor disk

Y Develop and validatesimplified acoustic directivity models to understand measured trends
with rotor operating condition

Y Perform acousticflow correlations using the phased array and stat®f-the-art high speed
PIV measurements therefore linking the inflow directly to the radiated noise
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2. Apparatus and Instrumentation

2.1 Virginia Tech Stability Wind Tunnel

All data presented in this work were collected in the Virginia Tech Stability Wind Tunnel (SWT) in
its full anechoic configuration. Thedw background noise low free stream turbulence and, acoustic
instrumentation capabilities of this facility made it well suited for the study of wurbulence ingestion

noise. The anechoic configurationand capabilities of the wind tunnel aredescribed in detail by

Devenport et a/.(2013).

2.1.1 Stability Wind Tunnel Circuit

The Stability Wind Tunnelis asubsonicclosed circuit wind tunnel as showrin Fig.2.1. Flow is moved
through the circuit by a 4.3m diameter fan driven by a 0.45 MW variable speed DC motor. Flow
speeds of 10 to 75 m/s are achiezd in the test section depending on blckage. Downstream of the
fan, an air exchange tower open to atmosphere stabilizes the flow temperature. From the exchange
tower, the circuit turns 180 degrees, and the flow passes through a settling chamber with sav
turbulence-reducing screens followed by a 9:1 contraction.The combination of the turbulence
screensand contraction results in very low free-stream turbulent levels on the order of 0.03% or less
in the test section (Table2.1). The test section itself is in a hermetically sealed building and is 7.3 m
long and has a square cross section 1.88 on a side. From the test section, the flow goes through
o dliffuser before it is turned by two sets of vanes and returns to driv fan. The facility has very low
background noise due to various acoustic treatments throughout the flow circuit

Table2.1: Freestream turbulence levels in the Virginia Tech Stability Wind Tunnel

Freestream Velocity V (m/s) 12 21 30 48 57
RMS Streamwise Fluctuationg  u'/V 0.016% | 0.021% | 0.024% | 0.029% | 0.031%

2.1.2 Anechoic Configuration

In the anechoic configurationof the SWT the traditional 1.83-m by 1.83m by 7.3 m hardwall test
section is replaced by a test section of the same size but with an acoustically treated floor and ceiling
and sidewalls made of tensioned Kevlar. The tensioned Kevlar walls are flankedégn x 28 m x 4.2

m anechoic chambers. The anechoic test section floor and ceiling are constructed of perforated metal
plates with Kevlar stretched over the flow surface. Both the floor and ceiling are backed with acoustic
foam wedges. The geometry of the acotirs wedges make the facility anechoic down to 180 Hz. In
each anechoic chamber, microphone instrumentation can be placed outside the flo&vschematic of
the full anechoic configuration is shownn Fig.2.2
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Fig.2.1: Plan view of Virginia Tech Stability Wind Tunnel (adapted from figure created by William
Devenport)

Fig. 2.2: Partial cutaway of Virginia Tech Stability Wind Tunnel in its full anechoic configuration
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2.1.3 Tunnel Reference Measurements

&I O All 1T AAOOOAI AT 6Oh OEA xET A OOTTAI OAEAOAT AA

pressureand temperature systems. An Esterline 9816/98RK pressure scanner with a rated accuracy
of 0.05% and range of ¢&® psi was used to measure the pressure from ports in the settling chamber
and in the contraction. Measurements from these ports are calibratedo that the freestream flow
velocity in the test section is known to within 1@ m/s. Ambient temperature was measured with
an Omega type 44004 Thermistor located in the wind tunnel contraction to a rated accuracy of

T8, J#.

2.2 Microphone Phased Array

All acoustic measurements presented in this work were made with a 25thicrophone phasedarray
built specifically for use in theanechoic chambers othe Virginia Tech Stability Wind Tunnel. The
array was designed and constructed by AVEC Inc. in collaboratiwith Virginia Tech under anOffice
of Naval Research (ONR) Defense University Researttstrumentation Program (DURIP) and is
deployed regularly in research and commercial testing at the Stability Wind Tunnel.

The array is comprised of 251 customGRASAOPH3 v ©06 | E Awit ebdignlarhidréange of 32
to 135 dB(A) and sensitivity of 50 mV/Pa The microphones are configured in a single 3.66 m x 1.75
m plane originally designed to take advantage of the entire usable area of one of Kevlar windows

of the Virginia Tech Stability Wind Tunnel(Fig.2.3). The array microphones are held in place by an
aluminum lattice web structure formed by 8 removablepanels which are supported by an outer
frame constructed of 80/20© Inc. extruded aluminum bar These removable panels allow the array
microphones to be repositioned and optimized for a given experiment. All that is required is
fabrication (typically using a water jet) of the aluminum lattice work in the desired configuration.
The array can also be split in half creating twplanar arrays that can be positioned independently,
with approximately half the 251 microphones in each array.

The array microphone configuration used in the present work is the standard layout developed by
AVEC Inc. for use in general commercial testing at the Stability Wind Tunnelhis layout was
generated by first nesting four nearly identical spiral subarrays with offset centas and rotated to
reduce redundancy in microphone spacing. These sta#yrays, shown inFig.2.4 (a), were oversized
beyond the desired array aperture fetermined by the limits of the Kevlar acoustic window to avoid
leaving empty regions in the final array design. The final array layouEig. 2.4 (b), is the result of
removing all microphone outside the desired aperture and any too close together for practical
implementation. In the final design, the spacing between microphones is a minimum29.8 mm and
maximum of 3.82 m. This layout was designedo have a consistent source resolution for sources
distributed streamwise along the length of the test section with a maximum apertute The
performance of the array as deployed in the present work is describad the next chapter. The array
performance isalso analyzed in Alexander and Hickling (2017b).

Data were acquired from the microphones using a highpeed data acquisition system also built by
AVEC Inc. This acquisition system can simultaneous sample 256 channels at up to 200 KS/s per
channel. Custom signal conditioning and filtering boxes provide IEPE power to the microphones and
anti-aliasing filtering at 20 kHz. The conditioned signals are fed to a computer with four &hannel,
16-bit, PClebased OEM data acquisitions cards built by Gener@tandards Corporation configured

for simultaneous acquisition. AVEC phased array software was used for data collectiofsrray data
analysis was conducted both in the AVE&ftware and MATLAB Unless otherwise noted, array
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microphone datawere acquired at 51200 Hz for a duration of 32 seconds at each conditipand he
array cross spectral matrix was estimated using the Welch method, breaking the data into 200 data
blocks each with a length of 8192 samples and applying a Hanning window with 50% overlap

Fig. 2.3: 251-channel microphone array deployed in a single plane in the starboard anechoic chamber of t
Virginia Tech Stability Wind Tunnel
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Fig. 2.4: 251-channel microphone array nested spiral sukarray layout. (a) Spiral microphone stencils
extending outside the desired aperture. (b) Subset of microphones used in final configuration
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2.3 Cylinder Wake Ingestion Study

2.3.1 Experimental Arrangement

The experimental arrangement for this study onsisted of a 10bladed, 18in diameter rotor ingesting
the wake from a 2in diameter cylinder placed 20 cylinder diangeters upstream of the rotor diskplane
as shown inFig.2.5. Measurements carried out for this dissertatioincluded 1) noise measurements
with the 251-channel, large microphone array and 2) turbulence velocity measurements with an en
blade hotwire probe system. Detailed measurements of the cylinder wake without the rotor present
were made as part of the larger ONR research effort by Molinaro (2018The test matrix considered
variations in rotor advance ratio, rotor yaw angle, and wake strike positiom the position of the
centerline of the upstream cylinder with respect to the rotor face as indicated iRig.2.5.

Wake Strike |
Position

2
" Yaw Angle

Cylinder

(@) (b)

Fig.2.5: Annotated experimental photographs showing the rotor system and wake generating cylinder
installed in the Virginia Tech Stability Wind Tunnel.

For this study, advance ratio is defined a®8 "Y ¢ ‘Qwhere Ois the rotor diameter and¢ is the
rotor rotational rate in Hz, andthe strike location of the cylinder wake was varied by moving the
vertical centerline of the cylinder spanwise relative to the rotor disk in fractional increments of the
rotor radius. The cylinder wakestrike position is specified as a percentage of the rotor radiug-or a
0% or centerline wake strike location, the projection of the cylinder axis downstream to the rotor
disk plane intersected the rotor axis of rotation. Similarly, for the 75% port wad strike location, the
projection of the cylinder axis downstream to the rotor disk plane intersected the rotor disk at 75%
of the rotor radius (i.e. 25% of the rotor radius in from the port edge of the rotor disk).

The rotor, cylinder wake generator, ad microphone array were in installed in the Virginia Tech
Stability Wind Tunnel as shownFig. 2.6. The microphone array was deployed in two different
configurations. For one test campaign, the array was placed in the starboard anechoic chamber and
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configured in a single, large plane parallel to the starboard test section wall (shown in yellow Fig.
2.6). For the other test campaign, the array was split into two separate planar arrays each with
approximately half of the 251microphones of the full array. @e of these smaller arrays was plad

in each of anechoic chambers upstream of the rotor and nominally angled 45 degrees to the flow
symmetrically (shown in blue in Fig.2.6). Deploying te array in two configurations provided a
larger range of microphone receiver angleand allowed high resolution source identification in two
planes when using acoustic beamforming techniques.
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Fig.2.6: Dimensioned plan view of the Virginia Tech Stability Wind Tunnel showing the location of the roto
system, cylinder and microphone array configurations.

2.3.2 Cylinder Wake Generator

Turbulent inflow to the rotor was generated with a 50.8 mm(2 in) diameter aluminum cylinder

placed 20 cylinder diameters upstream of the rotordisk plane. The cylinder spanned the entire

height of the test section and could be moved to vary the location at which its wake struck the rotor

face. Pressure measurements made wit)3 OADPO ODPAAAA AOGAT 1T U AliTc OEA
at its vertical center were used to monitor the formation of the wake run to run.Circumferential
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cylinder pressure coefficient profiles were essentially the same for all conditions, which confirms
that the formation of the cylinder wake was unaffected by the operation of the rotorThe upstream
boundary condition was consistent before distortion befoe distortion by the rotor. As part of the
larger turbulence ingestion study, the cylinder wake before distortion by the rotor was fly
characterizedby Molinaro (2018) using two-point traversing quad-hotwires.

2.3.3 Rotor Model

The rotor system used in ths study was developed and refined over the series of turbulence ingestion
experiments conducted at Virginia Tech as part of the larger ONBnded study. The rotor itself is
nominally a 2.25:1 scale version of the propeller originally used by Sevik (1974)The Sevik rotor
geometry was chosen for 1) its simple design which aids ihe validation of prediction methods and
2) its history of use in turbulent ingestion noise experimentge.g. Wojno, 2002, Stephens and Morris,
2009). The rotor was scaled up tdncrease the level of noise generated by the rotor well above the
background (i.e. increase the signato-noise ratio) and to allow room foron-blade instrumentation.
The geometry of the rotor was created by scaling a digital model provided by the Univégsof Notre
Dame.

The assembled rotor as fabricated at Virginia Tech is shown with the nose cand=ig.2.7. This rotor

is left handed and 457.2 mmm diameter. The rotor has ten, 57.2 mm, constanrthord blades with
square tips and no skew or rake. The blade profile used in the Sevik design is not part of a standard
airfoil series, however the profile has little camber and varies only slightly in thikness over the span

of the blade. The max thickness of the blade is 9.7% at the root, and 8.4% at the tip. In both cases,
max thickness occurs approximately at the mid chord locationThe leading edge is fairly sharp with

a 0.225 mm radius arc roundingthe edge. Thesame rounding is used at the trailing edge. A
representative airfoil profile taken at the bladetip is shown in Fig.2.8. TheSevik rotor blades twist
from v @& &t the root to ¢ & &t the tip with ad distribution as shown inFig.2.9. The nose cone is
also a scaled version of that used by Sevik as shownFig.2.10. Toallow room for instrumentation
inside the nose cone, a 72.62 mm extension was added (black lineRig. 2.10). Therotor hub
diameter was also increasd slightly above the 2.25:1 scaling to 127 mm. This shortened the blades
by 6.4 mm, which was removed at the hub junction so that the outer diameter of the rotor remained
457.2 mm. This shortening resulted in an effective blade span of 165.1 mm. Sewive the design
advance ratio of the rotor as 1.17. Wisda (2012) predicted the performance of the rotor using
JavaProp. He determined the curve of thrust coefficient versus advance ratio and estimated the zero
thrust advance ratio to be 1.44. He also pdicts a max thrust of 240 N at a free stream velocity of 30
m/s and rotational rate of 5500 RPM.

Fig.2.7: 2.25:1 scaled version of Sevik rotor built at Virginia Tech
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Fig.2.8 : Sevik rotor blade profile at the blade tip
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Fig.2.9 : Sevikrotor blade twist distribution

The blades of the rotor were individually milled from 6061T6 aluminum for ease ofmanufacturing
and to allow the modular installation of instrumented blades (see sectio2.3.6) as shown in the
explodedview in Fig.2.11. Therotor is assembled using two hub plates that align the blades with
dowel pins and clamp the blades together using a circular pattern bblts. The hub plates also form
a 30 mm diameter bore and keway for mating the rotor to a shaft. Ten holes through the hub plates
and blades allow wiring from instrumentation in the nose cone to pass through the rotor hub.
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Fig.2.10: Profile of rotor nose cone. All curves are tangent and dimensions are in mm
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Fig.2.11: Exploded view of 2.25:1 scale version of Sevik rotor

2.3.4 Drive System and Support

The rotor is keyed to a steel shaft that is directly driven by an AKI@4P-ACCNDAOO Kollmorgen servo
motor which is controlled with a S61200 servo drive. The servo motor has a max rated power of 8.25
hp and was driven at speeds ranging between 1823 to 450RPM for the current study. The motor
has a built in encoder that outputs a sawtooth signal that can be used to measure the angular position
of the shaft. The rotor shaft is mated to the servo motor with a Lovejoy L100 spider coupling and
supported by bdl bearings slip fit into custom-built aluminum bearing holders.

The rotor, shaft system and motor are all installed in a structural motor housing custosuilt for
testing in the Virginia Tech Stability Wind Tunnel ashown inFig.2.12. When installed, the structural
housing positions the rotor vertically in the test section with cylindrical supports that extend into the
floor and ceiling of the test gction. These supports tie into a turntable system that allows the rotor
system to be yawed about the support axis. Uyawed, the rotor axis is aligned with the freestream
and is at the center of the test section cross section. Overall dimenssmf the rotor support system
are given inFig.2.13.
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Fig.2.12: Partial cutaway of rotor drive system in structual housing
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Fig.2.13: Plan view of rotor system with dimensions (in inches)

2.3.5 Microphone Phased Array Configuration and Test Matrix

As previously discussed, acoustic measurements were made with the array in a planar and split
configuration as shown inFig.2.14. The test matrix foreach array configuration is given irFig.2.15.

In taking measurements in the planar array configuration, the objective was to document the rotor
acousic field over a wide range of operating conditions. To this end, the planar array test matrix
included 325 unique test conditions resulting from 5 yaws angles, 5 wake strike positions and 13
rotor advance ratios ranging from zero to highly thrusting condions. With the array in a planar
sideline position to the rotor, spatial resolution across the rotor disk is poor. Therefore, subtle
changes to the ingested wake cannot be identified.o better identify sound sources across the rotor
face and observe lcanges with rotor operating condition, the array was deployed in the split
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configuration and noise measurements made at 13 rotor speeds, two wake strike positions, and two
rotor yaw angles. A total of 52 conditions were tested. All acoustic measuremenisre taken at a
free stream inflow velocity of 20 m/s except for the planar array measurements taken at centerline
wake strike position, Tt §aw condition. An errorduring testing resulted in these measurements being
taken at afreestream velocity of a 17.6 m/s.For each test condition, all microphones were sampled
simultaneously for 32 seconds at 51200 Hz.

Fig.2.14: 251-channel microphone arrayconfigurations. (a) Planar confguration positioned in the starboard
anechoic chamber. (b) Split configuration with half of the array in each anechoic chamber
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All conditions at U,, =20 m/s except planar array, 0° yaw, centerline at 17.7 m/s
All microphones sampled simultaneously for 32 seconds at 51200 Hz at each condition
Yaw Wake Strike RPM ] | BPF(Hz)

d -15° 100 % Port 1823 | 1.44 303.8

Planar -7.5° 75% Port 2000 | 1.31 333.3

Microphone 0° Centerline 2250 | 1.17 375.0

Array < | 75° 75% Starboard 2386 | 1.10 | 397.7

15° 100% Starboard 2500 | 1.05 416.7

2750 | 0.95 458.3

" | Background Noise Runs 3000 | 0.87 500.0

3280 | 0.80 546.7

. (| o { 75% Port 3500 | 0.75 | 583.3

Micr%;&lfone 15° Centerline 3750 | 0.70 625.0

—p—m - 4000 | 0.66 | 666.7

Array Calibration Run 4250 | 0.62 708.3

\_ Background Noise Runs 4500 | 0.58 750.0

Fig.2.15: Acoustic test matrix for cylinder wake ingestion study

2.3.6 Blade Mounte d Hotwire Instrumentation and Test Matrix

Constant Voltage Anemometry (CVAgrosshotwire probes were used to measure two components
of the unsteady velocity seen by theotor blades as they rotate. This measurement was made by
replacing two successive lddes of the rotor with blades instrumented with Auspex cross hotwire
probes bonded to the pressure side of the blade as shownkig.2.16. On the leading instrumented
blade, four probes are positioned at 98.5% 95% 90% and 80% of the blade radius, and on the trailing
instrumented blade two probes are positioned 98.5% and 90% othe blade radius. The
measurement volumes of all probes are positioned 19 mm upstream of the leading edge of the blades.
This offset distance was chosen based on potential flow modeling which predicted 19 mm as the
minimum distance from the leading edgeaequired to ensure that the blades did not influence the
probe measurements. All probes were angled toward the blade pressure side 4.47 degrees from the
blade chord to minimize the material removed in aligning and affixing the probes to the blad&Vith

two components of velocity provided by the cross wire probe, the unsteady upwash as seen by the
blades can be resolvedThis rotating frame hotwire system was originally developed and used in the
study of Alexander (2014) as part of the larger turbulencerigestion noise project of which this study

is a part.

A schematic of the orblade hotwire system isshown in Fig.2.17. The probes are controlled witha
4-channel, constant voltage anemometer designhed by Tao Systems. This iINA is installed in the
nose cone of the rotor, and the probe signals are transferred to the fixed frame with a Moog Model
AC6231 slip ring. Due to limitations of the slip ringpnly two probes signals could be measured at
once and the rotor rotation speed could not exceed 2500 RPM. The probe combination being
measured was manually switched in the nose cone between test runs. From the fixed side of the slip
ring, the two probe signals being measured were routed to an NI 9220 cDAQ. A saw tooth signal
generated by an encoder in the motor was recorded simultaneouslyith the same DAQso that the
probe signals could be synced with the absolute positon of the blades.

For this work, successful orblade hotwire measurements were made with only th&5% R leading
blade and90% R trailing blade probe pair combination. With this probe pair, measurements were
collectedat winds speeds of 10 m/s, 15 m/s, 20 m/s and 30 m/s and rotor speedsnging from 1000
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to 2500 RPM (resulting in 39 advance ratios ranging from 0.52 to 3.93) with theylinder wake
striking the rotor disk on 1) centerline and 2) 75% of the blade radius to port. The rotor was un
yawed (pointing directly upstream) for all measurements. In total 78 test conditions were measured
with the on-blade hotwire system as summarized irig.2.18. At each test condition, the two sinal
voltages from each probe and the motor encoder signal were sampled %it.2 kHz for 30 seconds
The two sensing voltages from each probe were processedsing calibration information and
probe/rotor geometry to givethe flow velocity along the local bhde chord and normal (upwash)
directions in time. The processing procedure used is similar to that followed by Wittmezt a/.(1998)
for quad wire probes.

The motor encoder signal was usetb compute the mean and unsteady velocities as function of time

and blade angle. To accomplish this, the blade rotation was divided into binsfvidth and then

conditional averaging to determine the mean velocity in time for each bin. This processnche

envisioned by thinking of theangular AET O AO ocen OOAOEI T AOU OOAT OI 00
around the rotor face being sampled at the shaft rate by the epnlade hotwire probes. With this

visualization, it is easy to see that these circumferentbtilU OBPAAAA OOAT O1 006 AOR
stationary process of the wake and that stationary statistical techniques can be applied. With this in

mind, between 2 and 8 samples occurred in each bin per revolution depending on the rotation speed

of the rotor, andsampling for 30 seconds, approximately 4,250 samples were collected per bin. The

binned mean values were then conditionally subtracted from the velocity measurements to obtain

the unsteady velocities as a function of time and blade positiorthe random error in the mean and

variance (mean square unsteady upwash velocity) for each bin was found to be on the order of 2%.

The unsteady upwashvelocity calculated with the conditional averaging techniquavas then used to

compute the auto and cross spectra beteen the unsteady upwash velocities measured by a probe

parr. TEA ODPAAOOA xAOA Ai i bpOOAA OOEI C 7A1 AESO 1 AOET A8
8192 samples and a Hanning window with 50% overlap was applied. The random error for the auto

spectra is estimated to be 7.3%

\

R ‘\k

Leading Blade

Fig.2.16: Experimental photo ofon-blade hotwire system
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Fig.2.17: Schematicof the onblade hotwire system
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Fig.2.18: On-blade hotwire measurement summary
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Advance Ratio

Wind Speed
RPM | 10m/s | 15m/s | 20m/s | 30 m/s
1000 1.31 1.97 2.62 3.94
1500 0.87 1.31 1.75 2.62
2000 0.66 0.98 1.31 1.97
2100 0.62 0.94 1.25 1.87
2200 0.60 0.89 1.19 1.79
2300 0.57 0.86 1.14 1.71
2400 0.55 0.82 1.09 1.64
2500 0.52 0.79 1.05 1.57
1641 0.80
2462 0.80
1194 1.10
1790 1.10 1.47
2387 1.10
1367 1.44
1823 1.44




2.4 Body of Revolution Wake Study

2.4.1 Experimental Arrangement

In this study, a body of revolution was used to generate an axially symmetric turbulent boundary
layer on the verge of separation that was then ingested by a rotor operating at its rear as shown in
Fig.2.19. With a maximum diameter'O of 432 mm, the body wasomprised of three sections: a 1D
long 2:1 ellipsoid nose, a 1D long constant diameter cylindrical section, and 1.17D long aft conical
ramp with a convergence angle of 1t JA 0.81 mm square circumferential trip at the end of the nose
was used to transition the flow. The cylindrical section of the body terminateat a sharp corner at
the beginning of the aft ramp which reducd to a diameterof 63.5 mm, the diametewof the rotor shaft

at the rear. Unless specified otherwise, flow and acoustic measurements were taken at a nominal
condition of 24 m/s freestream velocity corresponding to a Reynolds number based on the body of
revolution maximum diameter of 600,000.

Phased microphone array

FAA=4=F-FA4=4=F=Fd4=4=F-F4=#=F-FL-9=4=FFI-4-

Starboard Anechoic @-

. Chamber
Kevlar acoustic window

—> y#k—)X

>=<1.17D = 0.76 m
(minimum)
20°
(]
JAT \ {
2:1 elliptical’ ' Sting/Shaft \
nose Wake-adapted Downstream

le— T —=>|

1.85m

0.81 mm square tri rotor support

Axisymmetric TBL

Supportin
PP J (on verge of separation)

tethers

Kevlar acoustic window

Port Anechoic
Chamber

Fig.2.19: Plan view of body of revolution as installed in Virginia Tech Stability Wind Tunnel. The coordine
system used in presentinghe experimental resultsfor this study is shown at the nose of the body

When installed in the Virginia Tech Stability Wind Tunnel, the body of revolution isupported

upstream from thin steel tethersin a cruciform pattern passing through the body just past the end of
the nose. These tethers areounted in the® & plane p8t ® downstream from the body nose at
approximately T vftbm the vertical waxis. Two different sets of tethers were used during the course
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of the experiments. Initially, 1.6 mm diameter tethers with symmetric airfoil fairings (6.4 mm chord,
3.2 mm thick) were used, but measurements in the body wake showed that these tethers produced
significant wakes at the location of the rotorgj O  o® X p As such, subsequent testing ussdhaller
but stronger 0.9 mm diameter tethers wihout fairings. The wake deficit of these new tethers at the
rotor location were of approximately half the width of the original design. Detailed measurements
of the wake profiles for both tether arrangements are presented in the results

The body of revdution is supported downstream on a rotor drive sting at the end of the tail section.
Two different downstream sting arrangements are used for measurenmés with and without the
rotor as shown inFig.2.1. For measurements without the rotor, a simple static sting support was
used to support the modelas shown inFig.2.20 (a). For measurements withthe rotor, a drive rig
replaces this sting which contains a Kollmorgen AKM54ACCNDAOO servomotor which drives a
hollow shaft with a timing belt as shown inFig.2.20 (b). All cables for instrumentation in the body
of revolution pass through the center of the drive shaft exiting far downstream of the rotor such that
the inflow to the rotor is axially symmetric except for the wakes generated by the supporting tethers.
In both configurations, the body is located in nearly the same position within the test section, and the
sting support (static or rotating) extends at least 0.76 m downstream of the rotor befe reaching
the downstream support. Ideal flow and RANS calculations indicate this sting length positions the
rotor well outside of the region of significant upstream influence by the downstream support/drive

rg.

(b)

Fig.2.20: Body of revolution mounted in the Virginia Tech Stability Wind Tunnel and supported downstrea
by a) a static sting and support for measurements without the rotor present anth) a drive rig with hollow
shaft for measurements with the ptor spinning

2.4.2 Body of Revolution Model

2.4.2.1 Body Pressure Instrumentation

85 half-millimeter diameter pressure taps were embedded into the body of revolutionKig.2.21): 51
ports measured the streamwise mean surface pressure distribution, and 36 ports measured the
circumferential uniformity on the nose ataj O 181 wand ®. The pressure was sampled at 100H
via Tygon tubes by DTC Initium ESB2HD acquisition system with gp Ttveater range and 18t v BO'Y
accuracy. The body was installed at zero angle of attack within®” by iteratively adjusting the nose
position with the tether system, until the pressuremeasured by the circumferential arrays were
uniform.
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Fig.2.21: Body of revolution surface pressure instrumentation: 51 streamwise pressure taps, twi
circumferential rings of 16 pressure taps each on the nesand a 119 port total pressure rake in thi
wake of the body.

2.4.3 Rotor Model

The rotor used in this study is cutom designed to operate in the body of revolutiorboundary layer
(Fig.2.22). Itis a 5bladed rotor with an outer diameter of 216 mm falf the max diameter of the
body) and hub diameter of 63.5 mm.The hub diameter was sized to allow instrumentation cabling
to passthrough the rotor shaft to the BOR, and the rear diameter of the BOR was then nted to
that of the rotor hub. The outer diameter of the rotor was chosen to match the boundary layer
thickness at the ramp exit plane ¢fO= 3.17) when 'YQ ¢ mth . TiThe boundary layer thickness
at the ramp exit plane was initially predicted with RANS and experimentally confirmed with a %2 scale
experiment before full scale manufacture. The zero thrust advance ratio of the rotor is 1.4Zhe
rotor blade twist is wake alapted to account for the mean velocity distribution in the radial direction
at the zerothrust condition as measured with hotwire anemometry The rotor has zero total rake,
but a maximum sectional skew angle of 35.5° near the tigit 75% radius, the blales have a maximum
thickness of 6 mm, blade pitch of 168 mm, and chord of 57 mm. The rotor was Gi&chined from
6061 Aluminum. The bladeshave a 0.18 mm radius at the trailing edge to aid in manufacturing and
a variable radius fillet at the hub junctionto reduce stress concentration. The blade sections are
modified NACA 66 airfoils with the camber removed.The geometrical distributions defining the
rotor are given inTable2.2.
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Fig.2.22: CAD of rotor wakeadapted to operate in the boundary layer of the body of revolution

Table2.2: Rotor GeometryDefinition

Sadion Bve'{;'; Chord i z;zv;/ Pitch
» a r P Py Frr
0.3 21776 0.149 0.197 4655 0376
0.4 17542 0195 0.161 9.363  0.397
0.5 16066  0.232 0.138 13.947 0452
0.6 15841 0257 0122 18378 0535
0.7 16987  0.267 0.110 22747 0672
0.8 10143 0254 0.100 27145 0873
0.9 20840 0.200 0.092 31575  1.076

2.4.4 Drive System

The rotor drive system is shown in Fig. 2.22. The motor housing fairing has been removed to display
the internal components. Two shaft bearings support the load of the hollow drive shaft. The
Kollmorgen motor drives the shaft with a sprocket reduction raip of 2.73. The instrumentation can
be seen extruding from the end of the hollow shaft. It is shielded from the rotating shaft by a carbon
fiber tube. This keeps the cabling from wearing by rubbing the inner surface. This cabling goes down

through the motor mount and out through the floor of the tunnel.
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BOR Instr. Carbon Fiber Rear Shaft Collar Shaft Shaft Support Hollow
Cabling Instr. Tube  for Instr. Tube Sprocket Bearing (x2) Shaft

Drive Rig Side  Drive Rig Overhead Cable Servo Drive Sprocket and 3[-Printed Drive Rig
Braces (used in earlier testing) ~ Motor Timing Belt Fairings (x2)

Fig.2.23: Drive system for body of revolution configuration

2.45 Wake Rake Instrumentation

A custom-built pitot probe rake was used to measure the wakprofile downstream of the body at the
rotor plane when the rotor was notinstalled Fig.1.4. The rake consisted of a radial line of 119, 0.5
mm diameter pitot probes positioned across the wake diameter from7D = 0.12 to 0.3 on either side
of the sting support. Installed within 1 mm of the tail coneexit ¢j O o® x phhe rake was rotated
180° about thew axis to series ofangular stations resolving he body of revolution wake profile,
including the tether wakes. An Esterline 9816/98RK-1 NetScanner system with @ mwater range
and 18t owater accuracy, sampled the total pressure, via Tygon tubind@.he positions of the rake
probe tips were measuredusing a video microscope, so that the known positions could be assembled
to form an accurate twedimensional depiction of the BOR wake.
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Fig.2.24: Experimental photograph ofcustom-built total pressure rake used to measure the wake of the boc
of revolution

2.4.6 Hotwire Anemometry without the Rotor Present

The evolution of the undisturbed axisymmetric turbulent inflow over the body of revolution a"YO
600,000 was documented using single and four sensor hotwire probes. A single hotwire probe
(manufactured by Auspex system) was traversed through the boundary layer, 10 mm upstream of
the corner ataj O p& Yobtaining a 3@point profile of the streamwise mean velocity, turbulence
intensity and unsteady velocity spectrg defining the inflow boundary condition to the tail cone flow.
The turbulent flow over the ramp was documented with a dual singlevire probe arrangement,
obtaining a 205-point cross sectionin the @ d&plane, covering 15 streamwise stations, beginning
25.4 mm downstream of the corner to the exit of the tail cone (fronaj O ¢8tuo o® ). The
separation between the two identical probes, was fixed at 18.5 mm along a line inclined «&®" from
the free stream direction towards the body of revolution axis. While the upstream probe provides
the single point statistics, the dual probe arrangement could be used to estimate the convection
velocity over the tail cone. Measurements with a fousenor quad-wire probe over the same
measurement grid were then used to obtain the ‘@omponent single point velocity statistics,
including the 6-component Reynolds stress tensor and unsteady velocity spectra, in addition to the
mean velocities. The complete awstruction, calibration procedures,and validation of these AVOR-
100 probes, manufactured by Auspex Corporation, are discussed by Wittmera/(1998). The axial
symmetry of the flowand influence oftether wakesat the body of revolution exit (rotor inflow plane)
was alsoassessed with a single hotwire probe survey in a quadrant of the rotor inflow plane. This
consisted of1) a 180-point polar grid with 15-point radial profiles space ¢ &part and2) a 13-point
circumferential profile through one tether wake at a radius of 1.44 times the rotor radiusAlthough
measurements were completed along the entire ramp, only turbulence and mean velocity profiles at
the rotor disk plane will be presented in this dissertation. The development of the turbulent dw
along the ramp is described in a companion study by Balantrap2@20, in review)
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In addition to the single point measurements, the correlation structure of this axisymmetric, radially
inhomogeneous and anisotropic boundary layer was measured just upstream of the rotor
) O o® ;. Measurements were made with a pair of single hotwiresdentical to the ones
described earlier, in the conventional anchored probe and traversing probe arrangement. Four
anchor points were studied at 40, 65, 75, 85% of the boundary layer thickness and correlations and
coherence and phase spectra were measuredith the traversing probe separated from these
locations along radial and circumferential profiles. The resulting correlations, as a function of
frequency and separation, could be used to estimate the radial, circumferential and streamwise
length scales othe streamwise velocity.

All measurements were made with the Dantec Streamline 90N10 Constant Temperature
Anemometer, using a National Instruments acquisition device (NI DAQ 922%8191) sampling at
50,000 Hz, obtaining 50 independent ensembles, with eacktnsemble containing 8192 samples.
During the hotwire measurements, the probes were calibrated often to account for temperature drift,
and the data were corrected during post processing, adoptinte procedure of Bearman (1971)

2.4.7 Planar Particle Image Velo cimetry without the Rotor Present

Non-time resolved, planar PIV was used to measure the instantaneous flow field along the body of
revolution ramp at YO ¢ 7thu 11, tomplementing the single and twepoint hotwire anemometry
and providing a higher resolutiom measurement of the velocity spatial correlationin the flow
approaching the rotor.

The experimental arrangement used for these measurements is shown Fig. 2.1. A Quantel
Evergreen doublepulsed 532 nm NAYAG laser (EVG00200) pulsing at 15 Hz repetition rate was
used toilluminate the x-zplane at )= 0 along the tail cone With the laser head itself located in the
test section ceiling, the laser beam was routed vertically through a faired downstream support to the
test section mictheight where it was turned upstream toward the BOR with an adjustable mirror. At
this point, a LaVision collimator along with a-50 mm focal length planeconvex lens were used to
shape the laser beam into a shet (Fig. 2.26). A rotatable half wave plate was inserted after the
collimator to maximize the intensity of the laser light scattered toward the cameras in the ceiling.
Using the adjustable mirror, the laser sheetvas steering precisely in thew & plane along the BOR
ramp. The regionof the body struck by the laser was painted with a Kiton Red 620 dye in order to
reduce flare from the sirface at the laser wavelength.The flow was seeded with atomized DEHS oll
by a LaVision Aerosol Generatoin the start of the wind tunnel diffuser (producing particles with a

i AAT AEAI AGAO 1 £)/Amievwo Lagigidn Atadet SCM@S camiesavith a Sigma EX
105mm 1:2.8D DG Macro leres imaged the particles through acrylic windows in the test section
ceiling (Fig.2.1). Here, two cameras were not used to provide stereo measurements but to increase
the field of view for a given measurements.The cameas could be manually moved along an optic
rail in a plane parallel to thew ¢ plane to cover multiple fields of interest along theBORtail cone.
The cameras and laser were synchronized withaVision Programmable Timing Unit (PTU)and
particle images recorded using LaVision DaVis 8.4 software.

The two cameras were positioned to capture the flow at the back third of the BOR ramp with ~50%
overlap in their fields of view (FOV). To cover the combined field of view of the cameras, four laser
sheet positions with ~ 50% overlap had to be used, thusI¥ images were collected in four
independent but overlapping measurements. The resulting regions where velocity vectors could be
calculated for each of the four measurements is shown iRig. 2.27. For each measuremen6000
image pairs were acquired at an average of 7 Hz so the data is not time resolved. The particle images
were post-processed to velocity vector fidds LaVision DaVis 8.4 softwareesulting in instantaneous

0 and U velocities in thew T plane over the entire boundary layer thickness from anyO of ~2.7
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to 3.3 with a spatial resolution of 0.5 mm All planar PIV data were taken at a freestream velocity of
¢ ® T® m/s and temperature oft @ JC &), resulting in a Reynolds number based on max body
diameterof YO o@mmmn ¢omm

Camera Camera
Laser Head Laser Head

Faired
Vertical
Support

. Sheet
Forming
Optics

Fig.2.25: Laser and Camera placement for planar PIV measurements: a) viewed from upstream and b)
viewed from downstream

From laser head in test
section ceiling

[

m

Plano-convex lens  Rotatable La Vision Adjustable
f=-50 mm Half-Wave  Collimator Mirror
Plate

Fig.2.26: Laser sheet forming optics for planar PIV measurements
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Fig.2.27: Separate PIV measurements regions (camera field ofew and laser sheet position) taken to cove
back third of BOR ramp

2.4.8 Microphone Phased Array Configuration and Rotor Test Matrix

The far-field noise of the rotor ingesting thebody of revolution wake wasmeasured with the 251
channelmicrohpone array deployed in a single large plane in the starboard anechoic chamber ~1.6
m from the rotor axis as shown inFig. 2.28. In this configuration, the array microphonescover
receiving angles fromo o p ¢ anJthe in the horizontal plane from the upstream rotor axis and
approximately ¢ T elevation from the horizontal plane. Array measurements were acquired at 65
operating conditions by varying the freestream velocity and rotor rotational speed as shown ifable
2.3. Additionally, the mean pressure distribution over the body and unsteady pressure distribution
over the tail cone section2.4.2.1, were measured to document the inflow distortion by the rotor as a
function of the advance ratio.
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Fig.2.28: 251-channel microphone array configurationused in the body of revolution study

Table2.3: Measurement Test Matrix with Rotor Operatingcolored cells with values of RPMridicate

Advance Ratio, ]

2.64
2.07
1.94
1.89
1.80
171
1.62
1.53
1.44
1.40
1.37
1.34
131
1.27
1.24
1.20
118
1.13
1.10
1.07
1.00
0.93
0.87
0.80
0.74
0.66

23

21

20.3

20
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19

Tunnel Velocity (m/s)
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3088
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4113
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Reynold Number, Rej (k)
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2.4.9 Synchronized High -speed Particle Image Velocimetry and Acoustics

Finally, 12.85 kHz, timeresolved, threecomponent stereo PIV measurements were madphase
locked with the rotor and synchronized with 25J-microphone phased arrayat advance ratios of

p® P& fp& ¥p8& tand 2.64, correspondingbreaking, zero thrust, and thrusting conditions The
array was positioned as inFig.2.29. Flowmeasurements were acquired in the body of revolution
axial-radial plane, Fig.2.29, covering o#fO = 2.9 to 3.2, captuing approximately the outer70% of the
boundary layer/blade span The wind tunnel circuit was seeded with atomized DiEthyl-Hexyl-
Sebacat oil with a nominal particle diameter of 1 micron and a Photonic Industries DM series laser
with a maximum single puls rate of 25.6 kHz illuminates @ & plane just ahead of the rotor leading
edge plane. Two Phantom v2512 cameras upstream of the rotor in the test section floor imddbe
laser plane at the bottom of the rotor dik. The cameras and lasewere controlled using LaVision
Programmable Timing Unit (PTU X) and the data is acquired and processed with DaVis 10.0 software.
The PIV, microphone array, and rotor angular position measurementsere synchronized using a
trigger signal generated by the PTUThe testing hardware arrangement outside the test section for
these measurements is shown ifrig.2.30.

Rotor
Measurement
Area
Laser |
Sheet
Camera
(in Floor)
Camera
(in Floor)

Fig.2.29: Camera and laser sheet positioning for timeesolved PIV measurements
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(to BOR)
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Laser Computer
Head
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and Signal
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Motor
Controller

Fig.2.30: TRPIV experimental setup below test section. Laser routed to test section with articulating lase

arm. Cameras mounted to the underside of custom test section floor panels and adjusted through acce:

panel in test section sub floor (blue). Body pressure tubing routed from scanner below test section to dri
rig, through hollow rotor shaft to BOR.
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3. Phased Array Processing and Performance

3.1 Overview of Beamforming

Beamforming is a technique that is applied to a set of microphone measurements to try to infer the
strength and spatial distribution of the sound sources that produced those measurements. In
particular, it relies on the time (or phase) delay between the microphones that is expected to be
produced by a sound source at a given location. Given a potential source¢at the measured
microphone pressuresn are delayed and summed so that the arragutput ) at point € is given by

p n o tjy

5 o; (3.1)
where 0 is the total number of microphones;t  is the expected time of flight from the potential
source ate to microphone @ , andO | is the expected decay in amplitude from the potential source
at & to microphoned . If the array microphone pressures are truly time delayed by the expected times
of flight at &, the sum of the delayed signals will add cotrsictively and the amplitude of the array
output will be maximized. If, on the other hand, the measured microphone time delays differ from
the expected times of flight a€, the sum of the delayed signals will add destructively and the array
output will be reduced. In the case of completely constructive interference, the array output will be
the time series of fluctuating pressure (strength) of the expected (modeled) source at

In determining the expected times of flight and amplitude decay, a sour@nd propagation model
must be assumed. Typical array processing assumes that the source is a set of monopoles each
governed by

Vo S ATD o LI (32)

0] — — .

d i R W
where 0 is amplitude of the monopole source at,i f; is the distance from the monopole at to the
microphone & , wis the speed of sound, and is the angular frequency of the monopole With this
assumption, we see that the expected time delay i§ ; |  j wand decay termO j is given by
pfl ; so that the array output becomes

N O

- l R 0O — 3.3
N3 RN = (33)
The above equation aren the time domain but can be expressed in the frequency domain. Taking
the Fourier transform, the time shift becomes a phase shift and the array output is

1o P M P M P w (34)
V] Oh V] Oh V] Oh
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where D denotes the Fourier transform,%. is the measured phase of microphoné , and %o, is

phase delay expected to be produced by the potential sourcetain the microphoned equal to] T

and is applied using the complex exponential This can be expressed as a vector multiplication as
. P,
n i 'u'_LD p (3.5)

where (bis a 1 x M vector with thedt  element equal toQ h Op ,® isalxM vector with the

a element equal }oh ,and O denotes a cpnjuga}e\transpgsgaThe,vqctor}'Dis known as a steering

OAAOT O AO EO OOOAAOOGG O£EA AOOAU O OITTESG A& O

Now, sources are usually described bymaauto spectrune the mean square source strength broken

up by frequency» so it is desirable for the array output to be a mean square quantity. The mean

square of the array output is by definition

. P, .
n i -n 1 ni (3.6)
C
So that mean square array output or beamform output of the array is
= . [ . PP, . p .. p. P, .
L L = = z 3.7
G1 A1 A AT cpem o g ki e (3.7)

The term in parenthesis in the last expression is by definition tharray cross-spectral matrix, 6 so
the beamform output can be written as

(3.8)

This last expression combined with anappropriate steering vector typically of the form 0
Q h 'O are the basis for most delg and sum beamforming methods.

In practice, the array cross spectral matrix is computed as an average using the Welch method and a
beamforming map iscomputed over a set of grid points at each frequency. There are several practical
considerations when choosing a steering vector and beamforming actual measurements from a wind
tunnel as well as interpreting the results. Additional steps must also be tak to obtain the source
spectrum (what is typically desired) from a set of beamforming mapsin the present work, the phase
term alone is used as the steering vector with no decay

® Q (3.9)

3.2 Array Performance

Several factors affect the source resolution capabilities of an array, including the beamforming
method, frequency range of interest, aperture size, microphone placement, and location of the array
relative to the source (Underbrink, 2015) Due to the discrete number of sensors in the array, the

region of the sound field occupied by the array is spatially under sampled. This under sampling
results in an inability of the array to distinguish between multiple directions of the propagation:That
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is, spatial aliasing causes potential source locations to produce similar phase delay across the array,
resulting in ambiguity in the true direction of arrival of the sound waves. In the beamforming maps,
this phenomenon is seen as additional falssource images (local maxima) not at the true source
point. These false source images are known as side lobes. This spatial aliasing in the beamform maps
is analogous to temporal under sampling in the time domain which results in the inability to
distinguish different frequency components. Analogous to the Nyquist frequency in the time domain,
spatial aliasing will occur when the microphone spacing exceedd¢ (Underbrink, 2015), if the array

is laid out in a regular grid. Spatial aliasing is thus decased by decreasing the microphone spacing,
which typically increases the microphone count. In the case of infinite microphones, there will be no
spatial aliasing or side lobes, and the levels at the peaks in the beamforming maps will locate the
sources with infinite spatial resolution (i.e. at a point) and may indeed indicate the mean square
pressures of the located sources (if the actual source propagation is well modeled by the propagation
assumed in the beamforming steering vector). Also, analogousttee effect of sampling time in time
domain analysis, the array aperture (max dimensions) determines the maximum wave length that
can be unambiguously resolved by the array, and thus, sets the resolution at the lower frequency
limit of the array. Therefore spatial aliasing limits array performanceat high frequencies and its
effects are reduced using nofuniform microphone spacing, and spatial resolution at low frequency
limited by the aperture of the array is improved by making the aperture as large as psible.

Arranging microphones in logarithmic spirals is a commomon-uniform spacing array design that

reduces spatial aliasing and side lobesnd is the arrangement used in the subarrays of the 251
chanrel array used in this study. The resolving powesf an arrayis characterized by its point spread
function (PSF) which is given by Dougherty (2003 as

R b @ b® s (3.10)

which is the response of the array when beamforming to poinéd to a unit strength source at@.
Fixing the source locationé and varying @ over a grid of points produces the beamforming map
which results from a unit source@ . Given the point spread function, the array resolution is typically
defined by the beamwidth, BW, defined as the size of the contour 3 dB down from the map maximum
(location of source) and can be expressed as

6w Q@ (3.11)

where Qis the distance to the source in the direction normal to the arrayQis a constant dependent
on the characteristics, and_is the wavelength. The wave length is proportional tp¥'Qso beamwidth

decreases and resolution increases with frequency. Tlrearay side lobe level or SNR is typically
defined as the ratiobetween the map peak and next highest peak (closest side lobe in magnitude).

In this study, most beamform maps are generated using the planar configuration of the 26hannel
phased array, Fig.2.14 (a), at the centerline of the test section on the rotor axis ~1.7 m from the array
and parallel to the array plane Fig.3.1(a) shows the point spread function of one of the spiral
subarrays of the 25Xchannel array as a function of frequency using delay and sum beamforming at
the rotor axis plane. In this case, the source is located at the same vertical and streamwise location
as thecenter of the subarray spiral and coordinates are relative to location of source in array plane.
The main peak at the source location islliptical in shape wih aslightly different beamwidth in the
vertical and streamwisedirections. As shown irFig.3.1 (b), the beamwidth decreases inversely with
frequency as expected from-0.7 mat 500 Hz to~0.06 mat 10,000 Hz. From the contour levels in
Fig.3.1(a), wealso see that the sidelobe levels increase with frequency but are at l¢e® dB down
from 500-10,000 Hz. As shownin Fig.3.2 and Fig. 3.3, if the center of spiral array is moved 1 nand
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2m upstream from the source (corresponding to the offset of the next two upstream spiral
subarrays), the beamwidth increasesslightly in the vertical direction and substantially at the most
upstream position from the source and the array SNR remain at least 8 dBNith thespiral subarray
center located2 mupstream and dowrstream of the source, the beamwidth is still 0.4 m at 350024
To localize turbulence ingestion noiset the rotor location, we would like a beamwidth on the order
of the rotor diameter or lower. This isachieved in the Sevik rotor configuration 0.4572m diameter)
above ~1000 Hz, 1500 Hz, and 3000 Hevhen the spiral subarrayis centeredat the rotor disk, 1 m
up or downstream of the rotor, and 2 m up or downstream of the rotor, respectively. For the BO
configuration (0.2158 m diameter), beamwidth is on the order of the rotor diameter above ~2000
Hz, 3000 Hz, and 7000 Hz when the spiral subarray is center at the rotor disk, 1 m up or downstream
of the rotor, and 2 m up or downstream of the rotor, respdosely. Thus,in general,traditional delay
and sum beamforming with any subarray below 1000 His unable to clearly resolve the rotor as a
source below ~1000 Hz, and beamforming with the subarrayfurthest from the rotor disk will not
clearly resolve therotor as a source below ~3000 Hz.
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Fig.3.1: (a) Point spread function and (b) beamwidth of spiral subarray with source at wind tunnel
centerline 1.6 m from array and at center of spiral. Coordinates relativto location of source in array plane.
Array microphones shown with white dots in top left plot. Beamwidth indicated with white contour in (a).

60



f=1000 Hz SPL [dB]
- 0

y [m]

x[m]

f=4000 Hz

y [m]

X [m]

f=8000 Hz

y [m]

Streamwise
Vertical

Beamwidth [m]

0 10]00 201()0 30100 40I00 50100 60100 701()0 80100 90I00 10000
Frequency [Hz]

Fig.3.2: (a) Point spread function and (b) beamwidth of spiral subarray with source at wind tunnel
centerline 1.6 m from array andl m downstream ofspiral center. Coordinates relative to location of source
in array plane. Array microphone shown with white dots in top left plot. Beamwidth indicated with white

contour in (a).
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Fig.3.3: (a) Point spread function and (b) beamwidth of spiral subarray with source at wind tunnel
centerline 1.6 m from array and2 m downstream of spiral center. Coordinates relative to location of source
in array plane. Array microphone shown with white dots in top left plot. Beamwidth indicated with white
contour in (a).

3.3 Integration

As previously mentioned, given a set of beamformg maps,additional steps must be taken textract
guantitative estimates of the spectrum of the identified sourceUltimately, the levels in beamforming
maps do not directly represent either the sound level as perceived at the array or the source strehgt
levels. Due to the finite number of microphones in the arraybeamformingmapsrepresent the source
spectrum information convolved with the array response Though more advanced deconvolution
techniques exist, integration of the beamform mapsis one ofthe simples and most common
techniques used to extract quantitative source information from beamforming maps and is the
procedure that will be used in this work. Following the approach described by DoughertyZ2002), a
region enclosing an identified source, is defined and the beamforming outputahin this region
spatially integrated to obtain a single valug'Q, at each frequency
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"0 WhiQ o "o OB (3.12)

To avoid integration of sidelobes, a cutoff,, is defined relative to the maximum in the integration
region and only pointsinthe mapso | A @ | areincludedin the integration. The choice of the
cutoff,7 , is determined by side lobe level and SNR of the arrayThe integrated value is also
normalized to account for the size of the integration region and array point spread functiomApplying

the cutoff and normalization, the integrated spectra can be expregd as
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(3.13)

where point spread functionis evaluatedfor a source at the center of the integration regiom  the
maximum evaluated for the integration region only and not the entire beamforming mapFor this
study, the cutoffi was fixed with frequency and determined through a sensitivity study and manual
inspection of the beamforming maps for sources in the integration region. Additional discussion on
the choice of cutoff is presented alongside the acoustic results in Chapger

3.4 Convection and Refraction Correction

As previously discussed, beamforming relies on accurately estimating how sound waves are expected
to propagate from a possible source location to each microphone in the array. In particular,
beamforming relies onestimates of the expected propagation time (time of flight) and attenuation
from a potential source location to the microphones of the array. In the Virginia Tech Stability Wind
Tunnel, sound waves emitted by a fixed source in the test section convect lwihe flow, refract and
attenuate through the shear layer formed at the Kevlar side walls, and propagate through the still air
in the anechoic chambers before reaching the microphone, altering the monopole propagation
typically assumed in beamforming. Irthis section, the typical method used estimate the time of flight
accounting for convection and refraction is presented. Specifically, the method of Am{@075) is
presented in the manner concisely laid out by Baher a/.(2011) for application to beamfaming.
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Fig.3.4: Schematic of sound propagation with convection and refraction

The propagation of the sound waves produced by a monopole in the test sectiori™b a microphone
in the anechoic chamber ab) is shown schematicallyin Fig.3.4. In the absence of flow, the sound
wave produced at™Mravels along the line"YDand the expected time of flight, as discussed previously,
is

(3.14)

e~

With uniform flow and a shear layer, the sound will convect at the flow spe€df from "Yto "Qvhere

it will be refracted and travel from"@o 0 in the still air of the anechoic chamber at the ambient sound
speed, ultimately traveling along the path"Y"OQ0 The expected time of flight in this case can be
expressed as the summation of the travel time frorivto "Gand the travel time from™Qo 0 as

t (3.15)

4~
4~

wherei and @ are the distance and actual propagation speed frofivto "Qrepectively, andi is the
distance from"Qo 0 . Using the coordinate system shown in Figure the propagation distances are
given by

(3.16)

i 0w W W a a
The location of the microphoned and of the shear layex are known, so to determine the expected

time of flight, oo and & remain to be found. The remaining coordinates 6D and & were
determined by Amiet (using geometric acoustics) to be the solution of the two nelinear equations
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which given and @ can be solved numerically forw and . With the position of pont ‘Gknown,
the actual propagation speed in the test sectiorw can be determined from a geometric
decomposition of the wavespeeds. The end result, as given by Babr a/.(2011), is

0 @ o 0 o (3.18)
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Thus, given a free stream Mach numbes and shear layer locationd , the expected time of flight
with convection and refracton can be estimated by solvingq. (3.17) numerically and using the
result to evaluateeq.(3.18), eq.(3.16), and finally eq.(3.14).

3.5 Diagonal Removal

In beamforming, the diagonal terms of the cross spectral matrixj, are not helpful and when
microphone channel noise is present are harmful (Dougherty2002). To see this, consider the
Fourier transform of as set of microphone measurements of the form

LN p P (3.19)

where fpis a 1 x M vector with thed  element being the Fourier transform of the acoustic pressure
measured by microphoned , and,pis a 1 x M vector with thex  element being the Fourier transform
of signal noise of microphonax . Computing the crossspectral matrix of these measurements

61 §ﬁpr‘m Er‘m,aﬁp,a grﬂw a0 (320)

Now, assuming the signal noisgis uncorrelated with the acoustic pressurapthe last term will be
zero leaving
o P .. 321
(o c'mwooAp (321)

Further, assuming the signal noise is uncorrelated between microphones, the noise tegp will be
non-zero only when the noise from the same microphone is multiplied by itself, that is on the
diagonal. With these two assumptions, the diagonal of the cross spectral matrix will be
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6 nn ., (3.22)

and the off diagonal terms will be
6 NN (3.23)

Thus, the diagonal of the cross spectral matrix introduces the channel noise into beamforming
process and provides no benefit as it contains no phase information. To remedy this issue with the
diagonal, diagonal removal methods are used, the simplest ohwh being to simply set the diagonal
to zero and adjust the beamforming output to account for the fact that the sum now occurs over
terms minus thed zeroed diagonal terms. With this the beamforming expression becomes

W T —_ (3.24)

Now care must be taken when using this diagonal zeroing procedure as it can result in rRphysical
results. The strength of acoustic sources are physically positive so a measured cross spectral matrix
must be positive definite. Simply zeroing the diagonal can make this not the case, so that when
beamforming the result can be negative indicating a negative source strength which is not physical.
To avoid this problem, more advanced diagonal removal tedigues are used to minimize the
diagonal while keeping the cross spectral matrix positive definite. This cross spectral matrix with
minimized diagonal is then used in the beamforming process.

3.6 Functional Beamforming

Functional beamforming is a simple bupowerful way to improve the source resolution of traditional

delay and sum methods. Functional beamforming, developed by Dougherty (2014a, 2014b),
effectively suppresses sidelobes and narrows the mainlobe by applying a power function to the
application of the steering vector. The acoustic power is maintained by decomposing the cress

spectral matrix into its eigenvectors and eigenvalues and treating the eigenvalues with the inverse of

power function. The modified crossspectral matrix is then reassembld and processed like the delay

AT A O0O0i 1 AOET A8 $1 OCEAOOMBZD &I Oi O1 AGET 1T EO OEIT %1

® 0 AA7TRa (3.25)

where & is the beamformed output for grid point location¢ , Dis a diagonal matrix of the eigenvalues,
1, Xis a system of eigenvectorsy is the exponent parameter chosen by the user through observation
of the results, and0 is a normalized steering vector. I&#= 1, the result is the same as produced by
the typical delay and sum method. Increasingsuppresses the sidelobes further but may result in a
diminished value of the mainlobe peak as observed by Dougherty (2014b).
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4. Inflow and Relation to Acoustic Source Terms

Rotor inflow velocity measurements were made with and without the rotor present for both the
cylinder wake and body of revolution studies. For the cylinder wake study, wake rake, asthgle
hotwire measurements were made at the rotor inflow plane withouthe rotor present, and ortblade
hotwire measurements were made to quantifythe rotor inflow as a function of thrust. For the body
of revolution study, norotor measurements were made with single and twepoint hotwire, as well
as, planar PIV. Timeesolved, stereo PIV measurements were made with the rotor spinning. In this
chapter, both sets of inflow measurements are presented and the expected impact of inflow
distortion on the acoustic sourceas a function of thrust discussed.

4.1 Cylinder Wake Inflow

4.1.1 Cylinder Wake Characterization without the Rotor Present

Before any measurements were made with the rotor installed, Molinaro (2017) characterized the
wake structure in detail with pressure and velocity measurements made in the cylinder wake without
the rotor present. For the purposes of this dissertation, only the measurements made in the wake 20
cylinder diameters downstream of the cylinder centerline at the rotor location will be summarized.
These measurements document thesndisturbed inflow that would enter the rotor disk before
distortion. All measurements presented in this section were made in the Stability Wind Tunnel, and
do not include the additional measurements made by Molinaro (2017) in an auxiliary facility to fully
characterize the twopoint structure of the wake.

4.1.1.1 Two-Dimensionality of the Wake

The first measurements performed by Molinaro (2017) were designed to assess the two
dimensionality of the cylinder wake by measuring the mean pressure coefficient using a wake rake
system. The rake systm featured 127 pressure probes that span the width of the SWT test section
andwastraversed from the floor to the ceiling of the test section. The mean total pressure coefficient
contour from the wake rake survey at the rotor location is shown irFig.1.4. For reference, thesize

of Sevik rotor disk is indicated with a black circle. The figure shows that the wake profile is
reasonably symmetric and twedimensional, especially in the region asund the rotor disk location.
Pressure coefficient profiles extracted along the cylinder span at the mid span aggl'yY PH @
matched within the uncertainty of the measurement. To further verifythe two-dimensionality and
symmetry of the wake, Molinaro @017) measuredthe streamwise velocity andstress profiles at
different vertical stations along the cylinder span. Again at 20 cylinder diameters downstream of the
cylinder centerline, a single hotwire probe was traversed through the wake at the cylindéralf span
andqgj Y p&® above and below halfspan. Each of the normal Reynolds stress profiles measured
along the span agreed closely.
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Fig.4.1: Stagnation pressure coefficient distribution in the undistubed wake 20 cylinder diameters
downstream of the cylinder centerline. Distances normalized on the Sevik rotor diametéf. A black circle
indicates the Sevik rotordisk size for reference.

4.1.1.2 Flow Statistics at the Rotor Inflow Plane

With the two-dimensionality of the wake confirmed, the threecomponent velocity profile at the
cylinder mid span was measured with a traversig quad-hotwire. These measurements have ab
beenpresentedat conferencein Molinaro ef a/.(2017) and used as part of abolute noise predictions

in Glegget al. (2017). Fig. 4.2 (a) shows the measuredmean velocity wake profile at the rotor
location. As expected, theé'Yvelocity component defines the profile of the wake with the ®and @
velocity components(not shown) near zero with a magnitude less than 2% of the freestream velocity.
The mean velocity defect of the wake is about 20% of the free stream velocity, andiwtihe distance
across the wake normalized by the Sevik rotor diameter, the overall wake width is observed to be
roughly equal to the rotor diameter. Thus, the wake is wide enough to almost completely immerse
the rotor disk when the wake is centered on th rotor axis. Fig.4.2 (b) and (c) show the measured
Reynolds normal and shear stresses profiles at the rotor location normalized on the free stream
velocity squared. The stresprofiles reveal the anisotropy of the wake withwake-normal Reynolds
stressU being thelargest followed byd and0 . TheReynolds shear stresses are dominated by the
closely antisymmetric6 Ustress with the 0 band 6 Ustresses being nearly zeras shown inFig.4.2
(c). The stresses profiles are somewhat misleading as they include contributions from velyw, <6

Hz frequency fluctuations. Higkpass filtering™@® Y 18t p reduces the normal stress levels to
that of the black lines inFig.4.2 (b). Simila filtering of the shear stresses was not possible as time
series data for the measurements was not available. It is suspected that this is due to-magquency
flapping of the wake. Measurements made in the rotor frame of reference, to be presented fate
suggest this motion may be stabilized when the rotor is present. All subsequent analysis is completed
using the filtered normals stress profiles and the unfilteredo vcross stress. Higkpass filtering
results in approximately a¢ 1 lecrease in thenormal stress profiles near the center of the wake,
which implies ap 1 Rlecrease in turbulence intensity ind and 0. The error in the unfiltered6 0
profile is therefore expected to be similar, approximately 20% Given the two-dimensionality of the
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wake, the mean flow variation inFig.4.2 (a) indicates that the effective sectional blade angle of attack
and therefore loading will change as the bladeotates through wake. This circumferential variation

in sectional loading due to the mean flow suggests the possibility of a tonal noise source at the BPF
and harmonics as discussed in section 1.2.2.2.

The streamwise correlations results from thequad-wire measurements are shown inFig. 4.3. Fig. o
4.3 (a) shows the streamwise (o integral scales inferred usmg4 AUIT T 060 A&AOT UAT Al 1 x
0 > Y , where the integral time scale® of flow variable Gis

>k —> v qf Y1 T 41
00 0 [4) (4.1)

The 6 component fluctuations have the longest streamwise scale between 20 and 30% of the rotor
radius, depending on the position in the wake, whereas the integral scalednd 0 are about half as
large. The timedelay mrrelation function at the wake centerline is shown inFig. 4.3 (b). Thev
correlation function is oscillatory with a period close top® Y Y implying coherent vortex
shedding at a Strouhal number normalized on the cylinder diametef® 7Y , of 0.19. The
streamwise integral scale in0 is clearly much smaller than the true correlation distance because of
the negative portions of the oscillathg correlation function. Thed amd 0 correlations have a much
more monotonic form and decay to 10% over time scales equivalent to streamwise distances of 90%
and 20% of the rotor radius respectively.

These correlations combined with the rotor geometry ge suggestive of the degree of blad®m-blade
correlation and haystacking in the far field sound. As discussed in section 1.3crterion for
correlated blade loadingto occur is that the axial time scale of the ingested turbulence as it passes
through the blade disk OX°Y ) is significantly larger than the time-scale of a bladeo-blade passage
(p¥6m). This criterion, typically written as 6mpdj Y | p, can be written in terms of the rotor
advance ratio as“ @j U 'Yl p. At the center of the wake thiscriterion for the v component
(maximum) is ~7 and 19 for J = 1.44 and 0.58 respectively, suggesting haystacking even at zero
thrust. This of course is ignoring distortion and so represents only correlation due to the increase of
the pitch of helical blace paths through the convected turbulence with decreasing advance ratio.
Distortion is expected to only increase these values. Further, the circumferential correlation is
indicative of how impulsive the blade loading will be with a faster decaying corretin resulting in
more impulsive loading. More impulsive loading will result in haystacking persisting to higher
harmonics of the blade passage frequency.
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Fig. 4.2: Mean velocity profiles through the cylinder wake at the rotor location. (a) Streamwise mean veloc
(b) Reynolds normal stresses and (c) Reynolds shear stresses. Distances measured relative to cylinde
centerline, ® ,and normalized on the Sevik rotor iameter,"Y.
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Fig. 4.3: Correlation statistics for thecylinder wake at the rotor location. (a) Streamwiséntegral scale
profile. (b) Time delay correlation coefficient functions at the center of the wake
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