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CHAPTER 1 - INTRODUCTION

1.1 Background

In today’'s competitive aerospace industry, the gues quiet has drawn
significant attention to both the interior and exiedesign of an airplane. It is becoming
increasingly important in airplane design to coasidoise and vibration, which now
define the quality of an airplane. Passenger camémjuirements make it critical for the
airplane designer to understand the mechanism®isé riransmission into the airplane

fuselage.

Techniques to reduce the airplane fuselage noisd, Isuch as double wall with
insulation bags and application of damping materae well known. However,
application of these techniques is constrained Hey weight and available space of
acoustics treatment. The constraints are partigusmvere for small to midsize business
jets. Noise source localization and source strengdinking play an import role in the
design of the acoustics packages because theythehcoustic engineer to optimize the
acoustic package. To achieve this in a cost-effecthanner, engineers must have a
reliable and robust noise and vibration diagnostial. Information thus obtained is

useful for incorporating the optimal noise reductioeasures.

Modern propulsive supersonic jets produce extemimise sources with a high
amplitude noise field and complicated charact@sstivhich makes them very difficult to
characterize. In particular, there are turbulendiesl that are moving through the
supersonic jet at high speeds along the jet boynddrese eddies in the shear layer

produce a directional and frequency dependent ndibere is a need for a robust,
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portable and accurate noise diagnostic tool to iaeghe characteristics of an acoustic

field produced by a full-scale jet engine.

Traditionally, noise diagnostics are done through heoc or trial and error
approaches, or through measurement techniques dbatnot provide sufficient
information to make good engineering decisions. éxample is the measurement of
vibration responses using accelerometers mounteth@rsurface or laser vibrometer
scanning of surface vibration. Another method isnasure the SPL values and spectra
at a few points around a vibrating structure. Nalgggnosis can also be performed by
using an intensity probe that sweeps over theeestiurce surface at very close range.

This approach is feasible only when the sourceaseris smooth and flat.

Combining vibration and acoustic measurement ighamopopular method that
can be used to measure noise. This is achievedrbglating the SPL values and spectra
in the field to the vibration responses of a stitetand, in a similar fashion, correlating
the intensity mapping to the vibration responsea sfructure to identify possible causes
of sound radiation of a vibration structure. Ever the diagnostic process can be
expensive and time consuming. Moreover, vibratiad acoustic responses measured
using traditional methods such as accelerometasgr Ivibrometers, microphones, or
intensity probes are valid at locations of measar@sionly. Because of this limitation,

the results may be inconclusive and misleading.

While sound is generated by vibration, not all atiwons can produce sound.

Therefore, there may not be a direct correlatiomveen measured sound and vibrations,
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or the conclusion drawn may be incorrect. Moreotee, measured values are discrete

and uncorrelated, so it is not possible to gebaalview of a sound field.

To increase the data output capabilities of noisgribstics, numerical methods
were devised in the early twentieth century. Du¢hi limited scope of computers and
daunting computation times, however, these metheete not well received. With the
introduction of more efficient and affordable cortgrs in the eighties, an increasing
number of noise engineers started searching fohadetogies that combined numerical
solutions with measurements to characterize thastimobehavior of their products. The
most prominent method is known as Nearfield Acaustiblography (NAH), which can
visualize the acoustic field in a very cost-effidiemanner. NAH enables one to
reconstruct the entire acoustic field, both in thevard and backward directions. The
insight one can gain into the acoustic charactesistf a sound source from NAH cannot

be matched by any of the aforementioned traditiomethods.

However, there remained many difficulties in redanding the acoustic field on
the source surface due to an ill-posedness probgrarent in an inverse acoustic
radiation problem. Moreover, the conventional NA$l derived for geometry whose
coordinates are separalflesuch as an infinite plane, an infinite cylindef* and a
sphere. Thus is not suitable for an arbitrarilyp&tastructure such as a vehicle or an
airplane. For an arbitrary surface, one approachoisuse the Helmholtz integral
formulation with boundary element method (BER)This BEM-based NAF is
advantageous for many reasons, but it has sevanatent shortcomings that will be

discussed under Subchapter 1.4. These shortcors@vgsely limit the application of this
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methodology to diagnose airplane noise and vibmati©ver the past two decades much
progress has been made in improving the efficiearcyaccuracy of NAH, so that it now
allows for reconstruction of the acoustic quanditever the source surface based upon

two-dimensional acoustic pressure measurementeifigld® %

1.2 Holography

The terms holograms and holography were originatiined by Dennis Gabor
(known to be the father of holography) in 1947. Tdwd hologram is derived from the
Greek words "holos," meaning whole or complete, ‘grdm,” meaning message. Older
English dictionaries define a hologram as a documaich is handwritten by the person
whose signature is attached. Since then, the tiefinof holography has evolved to

include applications within the field of photograpds well.

In regular photography, an image is recorded onxposed film, and the product
is the recording of the differing intensities oétlight reflected by the object and imaged
by a lens. Instead, a hologram is a photograpldordeof an interference pattern. The
interference between an undisturbed reference lighte front (Figure 1.1a) and one
reflected by an object is photographically recordadthe hologram plate (Figure 1.1b).
Hence a hologram is an image of the constructivedastructive interference patterns of
the reflected wave front of the object (Figure 1R2wever, there is a special difference

between photography and holography, which makesghains so unique.

If a hologram is broken or cut up, each small porttontains information about
the whole object. This is because the light boumnéiom each point on the object is not

focused to a point on the film, but is allowed fwead out through space between the
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object and the film. The light thus covers a lapgetion of the film and interferes with
the reference beam throughout that whole porticth@fiilm as if each point were a spray
of light, each with a certain angle of divergendence, every point is coded into a large
area of the hologram. In other words, there is ghaoformation on the two-dimensional

hologram to recreate the complete three-dimensiainjalct.

Wave Front %‘jﬂhieﬂ

(a) (b)

Figure 1.1: The principle and setup for holography

Hologram Conastructive Interference

Figure 1.2: Recording of interference pattern on the hologram.

With time, any methodology that aims at reconsingctthe entire three-
dimensional field based upon finite observationsadwo-dimensional plane is assumed

as another variant of holography. Thus, in modaneg, the field of holography is not
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merely limited to optics. Acoustic holography, wiiappeared in the mid sixtfess an
example of a similar methodology. In acoustic hodglpy, a coherent beam of ultrasonic
waves, instead of light, is used. The resultingriigrence pattern is recorded with
microphones to form a hologram, which, when viewth laser light, produces a visible
three-dimensional image. Holography has been camabivith microscopy to study very

small objects; it also has industrial applicatifmrsstress and vibrational analysis.

1.3 Nearfield Acoustic Holography

Nearfield Acoustic holograpfyis a methodology employed to visualize acoustic
radiation from a vibrating object by taking acoaspressure measurements in the
nerarfield around the object. It is a forward pesblif the reconstruction surface is
outside the measurement surface (away from thesjusut is an inverse problem if the
reconstruction surface is inside (toward the sgui€er an inverse problem, only source
details greater than the acoustic wavelength caetbeved in acoustic holography. This
Fourier transform-based approach, which was deeelopy William et al. (1980),
Maynardet al. (1985), and Veronesi and Maynard (1987fis the first implementation
of Near-field Acoustic Holography (NAH). In NAH, ¢hmeasurements are taken over a
two-dimensional hologram surface very close togberce surface in order to increase

the resolution of reconstruction.

NAH reconstructs the acoustic field in the entiferee-dimensional field,
including the source surface, based upon near-fiellistic pressure measureménts
Theoretically, the resolution is unlimited providdtht all the nearfield effects can be
captured in the measuremétdNearfield acoustic holography (NAH) is differénom

traditional acoustic holography in that it can glieinlimited resolution by measuring all

www.manaraa.com



the nearfield information. The original NAH is déwged for source geometry whose
coordinates are separable, i.e., planar, cylindracad spherical NAH. The solution of the
inverse problems in these techniques relies omxipansion of pressure field in terms of

a complete set of eigenfunctions correspondinggécsburce geometry.

For practical applications, the Fourier transforaséd NAH can be performed in

steps as follows:

1. First, a coordinate system needs to be selected fioren source structure. If
this source structure is plate-like or is composédplanar surfaces, the
rectangular coordinate system should be used. df dburce surface is
cylindrical in shape, the cylindrical coordinateosld be used and similarly
spherical shaped sources can be reconstructed lbgtisg the spherical
coordinate system.

2. Once a coordinate system is selected, a measurdmlegram surface is set
up conformal to the source surface to measure dcquessure. For planar
NAH, the measurement aperture should be at least times the size of
source surface to ensure that sufficient infornmatsocaptured®? .

3. In practice, the measurement distance should be d®eglose to the source
surface as possible, because the spatial resolifticetonstruction of acoustic
guantities is dependent upon the measurement destand signal to noise
ratio. Theoretically, if the desired spatial resmn in thex-axis direction is
ReA/2, wherely is the wavelength of the shortest structural wiavthe x-

axis direction. With S/N=D, the measurement distashould be less than
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d<(RD)/(20 7 log €*’. The higher the required resolution, the shorter t
measurement distance will be and the higher the r&thd, the farther the
measurement aperture can be.

4. Microphone spacing is another important variablecomsider. Microphone
spacing should be equal to or less than the measumte distance. If
microphone spacing is larger than that, it willulesn an insufficient spatial
sampling and result in aliasing in reconstructiesutts.

5. Once the measurement aperture size is known angbphicne spacing has
been decided, one can calculate the number of phtiorees needed in the

measurement array.

z> 0 half

Z, measurement Plx.y.2)

Z - ¢= zgsource plx.y.2,)

Figure 1.3: Typical measurement setup for planar NAH.

In reality, the noise source surfaces are seldoacthx planar, cylindrical or
spherical. Fourier transform-based NAH can stiluked for arbitrarily shaped structures
except that reconstruction results are only valic isource-free region bounded by two
parallel or concentric surfaces. For exterior peabland for a rectangular source surface,
one of these two parallel surfaces will be tangedi the source surface (n Figure 1.3)
and the other is at infinity. This approach willtrime applicable to the interior region

though, because the source-free requirement mapeaohet. In a similar fashion, for
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cylindrical and spherical coordinate systems iregterior region, one concentric surface
can be the minimum surface that circumscribes thece surface, and the other is at
infinity. As previously for the rectangular surfadhis methodology is not valid in the
interior region for a cylindrical coordinate systémcause the source-free requirement is
not met in an enclosed cylindrical surface. Howgubrs approach is valid for the
spherical coordinate system as long as the soareesutside a maximum sphere that is
tangential to the interior surface of the cavityt&lthat the reconstruction results will be
valid only inside this maximum sphere and ther@asmethod to reconstruct acoustic

guantities on the interior source surface.

Once all guidelines are satisfied, acoustic pressneasurements are acquired
over the hologram surface and Fast Fourier transfaare taken with respect to time to
obtain spectral information for the collected admupressures. Another Fast Fourier
transform is then taken with respect to the spkatasiable to convert the acoustic
pressure into wave number domain. Now the meagueskure can projected in the 3D

space by using the relation
P(kx , ky' Z) = P(kx , ky' Zh)eikz(z—zh) (11)

in which P(k,,k,,z) and P(k,,k,,z ) are the angular spectra of acoustic pressures

computed at the measurement and a parallel surfeecsource-free region, respectively.

k., andk, are the wave numbers of the structural wavesentrandy- axis directions,

respectively, ande*:**) is known as the propagator for reconstructing akeustic
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pressure. It is essentially a phase shift from ltbengram/measurement surface to any

parallel plane surface. Also,

k, =/k? - (k2 +k2) (L.2

is the wave number in the direction of wave propiaga Note that when(k? + kf) is

more than the acoustic wave numlberk, is purely imaginary and the amplitude of

acoustic pressure decays exponentially with digtancThese fast-decaying waves are
known as evanescent waves. These waves essentallpn the surface and the acoustic
energy never propagates to the far-field. Sineeetranescent waves decay exponentially
with distance in the far-field measurement, spatedolution of near-field acoustic

holography is limited to the wavelength of an atisuwave of intere$t. On the other

hand, when(k? +k§) is less than the acoustic wave numbers real and a propagating

acoustic wave is produced. It can then be dedueadtl sound is produced by vibration,

but not all vibrations produce sound. Whén=k: +k’, k,=0 and coincidence

frequency is reached. The coincidence frequenaefsed as the optimum efficiency
that is achieved when a structure is vibrating sihelh the wavelength of flexural waves

in the plate is equal to the wavelength of acoustiges in the aff.

Thus, the angular spectrum at any parallel plangh@éochologram surface can be
obtained by multiplying the angular spectrum athbigram surface with the propagator
or phase shift between the two planes. Note thatishtrue regardless of whether it is a
forward problem (reconstruction plane away fromolgohm surface) or an inverse

problem (reconstruction plane towards or on thea®surfacez)*®. Once we have the
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angular spectrum the acoustic pressure in frequdamain can be obtained by taking an

inverse spatial Fourier transfofm
(X ¥, 2) = 325 HP(K, K, , Z,) €™ | (1.3)

Once we have reconstructed the acoustic pressereaw reconstruct the particle

velocity and acoustic intensity on any paralleface by using Euler’s equation,

k _
U Y, 2) = 3131 Pk, K, , Z,) —2— e ™) 1.5
( y ) S« Sy{ (x y h),OOCk } ( )

in which Lke“‘Z‘H“) is the propagator for particle velocity.
PoC

(% Y,2) =§Re[f>(x, Y, 20 (x,Y,2)] (1.6)

in which V' (x, y, z)is the conjugate of reconstructed particle velocity

As shown in equations (1.1)-(1.6), once acoustesgures are measured in the
near-field of a source structure, all acoustic gtias in the source-free region over the
planes parallel to the measurement surface, inoduthe structural waves travelling on

the target source surface, can be reconstructed.

We can deduce similar equations for cylindrical aptherical coordinates. For
cylindrical coordinates we can write the NAH eqaa$i for reconstructing acoustic

pressure on the source surf%’tce
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@
Br,.4,2) = S;S:{P(rh,qﬁ, 2) e EE r ;} (L.7)

' and 3" are inverse Fourier transforms with respect toaylandrical ¢-

in which 3,
andz axes,P(r,,¢,z ) is the angular spectrum of the measured acoustgspre at the

hologram surface, artd® (k.r, and H® (kr, ) are cylindrical Hankel functions of the

first kind for the source surface and the hologrsumface, respectively. The particle

velocity can be calculated as

!(l)
v(r,,¢,2) = J‘l"l{P(rh,¢ 2)- kck H(l’((:r))} (1.8)

In the spherical coordinate system, the acoustsqure in the source-free region
can be reconstructed with the following equationikir to the ones used for rectangular

and cylindrical coordinatés

@
P10 9) = 3,3 l{P(rs,e 2 EE[;} 19

in which 3,' and S;l are inverse Fourier transforms with respect tositeerical¢ and
¢- axes, P(r,,0,¢ )is the angular spectrum of the measured acousésspre at the

hologram surface, and® (kr, 3nd h® (kr, ) are spherical Hankel functions of the first

kind for the source surface and the hologram sarfeespectively. The particle velocity

can be calculated as

www.manaraa.com



13

(3
(r,,0,4) = %m{ (1,0, ¢)|p%%} (1.10)

But all these techniques have their own inheresadiiantages. For example, the
planar near field acoustic holography can be agpbmly to planar surfaces®
Secondly, reconstruction on arbitrary bodies usainglanar hologram surface does not
yield the true picture of acoustic quantities oa surface. Thirdly, wrap-around errors
occur due to a finite size of measurement apertupgactice, leading to introduction of
artificial wave numbers that are actually not prés@&s mentioned earlier, these wrap-
around errors are substantially minimized by emguthat measurement aperture is at
least four times as large as the source sutfdcélayek and Luce’s researtihas shown
that sufficient reconstruction accuracy can be eadd even when the measurement

aperture is reduced to the same size as the ssurfzee”.

Recently, patch NABf > has been developed. It uses analytic continuatiahe
patch pressure and singular value decompositio®]S¥ eliminate the need to cover the
entire source surface with one large microphonayaand take small “patches” of
measurements with a smaller microphone array to aciarge object. Another aperture
effect is caused by a sudden drop in acoustic prestevel at the edge of the
measurement aperture. This effect can be allaVibyeintroducing a window function
that effectively suppresses the contributions froggions outside the measurement
aperture and gradually brings the amplitude of atiopressures to zéfo This spatial
window is also known as the Turkey windBywhich uses cosine and rectangle windows
to reduce the amplitude of the acoustic pressuzeto at the edges of the measurement

aperture. Another limitation of near-field acoustmography is that it cannot be used to
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visualize acoustic radiation from an arbitrary ssusuch as a vehicle. In particular, it
cannot be used to reconstruct the acoustic fiditléna vehicle passenger compartment
and it is valid only for an exterior, unboundediogg Another interesting discovery is the
use of measured acoustic intensity instead of aicopiessures as input to reconstruct the

acoustic field".

1.4 Inverse Boundary Element Method

For an arbitrary object, one can use the Helmhaitegral theory which
correlates the radiated acoustic pressures to thEace acoustic quantities. This
Helmholtz integral formulation can be implementeihg BEM. The advantage of using
the BEM-based NAH is the reduction of dimensiowabt the problem by one. However,
there are several inherent drawbacks to this methbé first drawback is that the
integral equation may fail to yield a unique salatiwvhen the excitation frequency is
close to one of the characteristic frequencieshef telated interior boundary value
problem (Schenck, 1968). While this non-uniquerdifgculty can be overcome by the
CHIEF method (Schenck, 1968), the efficiency andueacy of numerical calculations
may be affected. The second drawback is its infielleconditioning difficulty (Wang
and Wu, 1997) in which the measured data are ror-&ee. Regularization can be
achieved through singular value decomposition (S\®)reduce the reconstruction
errors. Even with this regularization, the accuratyhe reconstruction is still limited to

the near field (Kim and Lee, 1990).

Another major drawback is that the number of mearments in the field must be
comparable to that of the nodes discretized onlahge surfac€. Consequently, the

effectiveness of this method can be severely hedlerhen hundreds (or even more) of
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the discretized nodes are used to describe thecgurdicoustic pressure distribution,
making practical diagnostics virtually impossibfnother disadvantage of BEM is that
to avoid aliasing and acquire certain resolutionrégonstruction, one must have a
minimum number of nodes per wavelength on the sarfand take the same number of
measurements in the field. By solving a matrix ¢igma the pressure amplitudes at the
nodes on the surface can then be determined. Sheenumber of discrete nodes
increases with the excitation frequency and compleaf the source geometry, this
technique may become impractical for a finite-sizdgect such as a jet engine or the
airplane fuselage in the low-to-mid frequency regimhis is because the corresponding
number of measurements needed to reconstruct thestae pressure field would be too

large to make this process cost-effective.

1.5 Research Objective

In 1997, a new methodology named Helmholtz Equdtieast Squares (HELS)
for nearfield acoustic holography was introducedgng and Wu for radiation into the
exterior region of vibrating objects (Wang and V{@97; Wang, 1995; Wu, 2000). The
HELS based nearfield acoustic holography was atseneed to the interior region (Wu
and Yu, 1998). This method utilizes an expansiothefspheroidal functions that satisfy
the Helmholtz equation to represent the radiatedustec pressure field. Such an
expansion is uniformly convergent because the Wasistions consist of a uniformly
convergent series of Legendre functions. The adeffis associated with these basis
functions are determined by requiring the assunoeah fsolution to satisfy the pressure
boundary condition at the measurement points. Tha&rsincurred in this process are

minimized by least-squares method, so that thetisolkl obtained are unique. The
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advantages of this HELS method are that it is apple to both exterior and interior
regions and satisfactory reconstruction of 3D atoulelds can be obtained with
relatively few measurements. This is because thgaresion functions represent a

complete set of eigenfunctions that satisfy thenthalltz equation.

The solution of inverse problem provided by the BHised NAH requires
discretization of the source geometry for expangibthe pressure field in terms of a
complete set of eigenfunctions corresponding togeg@metry. Moreover, the number of
field measurements should be comparable to theetizsed nodes on the surface. On the
other hand, HELS does not require the source gegnuiscretization. This greatly
simplifies the pre-processing time and also redubeserrors in the inverse solution

introduced by the source surface discretizatioordfgncies.

For the HELS method, the number of field measurémsnno more than that of
the acoustic modes needed to reconstruct the eadiatoustic pressure field. This
number is small when an appropriate coordinateesyss selected for the particular
source geometry under consideration. Furthermorsmall number of field pressure
measurements can be used to reconstruct over aacatively larger number of
reconstruction locations, which is a major limitatin BEM based NAH methods. This

makes the data acquisition process viable andfiexiple to incorporate.

In the previous experimentdl ** and numericaf" *° investigations, only simple
and smooth geometries were used to validate theSHEBkethod. The present research
provides insight into the behavior of HELS basedrfield acoustic holography for

highly non-spherical vibrating structures with ghadges and corners. This research
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centers on the development of a real-world nearfagloustic holography tool based on
the HELS method. Use of this tool will yield andepth understanding of jet aircraft
noise that cannot be obtained by conventional nreasnt and analysis technologies.
Specifically, the engineers and designers will bie &0 visualize 3D images of a sound
field produced by a jet engine as well as inside d&irplane on fuselage surface. By
slicing a 3D sound field at different angles andwing it from different perspectives,

engineers will be able to correlate jet noise tgetastream and how the noise is
transmitted into the fuselage. In particular, eegns will be able to see the frequency-
dependent sound source distribution and their gafan in the 3D space, and quantify
the major acoustic radiation angles and strengdtle. iisight and knowledge thus gained
will enable manufacturers to devise more cost-éffeavays to reduce jet noise and its
transmission into the fuselage, and the improvesigds will lead to quieter jet engines

offering significant advantage in industry and desd¢o the public.

As discussed previously, the HELS method employsxransion of spheroidal
functions. This implies that reconstruction will m®st accurate for spherical sources. On
the other hand, the vibrating structures chosemdionerical and experimental validations
are highly non-spherical in nature. Thus, this gtaldo serves as a test of robustness and
versatility of the HELS method for general threazdnsional complex structures and its

application in the visualization of aerodynamicagnerated sounds.

1.6 Thesis Overview
In this investigation, the Helmholtz Equation Le&sfuares (HELS) method is
used for reconstruction of the acoustic field ia thterior of a fuselage and around a full

scale jet engine. The results of in-flight neadielcoustic holography measurements
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inside the fuselage of a business jet will be presk A circumferential microphone
array will be built to take acoustic pressure meaments inside the aircraft fuselage
along the fuselage in the longitudinal directioleTmeasured acoustic pressures will
then be taken as input to the HELS codes to rengisthe entire acoustic field in the
interior region. In addition, the interior cabinoaistic modes will also be reconstructed
and visualized. This experiment will demonstraia the HELS based NAH can become
a useful tool to acquire a better understandinghefacoustic field inside an arbitrary

interior region.

Experimental validations will also be presented dor aircraft jet engine in the
exterior region. Arrays of microphones and stands$ lve designed and built so that
conformal measurements of sound pressures cankba tound the jet plume. Two
circular rings will be designed to hold microphareays. One ring is to be placed around
the inlet of the jet engine, and the other largameter ring is to be placed downstream.
The diameters of these rings were carefully deteechiso that microphones could be
placed as close to the jet plume as possible, fhbut contaminations by turbulent flow
from the jet nozzle. Two rows of 31 microphones heaull be created and the
microphones will be spaced at 0.077m. These twasrofvmicrophones will then be
rotated along the circular rings at every 5.6° 0@ei360° range. To validate the
reconstructed acoustic pressures, benchmark pessgqerpendicular to the jet flow
direction will be taken as well. Acoustic pressunelt then be reconstructed in the field
perpendicular to the jet plume on these benchmagkspre locations to validate the
HELS method. Once the HELS-based NAH techniquealglated, the sound field over

the measurement surface around the plume andpfaetds will be reconstructed.
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CHAPTER 2 - THE HELS METHOD

2.1 The HELS Algorithm
Assuming the homogeneity of the medium, the acoysgssure field is governed
by the linear and homogeneous wave equation (8et)yed from the conservation of

mass and Euler’s equation.

10%P(RY) _

V2p(X,t
p(X,t) PR

0 (2.1)

in which the operato’? is the laplacian sum of the second derivative$ wéspect to

the three Cartesian coordinates, i.e., the divemeai the gradientp(X,t) is the space

and time dependent acoustic pressurecsdhe speed of sound in the medium.

Taking the Fourier transform of the wave equatioid assuming steady state
conditions, one can obtain the reduced wave equatigo known as the homogeneous
Helmholtz equation. The homogeneity is charactdrizgthe zero on the right hand side,

which shows that there are no other sources iexterior or the interior region.
VZp(X,0)+k?p(X,0) =0 (2.2)

in which p(X,® ) represents the complex amplitude of the acoustissure anéi=w/c is

the wave number. At the interface of surface of tii®wating object and the acoustic

medium, p(X,w ) satisfies one of the three types or their comimnat of boundary

conditions.

1. Dirichlet Boundary Conditions in which the pressisréefined on the boundary

www.manaraa.com



20

P(Xs) = 9(Xg) (2.32)

2. Neumann Boundary Conditions in which normal velpads defined on the

boundary

op(xs) _ g(x,) (2.3b)
on

3. Mixed Boundary Conditions in which a relationshgtween pressure and normal

velocity exists on the surface

a(xa) POx) +b(xs) P20 = g x,) (2.30)

The HELS method is based on the assumption thatatiated acoustic pressure
from a vibrating object in an unbounded fluid medius expressible in terms of an
expansion of certain basis functions. In other worthe solution to the Helmholtz

equation (2.2) subject to the boundary conditiéi8)(can be approximated as:
Ay ] —
p(X,a)) = pCZC]\PJ (X,C!)) (24)
j=1

in which  p(X,) is the complex amplitude of the acoustic presstirany field pointx
and angular frequenay, p andc are the density and speed of sound of the fluidinme,

respectively, ¥, are the basis functions and can be expressed irofthe coordinate

systems e.g., rectangular, spherical, ellipticablgte, oblate etc. For brevity only the
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spherical basis functions are used in the presamysand they are expressed as

expansion of spherical Hankel functions and the@ated Legendre functions.

cos(mg)

sin(mg) (2:5)

v, (X0) =y, n(r.0,4,0) = h, (kr)R, ,(cosd) X{

in which h, (kr) and P,  (cos? ) denote the spherical Hankel functions and Legendre

functions, respectively, arldg a/c is the acoustic wave number.

The coefficientsC; in Eq. (2.4) are determined by requiring the assixfiorm

solution to satisfy the boundary conditig@afx.,,« afthe measurement poiat

Pci C ¥ (% @) = P(Xyy @) (2.6)

If an N-term expansion in Equation (2.6) is used, thertated number of acoustic

modes¥, ;(x,, @ )is equal taJ=(N+1)°. Accordingly, there are J unknown coefficients
C;. To solve these unknownlg, measurements must be tak&f(). Theoretically, if the
measured acoustic pressurpéx.,,@ arg exact, then the assumed form solution (2.7)
converges to the true value ds— «. In reality, however, this never happens because
the measured quantitie®(x,,,o 3lways contain errors due either to measurement

uncertainties or to rapid decay of near field @feas it is not always possible to take
measurements close to the surface. While the foaarbe reduced by taking more
averages in the measurement, the latter is irrdblersTo enhance the accuracy of

reconstruction, the least squares method is ullilitte eliminate the first-order errors

www.manaraa.com



22

incurred during this process. This simple regulran technique to circumvent the ill-

posed inverse problem is discussed in section 2.2.
In matrix form, Equation 2.6 can be written asdals

p(X; 0) = P(X0)C(w) (2.7)

¥(X0) p(X o)=Y o) ¥(Xo)C(o) (2.8)

in which the superscript H implies a conjugate sgose of the matrix. Note thap'{ ¥)
forms a square (normal) matrix. The expansion @meffts can be obtained by taking a

pseudo inversion

C(w)=¥(%;0)p(X;w0) (2.9)

¥(%0) = [¥(%0) ¥ o) ¥(xo) (2.10)
in which
lI]l(Xl 0)) LPz()ﬁ(l’a)) ¥, (21 0)) Cl(w)
¥(% 0)= \Pl()%z;w) \Pz(%z;a’) ¥, (Xz’a’) Clw) = sz(a)) 2.11)
LP1()Q(N a)) LPZ()_{N 0)) SR (XN 0)) G, (a))
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\Ijl()?l; C’))* \Pl(XZ' a))* \Pl(XN ) a))* f)()ﬁ(v 0))
T(X; a))H _ \Ilz(x};a))* le(iz;a))* \PZ(S’(['\j;a))* [3(7(, w)= ﬁ()?z’a)) 2.12)
%o W) - W0 PR 0)

Now we substitute expansion coefficients into thelLlS formulation evaluated at the

measurement pointsx, eI', m= 1 toM,
(% ) = G (%, [%i0) B(% ) (2.13)

in which p(X,;®) is a column vector containing measured da@i&;») is a column
vector of unknown acoustic pressures, aﬁtﬁim|>?;a)) is the transfer matrix that

correlates the measured acoustic pressure to tbestc pressure at any location,

including a source surface.

The acoustic pressure at any field panis given by
B(X; @)= G(%,[ %) (%, ) (2.14)
Recall that
B(Ri ) = W(X,y; 0)¥(% )" B(X; ) = ¥(%,; ) Cl0) (2.15)

As mentioned previously, in solving for expansiarefficients C(w), we need to take
more measurement points than the expansion teramselg, M > J. Measurements of

acoustic pressuré(im;a)) can be taken on a conformal surfétenclosing the source at

www.manaraa.com



24

close range. The acoustic pressupég ;o) on the source surface can be obtained in

HELS by settingk=X ,n=1toN

%, 0) P(X,; o) (2.16)

G(%,|%,;0) = ¥(X,; 0) ¥(%,; 0)' (2.17)

The formulations derived above are valid for théeexal region only. These can

be extended to reconstruction of the acoustic predglds in the interior region.

The Hankel functionhy(kr) in Eqg. (2.5) corresponds to outgoing waves,
appropriate for reconstruction of acoustic presdiglels in the exterior region. Such a
function is unbounded at= 0 and cannot be used to reconstruct the acopistgsure

fields in an interior region.

We shall try to define the Hankel function and makemore receptive to
reconstruction in the interior region. Mathemaltigathe Hankel functiorh,(kr) can be

written as given by Morse and Ingard (1986):
h, (kr) = j, (kr) +iy, (kr) (2.18)

in which j, andy, are the spherical Bessel and spherical Neumarstifuns of ordem,
respectively. Raye$s has studied the behavior of Bessel and Neumanotifurs

extensively. Nowj, is finite atr = 0, whiley, is nof' *°. Noting that the pressure must be
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finite at the origin, because the homogeneous réffittal equation is valid there, the
above relation for the Hankel function is ill-swtéor reconstruction in the interior
region. Thus, due to this physical reasoning ohlky spherical Bessel functions are
retained in Eq. (2.5) to reconstruct the acoustesgure fields in the interior. Hence, for

an interior problem the basis functions are ex@p@ss:

cos(mg)

sin(mg) (2.19)

Vi (% 0) =y, n(r,0,4,0) = |, (kr)P, (cosd) X{
With the basis functions given by relation (2.1B¢ trelation (2.4) can now be
used to find the coefficients and, therefore, theére acoustic field in the interior of the

cavity.

2.2 Optimum Number of Expansion Terms

As discussed earlier, the acquired acoustic pressane taken as the input to the
HELS formulation. Because of the loss of near-fielidrmation and other measurement
contaminants, these acquired acoustic pressuremn@reexact. Hence, this inverse
problem is mathematically ill-posed. These restitd always remain because in
engineering applications the working environmentally hinders the data acquisition at
very close distances to a complex vibrating stmectConsequently, it is not realistic to
obtain accurate reconstruction before the inhergosedness difficulty is solved

mathematically.

As discussed in the preceding sections, the HELU®ndtation utilizes the
principle of superposition of spheroidal wave fuoies to reconstruct the radiated

acoustic pressure fields. Theoretically, the lartper number of expansion terms, the

www.manaraa.com



26

more accurate the reconstructed acoustic pressuraélds be. This is true only if the
measured data are accurate; for this investigatlmoygh, because of loss of the near-
field information and measurement errors, the measdata cannot be assumed to be
accurate. Thus, in this case, an increase in nurobeexpansion terms may not
necessarily yield an accurate reconstruction. Meggdhe optimal number of expansion
terms used in the HELS formulation is unknown aprimaking it an open-ended

problem.

To alleviate this problem, the following methodojag employed. To determine
the optimal number of expansion terms, the acoys®&ssures are reconstructed at the
same locations where the measurements are takengarticular number of expansion
terms. These reconstructed pressures are then oesnpath the measured acoustic
pressure at the same locations and the sum of nsgaared deviations of the

reconstructed pressures from the benchmark rasudtdculated using the relation:

2

‘Pmi_Pri

= ZW (2.20)

in which P, ; is the measured acoustic pressure at point | erhtttogram surface, and

P

r,i

is the reconstructed pressure at point I, M)& is the sum of mean squared errors

over the entire surface.

This process is iterated for different expansioms say N=1, 2, 3.... and so forth,

and the corresponding mean squared deviations acelated. These iterations are
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performed until the number of expansion termsss tan or equal to the total number of
measurements to satisfy the conditions for equd2dd) to hold true. The reconstruction
iteration yielding the minimum mean squared desgratirom the benchmark is taken as
the absolute result and the corresponding exparteions as optimum. As a graphical
depiction of the above method, Figure 2.1 showsvdr@ation of the mean squared error
with the increase in number of expansion termsttier HELS formulation for a typical

test experiment.

Normalized mean squat

100

Number of expansion terms

Figure 2.1:Variation of mean squared error and predictiorhefdaptimum number of terms for a typical

test case for a single frequency.

2.3 Reconstructing Normal Surface Velocity and Intesity
Using Euler’'s equation, we can reconstruct theiglarivelocity at any location,

including the source surface:
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iwp=Vp — G-—1 Vp (2.21)
| 0P,
§(% ) = — VG(%,|%0) P(%p; @) (2.22)

Once the acoustic pressure and particle velociy determined, the time-averaged

acoustic intensity can the be calculated

—

I, (%0)= % Re[ p(%, 0)¥(%, a;)*] (2.23)

Thus, the entire acoustic field is determined.

2.4 Optimizing Test Results
In practical application a number of parameters affect the accuracy and

validity of reconstruction results. These paransetee discussed as follows.

2.4.1 Number of Field Acoustic Pressure Measuremest
Theoretically, for a givelka, the number of expansions in the radial directiom

taken asi=ka and the total expansion terms as:

J= (n+1) = (ka+1) 2.24)

in which ka = ﬁa, anda s the dimension of the vibrating source.
o

As an example, at 200 Hz and the source size=02 m,ka = 7.3, the number of

total expansion terms k= 69 terms. The number of field pressure measuresigmhen
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given asM = 1.4 =z 97. This methodology had been used to estimatentineber of
microphones required to acquire field acoustic suess for numerical and experimental
validations. But this estimation does not usuallpvide the desired reconstruction
resolution to rebuild the surface acoustic fieldd deads to aliasing. The impact of
selection of number of measurement points and gibeameters affecting the accuracy
of reconstruction have been studied at length tiinowmerical simulatiofid * Another
method is to determine the number measurementgbaged on the source surface area
and the wavelength of the highest vibration modentérest instead of the highest

frequency of interest as in (2.9%"

VoA
(A12)?

(2.25)

in which M is the total number of measurement poiAigs the area of the source surface,
and A is the wavelength of the highest vibration modendérest or spatial resolution.

Over the years spent developing and testing theSH&dde for various sources, we have
found that one needs a minimum of 44 measuremesgardless of how small a structure
is. This limit on the minimum number of measurersastset to ensure that at least the

first few of the expansion terms are used in tleemstruction.

2.4.2 Measurement Resolution
In order to reconstruct the acoustic field with tdesired surface spatial

resolution, the microphones should be spaced sit ¢ege half of this desired resolution:

M, <

A
5 (2.25)
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in which M is the microphone spacing andis wavelength of the highest vibration

mode of interest or the desired spatial resolution

2.4.3 Measurement Standoff Distance

Ideally, one should try to measure as close tosth&ce surface as one can to
capture the maximum possible evanescent or highewaumber vibro-acoustic
components that decay exponentially as they prapagaay from the source surface.
Evanescent waves contain all the details of strattuibrations and are extremely
important in reconstruction of the surface normhtation response. Theoretically, if all
evanescent waves are captured, the spatial remolitireconstruction can be infinitely
high. Evanescent waves are not easy to capturaibecthey fluctuate at a very high rate
and their amplitudes tend to be small, often atlével of background noise or lower.
However, in projecting the acoustic radiation frarsource (beyond one wavelength

distance), the effects of the evanescent wavebeagnored.

th

=

w

&)

Relative Intensity

o

Normalized Amplitude

E31
Distance (nm)
(a) (b)

Figure 2.2:(a) Typical evanescent wave decay rate in(BDTypical evanescent wave decay rate in 3D.
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But this is not always possible in the real-worlektt environments where
microphones cannot get close to the source suftacacoustic pressure measurement.
An example is shown in figure 2.1, where the endgést cell setup is so complex that a
planar array cannot get close enough to the englinace to measure enough of the

evanescent components necessary for reconstristtifegce acoustic quantities.

Figure 2.3: A typical engine test cell acoustic holography t&tup with a planar microphone array.

When the S/N ratio is high (at least > 10 dB) amgha level is stable, the
measurement distance can be pushed out to 1/& afhibrtest wavelength of interest so

that at least 50% of the evanescent waves maypiared .

d <§ (2.26)

in whichd is the standoff distance ards the wavelength of the highest vibration mode

of interest or the desired spatial resolution. facfice, it is always a good idea to use a
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conformal microphone array and keep measuremetdandisd as close to the target

source surface as possible, regardless of the véltie

2.4.4 Signal-to-Noise (S/N) Ratio

To obtain an accurate reconstruction of an acotisiit, the S/N ratio must be at
least larger than 10dB. There are many factors dhateffectively lower the S/N ratio.
For example, background noise and fluctuationsgnas level can drastically reduce the
S/N ratio. Since the amplitudes of evanescent waeesease with frequencies, the S/N
ratio requirement should be higher at high freqienthan that at low frequencies in
order to ensure a satisfactory reconstruction m ¢htire frequency range. Note that
evanescent waves are critical in the reconstruaifdooth acoustic pressure and particle

velocity, especially at higher frequencies.

45.0

40.0

S/N = 9.7+0.00588 (dB)

35.0 1

30.0

25.0

S/N Ratio (dB)

20.0 1

15.0

10.0

5.0

0.0 1000.0 2000.0 3000.0 4000.0 5000.0 6000.0

Frequency (Hz)

Figure 2.4: S/N Ratio requirement for frequencies of inter&sie higher the frequency the higher the

signal to noise ratio should be.
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Apart from the background noise, the fluctuatiomsignal level itself can affect
the S/N ratio. In practice, the signal level is wety stable and the sound pressure is
fluctuating, which will cause measurement errorhiede measurement errors will
effectively reduce the S/N ratio. As an examptmsider a case in which measurements
are taken inside an anechoic chamber and the atmése level is 10 dB, whereas the
signal level is 80 dB for frequencies above 2006a.the S/N ratio is 70 dB. Suppose
that measurements are averaged over 6 secondthenteasured level is 80.1 dB rather
than 80 dB. This fluctuation is equivalent to tleergario in which an 80 dB sound is

superimposed by background noise of 63.7 dB because

Ltotal Ltrue @- @
Lyackground = 10Iog£10 10 -101%0 J = 10log[10 10 —1010] =63.7dB (2.26)

Therefore, S/IN = 80 — 63.7 = 16.3 dB rather thanlBO
Setting the measurement distance to be as smadlsssble and taking a long time

average (for example, 30 to 60 sec) can improvétheratio for stationary cases.

2.4.5 Test Object Aspect Ratio

As mentioned earlier, for all real-world applicaitsy the HELS method uses an
expansion of spherical harmonic functions to estntlae acoustic field around an object.
As such, the biggest restriction of the HELS bali&H is the aspect ratio, which is

defined as the ratio of overall width to lengththiackness.
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1:1:1 1:1:10 1:10:10 1:10:100

Figure 2.5: An aspect ratio of 1:1:1 implies that the wid#éndth, and thickness of an object are equal,
namely, a cubic box. Similarly, an aspect ratid df.10 is a long column with a square cross sectluat

of 1:10:10 is a thin, square plate, and that 001LQ0 is a thin, flat, and long plate.

In practice, HELS is ideal for an object of aspeatio close to 1:1:1. If the
measurement surface is conformal, measuremenindets small, and signal to noise
(S/N) ratio is high, the accuracy of reconstructainan acoustic field in the entire 3D
space including the 3D source surface using HELgui@anteed for an aspect ratio up to
1:1:1.4 or 1:1.4:1.4. The accuracy of reconstructsdll be reduced, but still acceptable,
as aspect ratio increases to 1:1:2 or 1:2:2. Tharacy of reconstruction will deteriorate

as the aspect ratio increases to 1:1:4 or 1:4:4.

When the aspect ratio is larger than 1:1:4, their@oy of reconstruction using
HELS method will be poor. This is because HELS umesxpansion of the spherical

wave functions with respect to a single point, @ntioned previously.

2.4.6 Exterior or Interior Test
The key factors to consider in deciding sound témhiaas an exterior or interior

problem are whether a region is bounded, and hoshnsound reflection is in the field
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of interest. Most exterior and interior problems alearly recognizable. There are cases
that require careful attention however. Some typgsderior and interior test scenarios

are shown in figures 2.6 and 2.7.

Figure 2.6: A typical unbounded or free field exterior testuge

Figure 2.7: A typical bounded or non-free field exterior testup.

Figure 2.6 shows a typical exterior test setup fulllg anechoic chamber or free field and

figure 2.7 shows a typical exterior test setup lmoanded or non-free field environment.
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Note that diagnosis inside a fully anechoic cham&enuch easier to handle than that in

a non-anechoic environment with a considerable amnoiureflections.

Figure 2.9: A typical partially enclosed interior test setup.
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A completely enclosed region in figure 2.8 sigrsfia true interior problem,
whereas a patrtially enclosed region in figure 2.%0t a true interior problem. Figure

2.10 depicts the ideal microphone measurement sehéon exterior and interior cases.

Exterior Acoustic Field Interior Acoustic Field
Reconstruction Reconstruction

IRIEEREER

/_ e e -
- j ' -—
- e
= | -
- | -
- g,
. =
- -
o
. o=,
- -
Measurement Reconstruction Measurement Reconstruction
Surface Surface Surface Surface

Figure 2.10: Ideal microphone measurement schemes for extanidinterior tests.

Note that it is not possible to get satisfactorgorestruction of the acoustic
guantities in the entire 3D space including 3D seusurfaces by using a quick look
approach. It is not realistic to expect satisfact@construction of acoustic quantities in
the entire 3D space and on 3D source surface fexsgarior problem, when the exterior
region is a non-free field or measurements arentaker a portion of the source surface

(Figure 2.11). Therefore, such an attempt shouldi®eouraged.
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Good results everywhere Good results on covered area A, but
guaranteed not guaranteed elsewhere
= 200200300 L
- Y = _
- = - A
= E=S VAN
- = =
h - Aspect Ratio £ 2 -
- = = A
- =) =)
- ) )
- # - i
- £ =
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- =] =]
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Figure 2.11: Measurement schemes in the exterior reg@anGuarantees results in the complete 3D free-
field around the objedb) good results can be achieved on the partially ml/area A but nowhere else no
matter which conditions exist, free field or noedtfield.

A

Good results on source
surface, but not guaranteed

Aspect Ratio £
} < 20212121 @

Figure 2.12: Good results can be achieved only on the sounfacsuin a bounded region.

If reconstruction is done inside a large room wsthund reflections from the

ground and walls, the test setup is equivalent mo imterior problem with the
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measurements taken on partial surfaces only. Assalty the accuracy of reconstruction
of the acoustic quantities on a source surface@algbut the accuracy in a 3D space is

not guaranteed. Figure 2.12 depicts this partickdanario.

When tests are conducted in confined space, thectiely surfaces behave like
image sources. The sound pressure in confined spdamnsist of the direct sound from
the source (ray 1) and those reflected from wallgq 2 to 4). This is equivalent to the
case in which a source and its three images lieemspace. The sound pressure consists

of the contributions from all sources. Refer taifig2.13, below.

Confined space Free space

Figure 2.13: Equivalent free field sources for a source in owd space.

Hence, if measurements are taken around the sounfgen confined space, it is
as if one is considering only the source and néiglgcontributions from its images in
free space. This is why the predicted results inspace may be erroneous when the
input data are collected around the source ontiienpresence of reflecting surfaces. The
errors may differ, however, depending on the laceti The closer it is to the source, the
better the results are. The farther away the testraament is from any reflecting

surfaces, the better the results are.
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As discussed previously, reconstruction of acougtiantities in the entire 3D
space including 3D source surfaces can be acqtareah exterior problem inside a fully
anechoic chamber, if measurements are taken ogeerttire surface of a target source.
Similarly, reconstruction of acoustic quantities time entire 3D space including 3D
interior surfaces can be acquired for an interimbjem, when the region is completely
enclosed and measurements are taken over the emereor surface (refer to Figure

2.14).

g«" TR,

_ _ (N Interior region:
Interior region: -
S, : Good results on
Good results = covered areasS, but not
everywhere == guaranteed elsewhere
_ -
&P, p y.
& R ) |S=Si+S%+S
&, N e
1111311

Figure 2.14:Measurement schemes in the interior regf@hGuarantees results in the complete 3D field

inside the objectb) good results can be achieved on the partial cdvareaS but nowhere else.

2.4.7 Coordinate System Origin

Since the HELS method uses expansion of spherigahdnic functions, the
accuracy of reconstruction of 3D acoustic field elggs on where the origin of the
coordinate system is selected. The origin of therdioate system for an interior case,
such as that of a car cabin, is always set at @wnetric center of the interior cavity

(Figure 2.15), regardless of whether complete sertaea is measured or partial.
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~Ss[[tt i,

y

JdIRRIED

Measurement Reconstruction

Figure 2.15: Origin of the coordir?gtgas%/%tem for asﬁgﬁgemetbatd:ulation in the interior region is the

geometric center of the cavity.

In a similar fashion, the origin of the coordinatgstem is set at the geometric

center of a 3D blunt object when reconstructinthmexterior region (Figure 2.16).

b

2 ¥

Figure 2.16: Origin of the coordinate system for a HELS methattulation in the interior region is the

geometric center of the cavity.

A special case is a plate like surface (Figure Rwlith an aspect ratid : H : L,
whereT <<H, T <<L, andH : L < 1:2. In this case, the center of origin shoulplaeed

behind the plate, opposite to the measurement,amagre zis given by
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Figure 2.17: Origin of the coordinate system for a HELS methbattulation for a plate like structure.

Note that the reconstructed acoustic quantitiethim case will be good on one
side of the surface of this structure, but not getsewhere in the entire 3D space. If
acoustic quantities on the other side of this stmgécare desired, the same reconstruction
process should be repeated with the origin of doatd system placed on the opposite

side of the structure.

2.4.8 Measurement Aperture

For planar NAH, the measurement aperture shoultbiwetimes as large as the
source surface to ensure that sufficient inforrmatgocaptured. For example, for a plate
of width W and lengthL, the measurement aperture should be at leds&xiixFor the
HELS method, however, the only restriction is fog imeasurement aperture to be at least

the same size as the reconstruction surface. kr eodurther improve the accuracy at the
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edges of the reconstruction surface, the measutempernture must be one extra row and

column larger than reconstruction surface (Figui&p

Reconstruction
surface

Measurement
surface

Figure 2.18: Origin of the coordinate system for a HELS methaltulation for a plate like structure.
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CHAPTER 3 — PROPOSED MODIFIED HELS METHOD FOR JET E NGINE
NOISE VISUALIZATION

3.1 Identification and Significance of the Problem

The previous chapter discussed the HELS-based NARNhDlogy that is has been
widely used to visualize sources of noise and agmbse a variety of sound and vibration
problems in the automobile and appliance industfiéss novel technology is applicable
to interior and exterior regions as well as in famel confined spaces. The original HELS
formulation is suitable for reconstructing soundiaiion from a vibrating structure that is
stationary and well defined in space. Such a saenarcompletely different from
aerodynamically generated sound such as that peddoyg turbulent flow ejected from a
jet nozzle. Figure 3.1 illustrates the image of pater-simulated jet noise from a bypass

nozzlé®.

Figure 3.1: Noise source of a jet plurffe

The inner core stream consists of a hot and hidbcitg gas stream passing
through a jet engine combustor, whereas the oatestiream consists of cooler and lower
velocity air pulled into the engine via a fan. lhistcase the source locations and strengths
are not fixed in space and change with the flowedpelhe exact solution to such

turbulent flow sound cannot be found, so the chakeis to develop an effective method
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to approximate the resultant sound field. Such #atkshould be simple and easy to
understand, so that numerical computations carobe t a timely fashion. Meanwhile,
this method must be comprehensive enough to acdoutihe major sound sources and

their distributions in space.

Many modifications of the original acoustic analogyoposed by Lighthiff
remain a major numerical tool for prediction of jetise. LighthilP” showed that by exact
rearrangement of the Navier Stokes equationsthieatoise from a turbulent jet could be
expressed as a distribution of quadrupole souncethe acoustic wave equation. The
strength of these quadrupole sources depends firoarthe local fluctuating Reynolds
stresses. These Reynold stresses are created hylthéent eddies convected by the jet
velocity. The motion of these eddies alters theiatad sound, an effect correctly
accounted for by Ffowcs William The mean jet velocity has yet another influenue a
it refracts the soun@® altering the propagation of sound from the soutcethe far
field. Lilley’'s approach' described this propagation through a specified rmiéaw

velocity profile, which is a function of radius.

In comparison to the various technologies curreathgilable, modified HELS
provides a unique opportunity to confront this tvajing issue. This chapter will
examine the feasibility of creating a commercidlmaworthy variation of the
previously discussed HELS-based NAH technologyismalize acoustic characteristics

of jet plumes from commercial transport engines.

The proposed technology signifies an extensionhef HELS method that can

account for contributions from different sound g@&ten mechanisms such as
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monopoles, dipoles, and quadrupoles, and enabldoodestribute these virtual sources
anywhere in space. The locations of the virtualreesl can be optimized to best
approximate a sound field produced by a targetcgourhe reconstructed 3D sound field
can be sliced and viewed from any angle or pergmetd gain a good understanding of
the sound source strengths and their distributiorspace, as well as how sound sources

travel in space and time.

In a preliminary test, this modified HELS-based nfield acoustical holography
was successfully applied to visualize the sounid figoduced by twin propeller aircraft
(Chapter 4). Most importantly, it demonstrated tapability to separate contributions
from the engine and propellers and to reveal tliecefof sound reflection from the

ground®.

Modern propulsive supersonic jets produce extemmise sources with a high
amplitude noise field and complicated charactesstivhich makes them very difficult to
characterize. In particular, there are turbulendiesl that are moving through the
supersonic jet at high speeds along the jet boyndédrese turbulent eddies in the shear
layer produce a directional and frequency dependeise. The original HELS approach
assumes a spherical source at the origin and cesphie acoustic field based on
spherical emission from this source. The modifigel.B approach will help improve the
source characterization as it is not dependentsinghe source at the origin but a number

of virtual sources throughout the space

Research has shown that dominant source regionnvilie aero-acoustic source

region in supersonic jets appears to be locatedoappately 7-10 jet diameters

www.manaraa.com



a7

downstream from the nozzle exit. Beyond this lengtburce strength gradually

8253 For subsonic jets, however, Koch et®alhave experimentally and

decay
numerically investigated the dominant source regod have found the location of the
geometric far-field for subsonic jets. Their stuths concluded that high-frequency noise
appears to spread spherically from as close asn8stithe jet diameter, but that the

extended nature of the low-frequency sources ®solta geometrical near-field that

extends as far as 50 times the jet diameter.

In this investigation we will take measurementsuacba subsonic commercial jet
engine running at idle. Because of idle runningditons, it is expected that the jet
engine itself contributes significant amount of g®ito the acoustic field. Reference
microphone measurements will be taken both neaettyggne and along the jet plume
length in addition to the microphone array mease@r@siaround the jet plume. Dominant
source region lengths for different frequency bands be found by cross-correlating
reference and array microphones. These correl&imgths will then be used for correct
placement of virtual sources along the jet plumes dar implementing the modified

HELS algorithm.

3.2 The Modified HELS Algorithm
The modified HELS method is based on superpositibulistributed spherical
wave that satisfies the Helmholtz equation and Serfetd radiation condition in a free

field (refer Eq. 2.2). It can be rewritten as

V2h+k2p=0 (3.1)
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in which p is the complex amplitude of the acoustic presankk = w/cis the acoustic

wave number withw being the angular frequency andbeing the speed of sound in the

fluid medium.

The modified HELS algorithms seek to approximate délcoustic pressur@ at

any location in terms of an expansion of lower ordpherical wave functions with

respect to a finite number of virtual sources isitied on a surface conformal to the

target surface from the inside or on an axis ofreginy of the source obje€t®®

B(x,®) = [C,h? (kr,) + h® (kr,) D, Y2 (6, 4,) + E.Y,(6,.8,) + F.Y:0,.80)]]  (3:2)

in which h{® (kr, ) andh® (kr, ) are the first kind of spherical Hankel functiorisoader 0

and 1, respectively, and,’(6,.4, ,)Y,"(0..¢,), and Y}(0,,4, ) are the spherical

harmonics given by

+ Ak,
hO (kr ) = '€

o (ki) kr,
LS

P k) ===

Ylo(en’¢n) ILCOSQ

NAr "

Y (0,18,) = €% |—sing,
87

48)

(3.2b)

(3.2¢)

(3.2d)
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Y (0,.4,) = —e”’y/% sing, (3.2e)

Comparing Eq. 3.2 to 2.4, shows that proposed neatilELS method spreads
an expansion with respect to several points, callgdal sources in this investigation,
rather than a single point as the original HELSfolation. This gives the modified
HELS method certain special advantages in recortsig acoustic quantities on an
elongated body when virtual sources are distrib@edg the axis of elongation of the
body, or in this investigation, along the axis ofijed plume. Another advantage is
reconstructing acoustic quantities over an arhjtsarnface by distributing virtual sources

over conformal surface from the inside.

Note that the expansion functions in Eq. 3.2 satilsé Helmholtz Equation 3.1.

Like HELS based NAH methodology, the coefficie@s-{...,C,,D,,E,,F,,...}* in Eq.

I S
3.2 are obtained by using the assumed form solutiimmeasured acoustic pressures in
the field. The errors are minimized by using thastesquare error between the

approximated solutionp and the measured acoustic pressype similar to the

traditional HELS method. In matrix form
C =argmin|W, (& & - f)f)sz (3.3)

in which @, is a matrix that containg{” (kr, ,)h®(kr.), Y°(8..4.), Y, "(6,.¢,), and

Y/ (0,.4,)

www.manaraa.com



50

(Df = h(gl)(krn) hl(l)(krn)YlO(en’¢n) hl(l)(krn)Ylil(en7¢n) h].(l)(krn)Yll(gn’qbn) (33a)
C={...C,.D,.E,.F, .. onu (3.3b)
P ={ PO s @) S (3.3c)

in which r,0.,4,,, m=1 to M, represents spherical coordinates aftpoon the field

measurement surface. M is the number of measureniekén on this measurement

surface and M4N, and W, is an MxM nonsingular diagonal weight matrix whose

elements are determined by quadrature formula aedmesh on field measurement
surface. If enough measurements are not taken,rakeltant matrix may be ill-

conditioned. A simple and alternate solution farase that does not satisfy the>4N

guideline is to use a simplified expansion 3.2 thay containsh” (kr. ) h® (kr.), and

Y (6,,4,). This is equivalent to a) an approximation of ifemholtz integral theory and

b) expressing the acoustic pressure in terms oérpogition of monopoles and normal

component of dipoles only.
px,.®) = 3" [C,h (k) + Db (k)Y (6. 41)] (3.4)

in which C, and D, can be solved by minimizing the least-square srb@tween an

approximated solutionp and the measured field acoustic pressyrg, which is
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expressible in a matrix form Eq. 3.3, anbl, is a matrix containind\” (kr, ,)h® (kr.),

andY,’(0,.4, )
O, =|... h®kr) hOk )IY0,.4,) .. (3.4a)

C={.,C,,D, - Fonus (3.4b)

The advantage of this approach is that we only ne&edtake half the
measurements. Alternatively, using the same nurobereasurement points M, we can
now deploy twice as many virtual sources as befdfer the jet noise test we will be
taking nearly 1000 measurements around the jet @ldrhis should give us 250 virtual

sources that we can deploy along the axis of thepleme, and we can use the

unmodified form of Eq. 3.3 withh’(kr. ) h®(kr)), Y ,.4,), Y,"(6,.¢,), and

Y. (0,.4,) -
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CHAPTER 4 - RELATED WORK
Numerous experiments have been conducted usingEh&S-based technologies
for many complex noise and vibration problems. As example, we will discuss
examples of visualizing automobile brake squeailsguthe traditional HELS method and

reconstruction of acoustic radiation from a twiogeller aircraft.

4.1 Brake Squeal Noise Visualization

This test was conducted in a small chamber (Fidute and the brake assembly
was driven by a shaft at a constant speed. To m@atsl much information about the
brake squeals as possible, an array of 48 micragshomas built. This array was
conformal to the contour of a disk brake assembly,the standoff distances were

uniform (see Figure 4.2). The reference microphsas placed at the caliper.

o -
& .
T L
g
[
|
|

1 Disk brake assembly
F 3 L % S s

Figure 4.1: Test chamber for visualizing brake squeals.
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Microphones

Figure 4.2: Close-up view of the test setup.

Figure 4.3 depicts six seconds of the capturedaguehich were complex and
continuous. The corresponding spectra are plotte#igure 4.4, which indicates that

squeals occurred at many frequencies.

Tme

Figure 4.3: Squeal signals captured in six seconds.

26459Hz
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Figure 4.4: Squeal spectra from 0 to 13.5kHz.

For brevity, the comparison of reconstructed an@sus=d acoustic pressures at
2649Hz (see Figure 4.5) is demonstrated. Excelgmeements were obtained in all

cases.

Zone 70 : 7849 HE Zone 70 7848 AT

(@) (b)

Figure 4.5: Comparison the acoustic pressures at 2649H2M@dsured; (b) Reconstructed.

To demonstrate the capability of displaying thegfrency-space and space-time
diagrams in the proposed project, we reconstruetatoustic quantities for the brake
squeal example in real time and plot the space-tiiagrams of any acoustic quantities as
needed. Also, we can take Fourier transforms o$dhguantities to create frequency-

space diagrams to identify sound source frequerpgnident spatial distributions.
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Figure 4.6: Spectrograms showing the major squeal frequendytiare instances from 1.2 to 1.32 sec.

i
T D e e e e T e
© (d)

Figure 4.7: Real-time brake squeal signals. Red cursors itelib@e instances from 1.2 to 1.32 sec.
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Figure 4.10: Reconstructed normal acoustic intensity on th&dgarface at 2681Hz from 1.2 — 1.32 sec.

Figures 4.6-4.10 illustrate the sequence of evéota 1.2 sec to 1.32 sec at a
uniform interval of 0.04 sec, and demonstrate hdwe teal-time squeal signal,
reconstructed acoustic pressures, normal surfatmitye and time-averaged normal
acoustic intensity distributions on disk brake aoef change with time. These results
provide unique insight into the distributions obke squeals strengths and locations at
which brake squeals are emitted from the disk setfé&uch information cannot be

acquired by conventional measurement technologeesa scanning laser vibrometer.
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By using this technology, engineers have settlad4standing disputes over
whether the vibration modes at squeals rotate avitbtor or not. Such a question cannot

be resolved by conventional technologies.

In conclusion, HELS can handle complex brake sgui@sh non-ideal
environment and can yield all acoustic quantitiesluding the acoustic pressure, normal
velocity, and normal acoustic intensity based anmf@anal acoustic pressure
measurements at close range. One can identifyiltihatson modes that are responsible
for brake squeals, and subsequently carry out aecoent and cost-effective brake

squeal analysis.

4.2 Airplane Propeller Noise Visualization

As an example of application of the modified HELSthod discussed in Chapter
3, we can demonstrate reconstruction of acousti@tian from a twin propeller aircraft.
In this case, the engine was running at an idled® noise was primarily produced by
the propellers. The twin propeller aircraft and sweament setup are shown in Figure
4.11. The input data were collected by 60 microgsolaid on the ground to minimize
the effect of sound reflection from the ground. describe the sound field produced by
this aircraft, 20 virtual sources were distributad the surfaces of impeller and engine

(see Figure 4.12).

www.manaraa.com



58

A 60-microphone array
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Figure 4.11: Test setup for a twin propeller aircratft.

20 virtual sources were evenly distributed on blades and engine

e i
*
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Figure 4.12: Distribution of virtual sources.

Figures 4.13 and 4.14 illustrate the reconstrustaehd pressure distributions on
the impeller surface at the blade passage frequandyits harmonics in 3D space. This
example demonstrates the potential of the prop&m®aulation to analyze the acoustics

characteristics of aerodynamically generated saunds
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20 virtual sources distributed evenly on blades and engine surfaces

3' harmonic of BPF: 144Hz

Blade Passage Frequency (BPF): 48Hz

(@) (b)

Figure 4.13:(a) Reconstructed sound pressures at 48Hz. (rkacted sound pressures at 144Hz.
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Figure 4.14:Reconstructed 3D acoustic fields radiated fromigellers at (a) 48Hz (b) 144Hz.

It was observed that although virtual sources waistributed evenly on the
propeller and engine surfaces, the source straigtie engine was much lower than that
on propeller blades. This phenomenon was consistghtthe fact that the engine was
running at an idle speed. The source strength stemiée uniformly distributed along
the blade chord at BPF. This indicates that at BfeFblades were oscillating together at
low frequencies. The source strengths seemed teecga into three segments along the
blade chord at higher frequencies. This could ke tduhe fact that the blades vibrate at
their own modes at higher frequencies. The soureagth at the blade tip was not very

high, which seems consistent with the fact thatrttegor noise source is induced by a
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fluctuating force exerted on the surrounding flmédium by the blades, rather than by

turbulence.

In conclusion, the modified HELS methodology allofi@s reconstruction of a 3D
acoustic pressure field generated by any sourgmrdiess of size, configuration or
location, via measurements of acoustic pressurdberfar field. It also enables one to
visualize the acoustic source distributions on sheace of an arbitrary object over a
wide frequency spectrum. Since the measurementms dhe far field, test setup is very

flexible, portable, and affordable.
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CHAPTER 5 - RECONSTRUCTION OF IN-FLIGHT INTERIOR VI BRO-
ACOUSTIC RESPONSE OF AN AIRCRAFT USING TRADITIONAL HELS

METHOD

5.1 Introduction
Vibro-acoustic responses inside the fuselage ofimafight business jet are

reconstructed. Two microphone arrays were buitake acoustic pressure measurements
inside the fuselage. One circular array was mouated track so that it could be moved
in the longitudinal direction to measure the acioystessures along the circumference of
the fuselage. Another planar array was used to umeake acoustic pressures on the
closing surface of the fuselage in the bulkhead @ukpit positions, respectively. Over
four thousand measurements of acoustic pressure taken while the jet was flying at
constant speed and altitude of 30,000 ft in the Hiese measured acoustic pressures
were taken as input to the Helmholtz Equation Leaguares (HELS) method to
reconstruct the interior acoustic field, includitige fuselage surface. The reconstructed
normal surface velocities were checked with respedhe benchmark velocity spectra
measured by the accelerometers mounted on theointrrface of the fuselage. This
experiment demonstrates that HELS can be useddoiraca good understanding of

vibro-acoustic responses inside an arbitrary iateegion of a commercial aircraft.

5.2 Test Setup
A mid-size business jet Cessna XLS (Figure 5.1) wgesl in the test. Figure 5.2a

and 5.2b show schematic diagrams of the testechétirc
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Figure 5.2a: Schematic of Cessna XLS aircraft dimensions.

All interior insulation panels in the passengerioathe toilet and the closet were
taken out so that surface velocity can be recoastdudirectly on to the fuselage surface.
Figure 5.3 shows the fuselage stripped of all iasoh panels, floor paneling, toilet, and

closet towards the bulkhead.

o AJLb
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Figure 5.2b: Schematic of fuselage dimensions of Cessna XLadir

gt
U

Frame ,‘ I

J

www.manharaa.com




64

A conformal circular microphone array with 60 mighmnes was built (Figure 5.4
and 5.5) to take circumferential measurements amdamar microphone array of 50
microphones was built (Figure 5.6) for the closisgrfaces measurements. The
circumferential measurements were taken every 2ncthe longitudinal direction with

the measurement points located 2 cm from the skin.

The HELS formulation requires the microphone lamadi and the corresponding
measured acoustic pressures at those locations agpat. The microphone locations

were found by using 3D Sonic Digitizer kit madethg Modal Shop.

Throughout the test, the aircraft was flying ateady altitude of 30000 feet and
Mach number of 0.73. The two jet engines were ngait steady N1=85% and N2=95%
power. Microphone measurements were taken insidefubelage to create a closed
hologram surface. This closed measurement holognarface included the fwd cabin
skin and floor, aft cabin skin and floor and twoaigmary closing surfaces (between the

cockpit and the forward cabin and at the aft divideation).

The acoustic pressures in the interior region whem measured using the ICP
130D20 microphones manufactured by the PCB. Theseophones were calibrated
before performing the experiment. The calibrat®sdaled with a 114 dB tone at 250 Hz
using Pistonphone type G.R.A.S. 42AA and the micom@ output kept within £0.15 dB
of the tone amplitude. The phase data of the miwops was also acquired using the
Larson Davis Residual Intensity Calibrator Model A1 and was stored in the

computer for application to the field data at @ilatage.
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The PCB PIEZOTRONICS 64 channel multi-rack (16 cteds each rack) Sensor
Signal Conditioner Model 481A was used as signaddening system to interface
measurement signals to readout or recording devitles unit also serves to provide
excitation power for ICP-type microphones and asts low-pass filter. The output from
the signal conditioners is then fed to the Natiomgtruments’ multi-channel Dynamic
Data Acquisition cards Model 4472 (Total of 8 camwith 8 channels in a PXI-1006
chassis=64 channels) for processing on a desktopuer. This design of hardware
configuration helps in simultaneous data acquisitb voltage signals from 64 sensors.
Thus, this scheme shortens the data acquisitiom &ind consequently reduces errors that

may be introduced due to fluctuations in the tesirenment with time.

Figure 5.4: 60 microphone conformal array with telescopingafar circumferential measurement.
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To maintain 2 cm offset from the cabin surface, aohthe conformal array are
designed to be telescopic in nature. While tramgrailong the fuselage, arms of the array
are telescoped in at the frame and are telescopedtathe skin to maintain a 2 cm

measurement offset from all reconstruction surfaces

i) Figure 5.7 shows the 3D representation of circuenfgal acoustic pressure
measurement grid along the fuselage. Figure 5.8shoansversal view of
circumferential measurements. Figure 5.9 shows 3Derepresentation of
acoustic pressure measurements on the closingceartawards cockpit and
bulkhead. Figure 5.10 shows 3D representation bttiadumferential and

closing surface measurement locations together.

Bulkhead

AT
Ttk
RN
=

SRR
W

Cockpit

Conformal measurement
grids at the door

Figure 5.7: Circumferential acoustic pressure measurementitota
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Figure 5.8: Transversal view of the circumferential measureiatong the fuselage.

N
W
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Cockpit

Figure 5.9: Closing surface acoustic pressure measuremeritdosdowards cockpit and bulkhead.
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Figure 5.10: Closing surface measurements towards bulkhead@eigit, and circumferential acoustic

pressure measurement along the fuselage.

A total of three flights were taken to complete test measurements over the
whole fuselage area.

1. Flight 1: Circumferential measurements and bencknaacelerometers 1-15 in
the forward cabin

2. Flight 2: Circumferential measurements and benckraacelerometers 16-30 in
the aft cabin

3. Flight 3: Radial measurements at imaginary surfaetween the cockpit and the
forward cabin (F.S 180) and at the aft divider posito "close" the measurement
surface
Figure 5.11 shows the circumferential measurem&ksn during the first two

flights.
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Flight - 1 Flight - 2
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Figure 5.11:Closing surface measurements towards bulkhea@@cigit, and circumferential acoustic
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Conformal measurement
grids at the door

pressure measurement along the fuselage.

As discussed previously, for each set of measureni@ne are a total of 61
readings, 60 from the microphones in the array lmnefference microphone placed over
the area where the engines are connected to thetafies as the reference signal.
Accordingly, readings were taken over one longitatiplane at a time and the data were
recorded on the computer. At the end of each réwgrcycle the microphone array was
moved to a new location manually. In addition, npld flights were taken to acquire
data in different parts of the fuselage. Manuallyoving the array and taking
measurements over three flights may disturb theegx@ntal setup and make the input
data susceptible to errors. Although, efforts werade to maintain the repeatability of

measurements, the fluctuations in the aircraft siowsignal over the data acquisition
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time can be significant. To alleviate this probletrgnsfer functions instead of the

acoustic pressures were measured as shown in @q&ati.

_ P s, m (Xn» @)

G(X|X g » @) =—
. pref (Xref !a))

(5.1)

where G(xm‘xref ,w) represents the transfer function between the sicquessure
at any measurement locatiofyy (X, @ @nd at the reference 4 (x4,® . )YOnce

G(M‘X,ef ,@) were collected for all the array locations, thewstic pressures were then

obtained by multiplying the transfer functions Ine tacoustic pressure at the reference.
Similar measurement technique was used for theingjosurfaces, where 50 array
microphones and the same reference microphonesdsmbitudinal measurements were
acquired. Hence, this measurement scheme becomesalegt to using a 5440-

microphone array to measure the field acousticspires.

A 3D model of the fuselage interior surface wasated and was used for
reconstructing acoustic quantities over it. FigbrE2 shows the reconstruction locations

of the fuselage skin.

In addition to pressure measurements some benchnaadelerometer
measurements were also taken on the fuselage surfadotal of 30 accelerometer
measurements were taken over two flights (1-15e00sd flight and 16-30 in third
flight). Figure 5.13 shows the 3D locations of #n@scelerometer measurements on the

fuselage skin.

www.manaraa.com



72

Bulkhead

i

Floor
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Two imaginary surfaces towards the cockpit and lhedid were also created to
close the reconstruction cavity. Figure 5.13 shidves3D representation of the end caps

and fuselage skin reconstruction locations.

Figure 5.13: Fuselage surface and end cap reconstruction doati

Since acoustic pressure measurements were takestaiiong the entire fuselage
and also over the closing surfaces, it is posstleconstruct acoustic field in the entire
3D space inside the enclosed measurement voluroeiding the fuselage surface. As
such, in addition to reconstructing all acoustiamfities on the fuselage surface, acoustic
pressure is also reconstructed along seven hoakqgpianes along the fuselage.
Reconstruction on these interior planes can all@wtai visualize the interior cavity
modes. Also, while generating these planes onbeoptanes is deliberately chosen to be
lying on the approximate passenger ear plane. €i§utda and Figure 5.14b show the
fuselage surface and reconstruction locations efstven horizontal planes inside the

fuselage.
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Figure 5.14b: End cap reconstruction locations and horizontabmetruction planes inside fuselage cavity.
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5.3 Reconstruction Strategy
As discussed previously, the HELS formulation is edpansion of spheroidal

basis functions. As such, the HELS method may leel digr any finite size source that
can be enclosed in a sphere, but the results ohstiwiction will be most accurate for a
spherical object. On the other hand, the aircrasiefage, though a simple geometry
(rectangular), does not resemble a sphere. Thissintlerse problem poses a significant
challenge for the HELS method. In this investigatithe acoustic parameters are
reconstructed in the interior region of the fuseland are discussed in the following

subchapters.

As discussed in the previous chapter, the airasafflying with the engines
providing steady power at 30,000ft. Under thesesorg conditions, the fuselage cavity
is excited by the vibrations from the engines agdusbulence around the aircraft. The
resulting acoustic pressures acquired in the mrtefield were used to compute the
acoustic pressures on the reconstruction surfacgsvibrating fuselage cavity surface.
The use of random signals enabled reconstructier avwider frequency range and

generation of considerable amount of data for aailhs.

For the exterior case, a total of 4240 field measients were used to reconstruct
on fuselage surface and interior planes. Becaugbeoérrors involved in the measured
data due either to the loss of near field effedibpomeasurement uncertainties the matrix
equation (2.7) is ill posed. Thus an increase eriobmber of expansion terms will not
necessarily yield more accurate reconstruction.cdean optimal number of expansion

terms had to be found for accurate reconstructi@coustic pressures.
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An iterative scheme was followed to achieve thiuut @f the 4240 field
measurements only 2120 microphone measurementsusedeas collocation points and
every other microphone was employed as an optimizalocation. For example,
collocation microphones locations 1, 3, 5, ..... , A2@ere used to reconstruct acoustic
pressures over optimization microphone location#,26, ..... , 4240 for a particular
number of terms. The reconstructed and the measapedistic pressures at the
optimization locations were then compared and’ |fidfm errors were calculated using
equation (2.20) by replacing the benchmark presswith measured acoustic pressures
at the optimization locations. The reconstructioncess was then repeated for a unit
increase in the number of expansion terms untdirttieJ=0.7N and the ||é|horm errors
were stored in a file. Then the minimum norm enas read from the file and the
corresponding number of expansion terms was takesptmal for reconstruction over
the entire fuselage surface, interior planes amthmark accelerometer measurement

locations.

5.4 Surface Velocity Reconstruction at Benchmark Acelerometer Locations

First, the surface particle velocities are recardad at the locations where
benchmark accelerometer measurements (Figure W@ taken. The comparison of
frequency spectra of the measured and reconstrgciddce velocity at the benchmark
accelerometer locations on the fuselage surfacshemen in Figures 5.15, 5.16, and 5.17.
Note that reconstruction errors are usually laayethe edges or corners than those in the
middle due to aspect ratio limitations discussedséttion 2.4.5. Better agreement
between the reconstructed and measured valuesowad fn location away from edges

and corners like at accelerometer 1 location. Edgul8 shows comparison of frequency
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spectra of measured and reconstructed surfaceityedd@ccelerometer #1 at the edge of

the reconstruction surface.
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Figure 5.15: Comparison of measured and reconstructed vel@mitsccelerometer #s 3 and 8.
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Figure 5.16: Comparison of measured and reconstructed vel@mitgccelerometer #s 10 and 16.
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Figure 5.17: Comparison of measured and reconstructed vel@mitgccelerometer #s 20 and 30.
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Figure 5.18: Comparison of measured and reconstructed vel@mitgccelerometer # 1.
Note that the HELS algorithm was not able to retroies surface velocity

accurately at 610 Hz due to very ill-conditionedtmeas as shown in figures 5.15-18.

5.5 Surface Pressure, Velocity and Intensity Recotmaction

The frequency spectra shown in figures 5.15, 51867, and 5.18 give an overall
picture of the reconstruction results over a widegfiency range at one reconstruction
location. Although, a frequency spectra gives adgaderence towards behavior of
reconstruction over all frequencies but the infdiora is limited only to one

reconstruction location and data interpretationrobee whole reconstruction surface
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becomes cumbersome. Surveying the acoustic pressunface velocity, and acoustic
intensity distribution over the entire reconstrantisurface at a particular frequency
provides a more concise and perceptible recongtrucomparison. Figures 5.19, 5.20,

and 5.21 surface velocity distribution over theorestruction surface at 155 Hz, 795 Hz,

and 915 Hz respectively.
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Figure 5.19: Reconstructed normal velocity distribution on itterior fuselage surface at 155Hz.
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Figure 5.20: Reconstructed normal velocity distribution on itterior fuselage surface at 795Hz.
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Figure 5.21: Reconstructed normal velocity distribution on itterior fuselage surface at 915Hz.
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In addition to reconstructing surface velocity disition, acoustic pressure and
acoustic intensity on the fuselage surface is atsmwnstructed. For brevity, surface
distribution of all acoustic quantities at 185 H80 Hz, 510 Hz and 515 Hz are presented
in figures 5.22, 5.23, 5.24, and 5.25, where ipassible to identify “hot spot” in the
cabin skin where sounds at these frequencies are hikely to be transmitted into the

cabin.
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Figure 5.22: Reconstructed acoustic quantities on the intdéuselage surface at 185 Hz.
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Figure 5.23: Reconstructed acoustic quantities on the intdéuselage surface at 190 Hz.
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Figure 5.24:Reconstructed acoustic quantities on the intduselage surface at 510 Hz.
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Figure 5.25: Reconstructed acoustic quantities on the intdéuselage surface at 515 Hz.

5.6 Reconstruction of fuselage cavity modes

As discussed previously, circumferential and clgsisurface measurements
equivalent to 4240 microphone readings were takennput to reconstruct over the
measurement covered fuselage surface and intelameg. This acquisition plan also
induces some errors in the input field data becadis#isturbance in the experimental
setup for each of the array measurements. The mhdtllowed to minimize field data

acquisition errors because of fluctuations in #& environment has been discussed in

the previous chapter.
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Later, surface velocity was reconstructed at bercknaccelerometer locations
and has been found to be satisfactory. The neptist® visualize the acoustic pressure
distributions over the interior planes inside thsediage cavity. Reconstruction on these

interior planes can allow us to visualize the iltecavity modes.

For brevity, acoustic pressure reconstruction dakierinterior planes is shown in
figures 5.26, 5.27. 5.28, 5.29, 5.30, and 5.316fbHz, 165 Hz, 180 Hz, 205 Hz, 225 Hz
and 295 Hz. We can clearly visualize the acoustassure distributions for increasing

orders of interior modes with increasing frequency.
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Figure 5.26:Reconstructed acoustic pressure on fuselageantganes 60 Hz.
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Figure 5.27:Reconstructed acoustic pressure on fuselagednfgdanes 165 Hz.
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Figure 5.28:Reconstructed acoustic pressure on fuselagednfgdanes 180 Hz.
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Figure 5.29: Reconstructed acoustic pressure on fuselagedntgdanes 205 Hz.
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Figure 5.30: Reconstructed acoustic pressure on fuselagedntganes 225 Hz.
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Figure 5.31:Reconstructed acoustic pressure on fuselagedntgdanes 295 Hz.

5.7 Concluding remarks

Aircraft NVH has always been one of the primary aams in the aerospace
industry because of ever-increasing demand of cdnafiod quietness. Oftentimes, the
noise source strengths due to jet engines and laumbel around the aircraft and their
transmission paths into the fuselage are unknowhiclw makes the analysis and
reduction of aircraft interior NVH very difficullThere is also a great demand to ascertain
the noise transmission in the exterior region antetuce the flyby noise. Over the past
decade many efforts have been made to analyze maisamission. Yet to date, there is

no single methodology that can be used to tackdsetproblems effectively.

Nearfield Acoustic Holography (NAH) followed by itsommercial version
Spatial Transformation of Sound FieldSTSF) made an impressive foray in the noise

diagnostics area. NAH has been particularly sudakasalyzing sources that conform
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closely to the separable geometries. The recoriginscare very efficient, requiring only
seconds of computation time per frequéficyHowever, for arbitrary shaped sources,
Fourier transform based NAH fails to yield accepgakeconstruction accuracy. The NAH
and BEM based nearfield acoustic holography pravidee solution for arbitrary
geometries, with a considerable sacrifice in coman timé>. Further, this mating with

BEM introduces a whole new set of limitations diseed in Subchapter 1.4.

A new nearfield acoustic holography (NAH) techniqgcaled the Helmholtz
Equation Least-Squares (HELS) method was develapd®97°2° The present work
discussed in this chapter primarily focuses onmstracting the acoustic pressures in the

interior region of a highly non-spherical vibratifigselage.

The HELS method assumes the acoustic field inrbexior and exterior regions
to be a summation of certain wave functions. Thesge functions may belong to
Cartesian, cylindrical, spherical, or other sph@gbicoordinate systems. Though there is
no limitation on selecting the type of coordinatgstem and corresponding wave
functions, for most real-world applications, spbatiwave functions provide the best
approximation of sound field around and within a @Dject. Furthermore, other
spheroidal functions have no closed form soluti&gtgiation 2.4 shows the application of
HELS method using spherical wave functions. Thesilet about the optimal number of
expansion functions has to be made for correctesgmtation of the sound field. The
number of expansion terms cannot be too small @ldme. Less number of expansion
terms may not be able to describe the field atmadl too large a number induces errors

due to introduction of higher order terms. Errarghe input data are also responsible for
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blowout of the solution with high number of expamsterms. A collocation type scheme
discussed in Subchapter 5.3 has been used to dgomtethe optimal number of terms.
The number of expansion terms is found to be hifrethe higher frequency range and

vice versa for the low to mid-frequency domain.

The overall normal velocities, surface acousticspuees, and normal acoustic
intensity on the interior surface of the fuselageaoCessna XLS Aircraft in flight
condition were reconstructed. The reconstructedatitn response curves agree with
those at benchmark points except at the edgesoVémll vibration patterns reflect the
fuselage design: the velocity amplitudes are soraframe but relatively large on panels.
Fuselage interior modes were also visualized amdear increase in complexity of
interior modes can be seen with increase in frecpueAlso, with one experimental
measurement of acoustic pressure, all three acopatameters (pressure, velocity, and
intensity) are reconstructed. These parametersheanbe used for validating simulation
data from SEA and/or FEA models, for example. Aldlidations in the interior region
have been performed over the enclosures that ngideor completely reflective walls. In
other words, the sound field is reactive in natdileus we can conclude that the HELS
method provides satisfactory reconstruction redolitscompletely reflective or reactive

sound field in the interior region.

During the course of this research a fully funcsibprototype of the HELS based
nearfield acoustic holography system has been dpgdl Some coarse details of this

system and its various hardware and software coererare enlisted in Appendix-A.
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CHAPTER 6 — VISUALIZING JET PLUME NOISE USING THE M ODIFIED

HELMHOLTZ EQUATION LEAST SQUARES METHOD

6.1 Introduction

Reduction of jet noise has always been one of ta@mtopics of interest for the
commercial aviation industry, Department of Defe(BeD), and National Aeronautics
and Space Administration (NASA). Much effort hasebedevoted to enhancing the
performance of fighter jets while reducing noiseels of jet engine$’*° Many methods
have been developed over the past several decadesasure and predict jet noise, such
as the infrared radiation (IR) imaging system ta@uae real-time dynamic thermal
patterns of the exhaust jets from the engifidaboratory experiments of full-scale jets to
validate direct numerical simulations, large edifyudations®>*and Reynolds averaged
Navier-Stokes codes.However, most of these studies are focused on filynamics
because the acoustic source characteristics pfyetes cannot be defined. This is due to
the difficulty in making a complete set of desdript acoustic measurements
characterizing the size, intensity, directivity,dadistribution of the acoustic source
strengths inside a jet plume. Another method engmoyses far-field microphone

measurements to gain insight into the jet engineenoharacteristics. Figure 6.1 shows

this measurement methodology.

Recently, NAH has been proposed to examine thesticsucharacteristics of jet
plumes. However, conventional NAH technologies ao¢ applicable for full-size jet

engines, because conventional NAH technologiesaigher on taking Fourier transform
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in different domains over a surface that has al leeonstant coordinates, or on solving

the Helmholtz integral formulations via boundargreent method (BEM).
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Figure 6.1: Jet noise measured by microphones placed in tHeefd is not helpful to gain insight into jet

noise.

On the other hand, jet plumes cannot be depictedablgvel of constant
coordinates. Most importantly, Fourier transfornmsdxh NAH is valid in a source-free
region only, whereas a jet plume itself signifiecantinuous distribution of sources.
Therefore, there is no way for Fourier transfornségth NAH to analyze the acoustics
characteristics inside a jet plume. BEM based NAlHat suitable for this task because a

jet plume is not as well defined as solid structufggure 6.2 shows a typical jet engine
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and plume. Moreover, BEM based NAH will require @mrealistically high number of

measurement points, making it virtually uselesslics project.
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Figure 6.2: A typical jet engine and plume.

Unlike these conventional NAH implementations o fourier transform based
NAH, HELS formulations offer great flexibility inngineering applications. The main
reason is that HELS does not seek an exact solofiam acoustic field produced by an
arbitrarily shaped structure. Rather, HELS attentptBnd the best approximation to an
acoustic field based on any given set of input.d8tathe more accurate the input data
are, the better the HELS results are. Howeverptiggnal HELS formulations cannot be
used to analyze the acoustic characteristics giljghes. A better approach is to use the
modified HELS, which enables one to describe arustoo field in terms of expansions
with respect to a number of points in space. Irtfica, one can distribute as many virtual

sources as needed to describe a sound field o€site

In the proposed project, we plan to distribute anber of virtual sources that
represent monopoles, dipoles, and quadrupoles dlmmgxis of symmetry of the jet

engine, and use them to approximate the resultamtdsfield. This approach can be very
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effective since the aerodynamically generated sswahsist primarily of contributions

from monopoles, dipoles, and quadrupoles.

6.2 Test Setup

Jet engine plume noise characteristics are reagnstt for one of the engines of a
passenger jet aircraft. The passenger jet was gavkieside its hangar at Detroit City
Airport (Figure 6.3) and the jet engines were randée speed. This was because our
measurement microphones have limited dynamic ra(d@s- 122dB overall) and any
higher speeds will lead to exceeding that dynamnge limit in the near-field of the jet
engine plume. The sound field produced by this $gpged turbulent flow was shown to
be adequately described by using three differenérses of distributed virtual sources

along the axis of symmetry discussed in subch&p8r

Figure 6.3: Passenger jet aircraft parked at Detroit City Aitp
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Arrays of microphones and stands were designedbaritl so that conformal
measurements of sound pressures could be takendatba jet plume. Two aluminum
rod rings were designed to hold microphone arr&ismeters of these rings were
carefully determined so that microphones could laega as close to the jet plume as
possible, yet without contaminations by turbuldowffrom the jet nozzle. The diameters
of these two rings were 0.9m and 1.69m, respegtiwghereas that of jet nozzle was
0.53m. 31 microphones were spaced at 0.077m aatedoalong the rings at every 5.6
over 360 range. This resulted in 1984 measurement pointsingr the jet plume.
Measurements were taken continuously one afterhanowhile the jet engine was
running at idle speed.

Circular Rings
Microphone Array

. =0.53m

nozzle
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Figure 6.4 shows the test setup used for acoustgspre measurements around
the jet engine plume. Although every effort was &l ensure repeatability of acoustic
pressure measurements, the fluctuations in thengine acoustic signal over the data
acquisition time can be significant. To allevialestproblem, instead of measuring the
raw acoustic pressures, transfer functions, asritbescin Eq. 5.1 were measured. To
implement Eq.5.1, the reference microphone waseplaight next to the jet nozzle. The
position of the reference microphone was chosem shat it was as close to the jet
nozzle as possible but still out of the jet plunewf Also, the microphones were

protected from turbulence by using windscreens.

Benchmark i
nozzle:0'53m Microphones %.
I A+ |
oM |

Reference
Microphone

Figure 6.5: Reference microphone setup at close range tethmyzle and benchmark microphone array
setup in the direction perpendicular to the jetvflo
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Figure 6.5 shows test setup for benchmark microphemnay. It also shows the
location of reference microphone placed right nextthe jet nozzle. This reference
microphone was kept at the same location througtieutest for all field and benchmark
acoustic pressure measurements. These setups @llageto “stitch together” 64
individual microphone array measurements and sit@uae big array measurement with

1984 microphones.

To validate the reconstructed acoustic pressuresnchmark pressures
perpendicular to the jet flow direction were taka®m well. These benchmark array
microphones extend up to 4.5Dnozzle in the diragerpendicular to the flow as shown
in figures 6.5. Figure 6.6 shows a 3D represematidoenchmark microphone array with

respect to the jet engine and field microphone mr@asent around the jet plume

H=1.9D
nozzle Benchmark

Arrav Il

Benchmark
Array |

X

W =4.5D

nozzle

Jet Engine

Figure 6.6: Schematic of test measurement and validation geoce
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6.3 Reconstruction Strategy
As discussed in chapter 2, the original HELS fomtioh is suitable for

reconstructing sound radiation from a vibratingusture that is stationary and well
defined in space. For an aerodynamically generataethd, such as that produced by
turbulent flow ejected from a jet nozzle, the caiodis for applying the original HELS
method are not satisfied. For such a turbulent fline source locations and strengths are
not fixed in space and change with flow speed. iRga@n exact solution for such a flow
becomes a challenge. As such, a new modified HEBdlation was introduced in
Chapter 3 which accounts for contributions fronfedént sound generation mechanisms
such as monopoles, dipoles and quadrupoles. Iniaaddias compared to using one
virtual source for the original HELS method, thewnenethodology allows one to

distribute multiple virtual sources within or aralthe jet engine plume.

The locations of these virtual sources needs topbienized to best approximate a
sound field produced by a target source. For angfine plume, these virtual sources
could be placed in the entire 3D space of the plusaf and they can be uniformly or
randomly distributed. For the current test, theejegine is run at idle speed and it can be
safely assumed that all noise is produced by lipdenomena. This simplifies virtual
sources optimization process as the acoustic feddld be described by simply
distributing sources along the axis of symmetry.oTavfferent schemes are used, one
with uniformly distributed virtual sources and tl¢her with virtual sources biased
towards the jet engine nozzle. For both these alifource distribution schemes, virtual
sources are distributed along a length of up teirh®s the diameter of jet nozzle in the

flow direction.

www.manaraa.com



97

| Lsource = 18D
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Figure 6.7: Schematic of 45 virtual sources distributed altrgjet plume axis and biased towards the jet

nozzle. The virtual sources extend to approximat8lyimes the diameter of jet nozzle

nozzle

| Lsource = 18D
|

< A
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Figure 6.8: Schematic of 45 virtual sources distributed umiflyralong the jet plume axis. The virtual

sources extend to approximately 18 times the dianwdtjet nozzle

Figure 6.7 shows virtual source distribution schewita 45 virtual sources biased
towards the jet engine nozzle and Figure 6.8 shd®svirtual sources distributed
uniformly along the jet plume axis up to a distargeivalent to 18 times the diameter of

jet nozzle or approximately 9.5m.

Lsource = 4.6D

nozzle _I

Figure 6.9a: Schematic of 31 virtual sources distributed altrgjet plume axis and biased towards the jet

nozzle. The virtual sources extend to approximadebytimes the diameter of jet nozzle.

In addition to the above two virtual source diaitibn schemes, another scheme
with a shorter length was used to reconstruct toeistic pressures around the jet plume.
Figure 6.9a shows this scheme where 31 biasedesoare placed on the jet plume axis

extending up to approximately 4.6 times the dimafehe jet nozzle. The virtual sources
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in this scheme extend slightly out of the measutraeray which extends to 4.5 times the

jet nozzle diamter. This is depicted in Figure 6.9b

Lmeas = 4.5D

nozzle

Figure 6.9b: Schematic of microphone measurements and 31 vitusices distributed along the jet
plume axis and biased towards the jet nozzle. Téasorement array extends to 4.5 times the diaroéter

jet nozzle.

All 1984 microphone measurements are then used]iB.E and coefficients are
calculated by using the assumed form solution. &imers are minimized by using the
least-square error between the approximated recmtsti solution and the measured
acoustic pressures from the microphones in the apfmne array similar to the

traditional HELS methodology discussed in subchapie.

The reconstructed and the measured acoustic pesssitr the optimization
locations were then compared and3firm errors were calculated using equation (2.20)
by replacing the benchmark pressures with measweoustic pressures at the
optimization locations for all three virtual sourdsstribution schemes discussed above.
Figure 6.10 shows comparison of fllqprm errors for a frequency range of 900Hz to

6135Hz for the three different virtual source disition schemes.
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Figure 6.10: Comparison of ||l4horm errors for different virtual source distrilmut schemes.

As is evident from Figure 6.10, the filjlorm error curves for different virtual
source distribution schemes are nearly identicainde, any virtual source distribution
scheme should yield reconstruction results simdathe others. For brevity, the scheme
with 31 biased sources is chosen and results asepted henceforth based on this

scheme.

6.4 Validating Modified HELS Acoustic Model

Once the virtual source distribution scheme is ehpghe acoustic pressure
measurements around the jet plume are used to stgonhacoustic pressures on the
benchmark locations (Figure 6.6) perpendiculathi ftow direction of jet plume. Note

that these benchmark locations extend nearly 4ngdithe diameter of jet nozzle or
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approximately 2.4m into the far-field. In additiothe acoustic pressures are also
reconstructed back on to the measurement locataomaks compared to the measured
acoustic pressures. If good comparison is achieatethese benchmark locations, the

acoustic model based on modified HELS method véltbnsidered validated.

Comparisons of measured and reconstructed acqusssures are made over the
entire measurement surface at 1984 locations and12f benchmark locations
perpendicular to the flow direction over the fregeygrange of 917Hz to 5168Hz in 1/24
octave bands. For brevity, a few of those compassare shown below. Figures 6.11,
6.12 and 6.13 show comparison of measured and stooted acoustic pressures at

microphone numbers 6, 20, and 24 f8mBeasurement patch.
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Figure 6.11: Comparison of measured and reconstructed acqustssures at field microphone location #6

on measurement patch # 9.
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Figure 6.12: Comparison of measured and reconstructed acqustssures at field microphone location

#20 on measurement patch # 9.
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Figure 6.13: Comparison of measured and reconstructed acqustssures at field microphone location
#24 on measurement patch # 9.
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The comparisons of measureed and reconstructedstecquressures at field
microphone locations are very good, especiallyhalow to mid frequency range. This
means that the modified HELS based acoustic medebrking and can be used next to
reconstruct on the benchamark microphone locatipappendicular to the flow
direction. Figures 6.14, 6.15, and 6.16 show campa of measured and reconstructed
acooustic pressures at microphone numbers 20n#8864 of the benchmark microphone

array | (Figure 6.6) closer to the jet nozzle.

_
Comparison | |
Location S
— 77
Cursor 154221 8438 |- &~ B2 Measured SPL at Benchmark locations: Patch 31 (2=
@ Reconstructed SPL at Benchmark locations: Patch 312

SPL (dB ref 26-5)

1/24 Octave Band Center Frequency (Hz)

Figure 6.14: Comparison of measured and reconstructed acqustisures at microphone location #20 on

the benchmark microphone array | closer to thagetzle.
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Figure 6.15: Comparison of measured and reconstructed acqustssures at microphone location #28 on
the benchmark microphone array | closer to thagetle.
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Figure 6.16: Comparison of measured and reconstructed acqustssures at microphone location #61 on
the first benchmark microphone array closer toj¢h@ozzle.
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As is evident from Figures 6.14, 6.15, and 6.h6&,domparions for measured and
reconstructed acoustic pressures are very goodghout the computed frequency range.
Further, it should be noted that comparison qualitynot affected and does not
deteriorate with increasing distance from the pstate along the perpendicular direction
for the first benchmark location array. Acoustiegsure comparisons are also made at
the benchmark array Il (Figure 6.6) microphone fioces. Figures 6.17, 6.18, 6.19, and
6.20 show the comparison of meaured and reconsttuetcoustic pressures at

microphone numbers 1, 10, 48, and 61, respectively.
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i

Figure 6.17: Comparison of measured and reconstructed acqustssures at microphone location #1 on
the second benchmark microphone array father fremjdt nozzle.
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Figure 6.18: Comparison of measured and reconstructed acqustssures at microphone location #10 on
the second benchmark microphone array father fremjdt nozzle.
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Figure 6.19: Comparison of measured and reconstructed acqustssures at microphone location #48 on

the second benchmark microphone array father frenjet nozzle.
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Figure 6.20: Comparison of measured and reconstructed acqustsures at microphone location #61 on

the second benchmark microphone array father flenjet nozzle.

The comparison of measured and reconstructed acqusssures at benchmark
array Il (Figure 6.6) in Figures 6.17, 6.18, 6.48¢d 6.20 look very promising and further
validate the accuracy of acoustic model. Once aglaeaccuracy of reconstruction does
not deteriote as much with distance in the perpenali direction. Infact, closer the
benchmark microphones are to the jet plume, lesgrate is the reconstructed acoustic
pressures in the frequency bands from 3268Hz t&826The reconstructed pressure in
these bands diverges from the meaured acoustisysesswith increase in frequency
(Figures 6.17 and 6.18). This could be because mgopoles and dipoles are used to
create the acoustic reconstruction model and theeyat enough to appropriately account

for contribution from quadrupoles at higher fequesdn the near-field of jet plume. For
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the scope of this investigation, only reconstruntiovith monopoles and dipoles is

performed. Reconstruction with quadrupoles wilcbeducted in the future.

6.5 Reconstruction of Acoustic Field inside the Jéelume

It is emphasized that the proposed approach seeksctuire the best
approximation of an acoustic field resulting fromtuabulent flow ejected from a jet
nozzle, because the exact solution cannot be foedsuch, our mathematical model
may not be perfect and may not account for aldfldynamic effects. For example, the
turbulence eddies may expand and drift at a higtedpafter exiting the nozzle, and a
high Mach number will change the sound field. TheHfects can be accounted for if
particle velocities and hydrodynamic pressuresmaeasured or are available as input.
Therefore, we decide to distribute a set of vira@lrces inside a jet plume to describe an

overall sound field generated by a jet engine.

It must be noted that in the current investigatithre, jet engine was run only at
idle speed and Mach numbers are significantly lowéns gives us an opportunity to
reconstruct within the jet plume by assuming lowcMaumbers and minimal fluid
dynamic effects. Also, we may not need to takeigartvelocity and hydrodynamic

pressure measurements in the jet plume.

Once the modified HELS-based NAH technique wasdeadid (Subchapter 6.4),
the sound field inside and outside the jet plumethe downstream direction were
calculated. In this case, we covered the sound ti@l17 times the diameter of the jet
nozzle, consistent with most studies in turbuldow$ even for a supersonic jet. In

particular, we sliced across the jet plume to Jigeathe source strength distributions

www.manaraa.com



108

inside the jet plume. Note that we can slice acthssjet plume at any angle with any
increment in the azimuthal direction. This enahlsgo acquire a better understanding of
the acoustic characteristics of the jet plume &ed source strength distributions. Figure
6.21 shows one such slice through the jet plumeeaki@nds to 17 times the diameter of

jet nozzle.
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Figure 6.21: Schematic of jet nozzle, measurement and predicégions.

The 1984 acoustic pressure measurements are tleehtageconstruct on four
slices through the jet plume. Figures 6.22, 6.22466.25, 6.26, and 6.27 show acoustic
pressure distribution on one slice through thepjame for 1060Hz, 1122Hz, 1682Hz,

2378Hz, 4000Hz, and 5656Hz center frequency 1/2dvedbands, respectively.
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Figure 6.22: Visualization of acoustic pressure distributiorjeifplume at 1060Hz center frequency 1/24
octave band.
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Figure 6.23: Visualization of acoustic pressure distributiorjeifplume at 1122Hz center frequency 1/24
octave band.
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Figure 6.24: Visualization of acoustic pressure distributiorjeifplume at 1682Hz center frequency 1/24
octave band.
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Figure 6.25: Visualization of acoustic pressure distributiorjeifplume at 2378Hz center frequency 1/24

octave band.
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Figure 6.26: Visualization of acoustic pressure distributiorjeifplume at 4000Hz center frequency 1/24
octave band.
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Figure 6.27: Visualization of acoustic pressure distributiorjeifplume at 5656Hz center frequency 1/24

octave band.
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The acoustic pressure distribution predictions séibe plausible and seem to
represent expected flow in the jet plume but theneo data available to validate them.
The solution could be to compare predicted dataitaulation data created by other
researchers. Time-averaged Streamwise velocity ooostin vertical plane, from
Eastwood and Tuck®r(Figure 6.28), show excellent similarity to the astic pressure

field reconstructed by using the modified HELS fatations.

Figure 6.28: Time-averaged streamwise velocity contours inie@rplane, from Eastwood and Tucker

The methodology was further applied to 3 more sliagthin the jet plume and
acoustic pressure distributions were reconstrudied. brevity, visualizations on all 4
slices through the jet plume, for only two frequgihands are depicted. Figure 6.29 and
6.30 show reconstruction results for center fregieenof 1060Hz and 5656Hz 1/24
octave bands. It should be noted that, reconstmuetsults for all 4 slices are calculated

in only one computation and not 4 different compates for individual slices.
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Figure 6.29: Visualization of acoustic pressure distributiorep¥ slices through jet plume at 1060Hz

center frequency 1/24 octave band.

=
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o

Figure 6.30: Visualization of acoustic pressure distributiorep¥ slices through jet plume at 5656Hz

center frequency 1/24 octave band.

This investigation shows that acoustic characiesstf jet plumes be depicted
adequately by superposition of distributed monogpotgpoles, and quadrupoles. Results
demonstrate that the HELS-based NAH technologywalldor visualization of the
acoustic characteristics of a jet plume such agxent and directions of major and side
lobes. Since the measurements were taken aroundttpume, we could visualize the

acoustic characteristics of a jet plume on anysegstion in the azimuthal direction.
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6.6 Future Work

The significance of the current research cannaMegstated because it yielded an
insightful understanding of the acoustics charasties of jet plumes that cannot be
offered by conventional technologies. Comparingalioother related technologies, the
proposed modified HELS technology and its impleragoh seem to be uniquely suited
for analyzing the acoustics characteristics of tapjame. The modified HELS based
NAH technology enables one to distribute any nundferirtual sources of any type at
any location to describe an aerodynamically geedragound field. It allows for
visualizing the source strengths even inside thee qqume based on the acoustic

pressures measured outside the plume.

It is the author’s belief that current applicat@minmodified HELS method has laid
a solid foundation for future work. Any further eesch should be directed towards the
following aspects to enhance the accuracy in amaythe acoustics characteristics of jet

plumes.

1. Implementation for supersonic jet engines: Curseitp has been implemented
for a subsonic jet engine. The next step shoultblzesign a test setup with high
dynamic range and high maximum pressure limit npbomes to implement this
methodology for supersonic jet engines.

2. Implementation of Modified HELS method for instamtaus acoustic pressure
reconstruction: Current investigation uses a 62ropicone array to take 1984
measurements around the jet plume. This is onlysiples because of the

assumption that the jet plume is populated withadyéstationary sources. In
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reality, however, the turbulence eddies insideplinene may expand and drift at a
high speed after exiting the nozzle, and a hightMaember will also change the
sound field. To capture and reconstruct these igahsvents within the jet plume,
one will need to take a large array of microphottes can cover the jet plume in
one measurement.

. Improving the computation efficiency in the higleduency regime: It will be
helpful to modify the HELS formulations so as tocilidate broadband
reconstruction. This will greatly speed up theaéincy of numerical computation
for analyzing jet noise up to 30 kHz.

. Extending to moving NAH: Modify the HELS formulatie to account for a
source convection motion. This is especially im@ottin describing of a sound
field from a high-speed airflow as the high Machmter will greatly change a
sound field.

. As shown in the case study of propeller noise destussed above, the modified
HELS formulation was able to reduce the effectaffecctions from ground. With
lessons learnt from this research future reseasamery need to modify it further
to extend the methodology to include the effectsypical features of an aircraft
carrier deck, such as a Jet Blast Deflector (JBi) superposition of multiple jet
streams.

. Optimize the number of input data points needednduthis investigation and
develop a practical prototype procedure/methodoltb@gt can be implemented

with minimum effort and yield accurate source chtgazation.
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7. Optimizing Virtual Source Locations and Number: Theposed technology
signifies an extension of the HELS method that aaoount for contributions
from different sound generation mechanisms suchmasopoles, dipoles,
guadrupoles, and enable one to distribute thesealisources anywhere in the
space. The locations of the virtual sources caopbenized to best approximate a
sound field produced by a target source. In theeotrinvestigation, only three
different virtual source schemes were implemenited $eemed to be appropriate
approximation for sources in a slow speed jet plune practice however, the
algorithm should be able to identify an optimakwal source distribution scheme
automatically. An iterative process can be usedctueve this. For example, we
take a set of virtual sources on a surfEcese the modified HELS formulation to
reconstruct the acoustic pressures at the measorepmnts, and minimize
reconstruction errors with respect to measuremaitd 8y using least squares.
Next, we change the locations of the virtual sositmed repeat the reconstruction
process and carry out the iteration steps untiletiners is minimal. The resultant
locations of the virtual sources are said to béendped with respect to the set of

collected data.
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APPENDIX-A: HARDWARE COMPONENTS OF THE HELS SYSTEM

A.1 Introduction

The HELS method has proved to be an extremely dlexnearfield acoustic
holography tool in the numerical validations catriever the interior surface of a
vibrating cavity. The experiments carried out ia #xterior region during initial stages of
development have also validated the viability aocueacy of the HELS methodology13.
Though, the data acquisition has been painstakadgcambersome. Thus, the onus lies
on carving out a set of hardware apparatus thatchmat the functionality of this

methodology and at the same time keeps the costs lo

Keeping this in mind, a hardware scheme was deeeldpr application of the
HELS method to engineering problems. This systeny b divided into four major

subsystems. These are:

1. 3D Sonic Digitizer for acquiring the coordinatestioé field microphones.

2. A 64-microphone array to gather the acoustic fiefdrmation along with
the sensor signal conditioners that provide sigmalditioning and anti-

aliasing filtering.

3. Data acquisition modules for processing the anahdgyrophone signals

and storing the acoustic pressure data onto th@etanhard disk.

4. The software components: the HELS program, thatge®es the acquired

acoustic pressures to compute the unknown acopstiameters at the
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desired locations, and post-processing softwarekgums for better

visualization of the computed results.
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Figure A.1: Schematic of the hardware components of the HBis&m and data flow.
A.2 3D Sonic Digitizer for Acquiring Field Microphone Coordinates
Sonic digitizers measure the time delay betweemgulse from a sound emitter
and the detection of the signal by a sound receivéhe speed of sound is known or
measured, then the distance between the emittethaneceiver is simply the time delay
multiplied by the speed of sound. If a sound waseels from a single emitter to three or

more receivers of known orientation, and the spefethis sound wave and the time
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duration between the emitter and each receivekmaoe/n, then it is possible to calculate

the location of that emitter in three-dimensionadce.
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Pilat Calibration Assembiy
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A

S

Figure A.2: Schematic of the 3D Sonic Digitizer components.

While the sonic digitizer offers the advantage @inlg able to digitize any
material, including metals, there are some pralkchicatations that need to be observed.
Every emitter/receiver combination being used nexguil direct line of sight. In other
words, an object directly between an emitter angl r@ceivers listening to the emitter

will disrupt the digitizing process. Thus, the peomitters must face the detector array.

The higher the degree to which the speed of sosnmdaasured, the higher the

level of digitized accuracy will be. The 3D SonieglDizer supports two types of real-
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time speed of sound compensation. These methodsuneethe speed of the digitizing

environment at the time of digitizing (real time):

e Probe compensation works well in 1 Meter Mode volumes and requires
less hardware that the following pilot method. Rrammpensation relies
on knowing the distance between the two probe emitind interactively
adjusting the speed of sound until the digitizedtatice between the

emitters is correct.

e Pilot compensation is more accurate, particularly in larger volumgsn
probe compensation. Present experimental setuppiseéscompensation
for calculation of speed of sound. Pilot compemsatises an emitter fixed
at a calibrated distance from a receiver. Each tihee offset probe is
digitized, the pilot distance may also be digitizlbwing calculation of
the current speed of sound. It should be noteddiff@rences in the speed
of sound between the calibration bar location deddffset probe location
due to thermal gradients or other factors can enfae the accuracy of the

compensation method.

The schematic in Figure A-2 shows the componenth®f3D Sonic Digitizer

system.
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A.3 ICP® Microphone Cartridge Model No. TMS130C10 and Pre-Anplifier Model

Nos. TMS130P10 & TMS130P11

The ICP Microphone Cartridge employs an electric condensierophone as its
sensing element. The 130C10 mates with the 130RAAa0P11 preamplifiers by a 10-
32 microdot connection. The outputs of 130P10 @P13 is wired to an intermediate
patch panel and then to the ICP® sensor signalitondr. The nominal microphone
sensitivity is 25 mV/Pa. The complete list of teiah specifications is provided in Table

A.4. For this study the TMS 130P10 was used apth@amplifier.

Figure A.3: The ICP Microphone Cartridge Model No. TMS130C10 and Prephfier Model No.
TMS130P10.
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Response:

Free-field

Nominal Microphone sensitivity at 250 Hz (£25%)

25 mV/Pa

Frequency response characteristics:
+1 dB Guaranteed

+1 dB Typical

+1 dB Typical

100 Hz to 4 kHz
20Hz to 7 kHz
10 Hz to 15 kHz

Directivity:

Ommni directional

System dynamic range:

Lower limit (1/3 octave at 1 kHz): <15dB
Lower limit (Lin spee, 10 Hz-10 kHz): <35 uVrms
Upper limit (3% linearity): > 128 dB
Upper limit (Saturation): >132dB
Sensor impedance: =100

-10to 65 deg C

Temperature range:
(15 to 150 deg F)

Temperature effects at 250 Hz (-10 to 65 deg C): <10.5dB

Vibration sensitivity at 250 Hz (1 m/s” axial); <53dB

Figure A.4: Features and technical specifications of i1®GHcrophone Cartridge Model No.
TMS130C10 and Pre-Amplifier Models No. TMS130P10BIS130P11.

A.4 Microphone Data Acquisition (An Introduction to PXI)

The primary concern for any data acquisition systemts interface with a
computer. A better interface leads to better datterpretation and acquisition
capabilities. PCI (Peripheral Component Intercof)ndevices seem to provide the best
solution for low channel data acquisition. On th@eo hand, for high channel data
acquisition, due to low count of PCI buses on tiaadard desktop computers the use of
conventional PCI devices is prohibitive. Thus, Fagh volume data handling, a more
robust, and preferably, a standalone device isiredjdor a diminished burden on the
computer hardware structure. The solution is piteserby PCl eXtensions for

Instrumentation (PXI). PXI modular instrumentatidelivers a PC-based, standardized,
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high-performance measurement and automation sys&&ame obvious advantages of

PXI instrumentation are:

e Superior software and hardware integration

e Widest selection of measurement hardware -- DAGtriments, vision,

and motion

¢ Real-time performance with LabVIEW Real-Time

e Lower overall system costs

A.4.1 PX| Chassis

The major component of a PXI system is the PXI sisaghat can hold the
standard PXI/CompactPCl modules from hundreds oflges. Limiting this discussion
to the present study, the general purpose NI PXBl@hassis manufactured by
theNational Instruments was used as the base afdataeacquisition system. Figure A.5
shows a PXI-1006 chassis with different measuremedules. The major features and

specifications of this chassis are as follows:

e Full-featured 18-slot chassis for high-module-coapplications.

e 3U PXl and CompactPCIl modules accepted

e Multiple power supply options

e Optional battery backup

e Remote power inhibit and monitoring.
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Figure A.5: A representative photograph of an 18 slot PXI-160&ssis.
A.4.2 Data Acquisition Modules
The Dynamic Signal Acquisition Cards, NI-4472, wesed as the measurement
modules fitted inside the PXI-1006 chassis. A pietaf one of the cards is shown in
Figure A.6. A total of 8 NI-4472s equivalent to 4-éhannel data acquisition platform
were used for this investigation. The main featuaad specifications of the NI-4472

Dynamic Signal Acquisition module based PXI systemas follows:

64 simultaneously sampled analog input channelsh @modules)

e 24-bit resolution

e 120 dB dynamic range

e AC/DC coupling

¢ NI-DAQ software for Windows 2000/NT/Me/9x

The NI PXI-4472 is combined with the Sound and ¥tlon Toolset provided by

the National Instruments to perform accurate fregyeneasurement analysis.
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Figure A.6: An 8-channel PXI NI-4472 Dynamic Signal Acquisitimodule.

A.4.3 MXI-3 Link for PC Control of PXI Chassis

MXI-3 is a new technology that brings the fastesd anost flexible PC extension
technology to PXI/CompactPCIl. MXI-3 gives PCs direantrol of PXI/CompactPClI via
a software and hardware transparent link with spesggproaching 100 Mbytes/s over
distances up to 200 meters. Thus, you can now uB& dnstead of an embedded
computer to control your PXI/CompactPCl modulesiu@ng your overall system cost.
The same technology extends existing PXl/CompactiGtems to secondary chassis

providing more available slots for I/O.

The PXI-PCI-8330 series kit includes one half sR€1-8330 plug-in board,
which is installed on the computer; one 3U-size -BX30 module, which is installed in
the PXI/Compact PCI chassis; and a flexible MXIgble. The MXI-3 cable serves as a
link between the PC and the PXIl/compact PCI systeigure A.7 shows the major
components of the MXI-3 link and how it is connett® the computer and a PXI

chassis.
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A representative

3U-s1ze PXI-8330 PXT chassis
module for the chassis 4 /“A‘_-_j'é
e

. = - PCI-8330 plug-1n board
f i for the computer

MXI-3 cable interface berween
the chassis and the computer

Figure A.7: The major components of the MXI-3 link and howtlage connected to the PXI Chassis
and the computer terminal.

A.5 Calibration of Microphones

Different calibration instruments were used forilwa@ting the microphone analog
output and also the phase of the microphones \ughréference signal (white noise in

this case).

A.5.1 G.R.A.S. Pistonphone Type 42AA

The type 42AA (Figure A.8) is a precision sound rseufor calibration of
microphones. The pistonphone is battery operatedl produces a constant sound
pressure level of 114 dB equal to 10 Pa at 250 Hi206.4 dB(A). All 42AA are within
0.1 dB from the nominal value and are deliverechviitdividual calibration chart. The
pistonphone includes barometer for class 1 stagsgure corrections. For class O static
pressure corrections a precision barometers isegkedthe pistonphone can be used both
for field checks of complete measurement systents fan laboratory calibration of

measurement microphones. The features and spéicifisare given in Figure A.9.
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Figure A.8: G.R.A.S Pistonphone type 42AA and Octopus addpper RA0025.

114dB (re. 2*10-5 Pa) 0.08 dB (individually

Sound pressure level:
calibrated)

Frequency: 250 Hz
Temperature Range: -10°C to +55°C
Batteries: 4 x AA alkaline (IEC LR 6)
Accuracy: IEC 942 (1988) Class 1
Weight: 325gm

Figure A.9: Features and technical specifications of G.R.As&Rphone type 42AA.

A.5.2 Larson Davis Model CAL 291 Residual IntensityCalibrator

The accuracy of the reconstruction is strongly depet upon the phase
measurement accuracy between field microphonestl@ndeference signal. No phase
measuring devices are available but an intensitibredor may serve the required
purpose. For direct calibration or verification tife accuracy of a sound intensity
measurement system, IEC 1043 and ANSI S1.9 calkiferuse of a sound intensity
calibrator which delivers to the probe microphotiessimulated intensities at a specified
temperature, atmospheric pressure and nominal phore separation. For this
investigation, phase difference between the reterdwhite noise) signal and the probe

microphones was measured using the intensity eatiband stored in ASCII format to
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be used by LabView Vis (Virtual Instruments) fogrsal processing. Figure A.10 shows

a photograph of the calibrator.
The main features of the Residual Intensity Catdorare:

e Applies the same signal with zero phase differéncepair of 1/2" or 1/4"

microphones
¢ Driven by external signal generators

o Amplifier provides signal levels to 127 dB

Other technical specifications are listed in Figargl

Figure A.10: Larson Davis model CAL 291 residual intensity loedtor.
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Input:

Connector: BNC
Impedance: 1 M

Output:

o Sound Pressure Level), 1% harmonic distortion): 25
-127dB @ 1kHz

o SPL difference between channels: < 0.1 dB @ 1
kHz

o Maxinmm pressure-mntensity index: > 27 dB

Mechanical
Specifications:

Length 25.6 cm (10.3 in)
Width 10.0 em (4.0 i)
Height 5.3 cm (2.1 m)
Weight 1.0 kg (2.21b.)

Power:

DC Power: 9 - 16 Vde. 400 mA provided by PSA004 DC
Power Supply (included) 90-264 Vac (@ 50 - 60 Hz

Figure A.11: Technical specifications for Larson Davis modellC291 residual intensity calibrator.
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APPENDIX-B: PROCESSING AND VISUALIZATION SOFTWARE

B.1 Introduction

The output signals from the sensor signal cond#israre analog in nature and
are converted into digital format by the NI PXI-24@dynamic signal acquisition
modules. The data thus recorded is in time-domatrthe HELS methodology used for
this investigation requires the acoustic pressata dt discrete frequencies. Thus some
software modules are required to perform Fast Eourransforms (FFT) to convert the
time signals into a more refined frequency datae TtabView software package
distributed by the National Instruments seemedetdhe obvious choice because of its
seamless interface with the data acquisition harevaad easy availability of FFT and
windowing routines. Furthermore, some customizegtimes for sound and vibration

computations were also available in the LabViewrband Vibration Toolset.

For acquiring field microphone locations, 3D diggti Freept3D software and
driver were used as an interface between the ddmsoand the computer terminal. The
digitizer software gives the coordinates of theitdigd point either in Microsoft Excel
format or in ASCII format. Another commendable teatof this software is “keyboard
emulation”. This feature allows the coordinatebéonritten in any text input software as
per the format given by the user. A near seamlesmaction was formed with a
LabView program written to acquire the field michame locations by employing this

feature.

Thus, all the hardware components were controllgdthe VIs written in

LabView and the whole HELS system was controlledulgh a single GUI window. This
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increases the viability of the system as it reduttes dependability on specialized

personnel.

The acoustic pressure data over the user defiregpiéncy range processed by
LabView is then taken as input to the HELS programa the acoustic parameters are
reconstructed over the desired locations. For brethe details of LabView and HELS
programming are not provided in this thesis. Howgwmme screenshots of block
diagrams of VIs used to process the data are slaswallows. VIs were also created for
visualization of acoustic parameter’s distributiddcreenshots of such Vis are also

presented.

B.2 Modified HELS Processing VI Block diagrams

The output signals from the sensor signal cond#israre analog in nature and
are converted into digital format by the NI PXI-24@dynamic signal acquisition
modules. The data thus recorded is in time-domatrthe HELS methodology used for
this investigation requires the acoustic pressata dt discrete frequencies. Thus some
software modules are required to perform Fast Eourransforms (FFT) to convert the
time signals into a more refined frequency datae TtabView software package
distributed by the National Instruments seemedetdhe obvious choice because of its
seamless interface with the data acquisition harevaad easy availability of FFT and
windowing routines. Furthermore, some customizegtines for sound and vibration

computations were also available in the LabViewrband Vibration Toolset.
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Figure B.3a: Block diagram of the VI that prepares measured fatprocessing and calculates

coefficients and reconstructs acoustic pressura fiiven frequency range.
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coefficients and reconstructs acoustic pressura fiiven frequency range.

B.3 Visualization Software Interface

Visualization software modules were also createdofist-processing of acoustic
field distribution data generated by HELS and miedifHELS algorithms. Two different
interfaces were created for stationary and nonestaty data post processing. Figure
B.4a shows the main user interface screen of vmatain module for stationary data.
Figure B.4b shows the main interface for post-psstey time-varying data and figure
B.4c shows the main interface for post-processiaig dhat varies with rpm of rotating

machinery. For brevity, only the GUIs of visualipat software are shared in this work.
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In today’'s competitive aerospace industry, the gues quiet has drawn
significant attention to both the interior and extedesign of an airplane. Understanding
the noise generation mechanisms of a jet aircsadt erucial first step toward developing
the most cost-effective noise and vibrations abategrmethods. In this investigation, the
Helmholtz Equation Least Squares (HELS) based mé@rdcoustic holography will be
used to understand noise transmission caused bgngihe and turbulence into the

fuselage of a jet aircraft cruising at 30,000 ft.

Modern propulsive jet engines produce exterior eosources with a high
amplitude noise field and complicated charact@sstivhich makes them very difficult to
characterize. In particular, there are turbulerdiesl that are moving through the jet at
high speeds along the jet boundary. These turb@édies in the shear layer produce a

directional and frequency dependent noise. TheiraigHELS approach assumes a
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spherical source at the origin and computes thasdofield based on spherical emission
from this source. This assumption of one sourcehat origin is not sufficient to
characterize a complex source like a jet. As swuchnodified HELS approach is
introduced that will help improve the source cheeazation as it is not dependent on a
single source at the origin but a number of virs@lrces throughout the space. Custom
microphones are created to take acoustic pressaasurements around the jet engine.
These measured acoustic pressures are then takempwsto the modified HELS

algorithm to visualize the noise pattern of a sulxsget engine.
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