University of Alberta

Finite Flement Modeling of Acoustical Silencers

P

By: "‘&
©

Steven D. Bilawchuk

A thesis submitted to the Faculty of Graduate Studies and Research in partial
fulfillment of the requirements for the degree of Master of Science.

Department of Mechanical Engineering

Edmonton, Alberta
Fall 2002



il

National Library

of Canada du Canada

Acquisitions and Acquisitions et

Bibliographic Services

3395 Wellington Street
Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

Bibliothégue nationale

services bibliographiques

385, rue Wellington
Ottawa ON K1A ON4

Your file Votre rétérence

Qur file Notre référence

L’auteur a accordé une licence non
exclusive permettant a la
Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

1’auteur conserve la propriété du
droit d’auteur qui protége cette thése.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou autrement reproduits sans son
autorisation.

0-612-81364-9

Canadi



University of Alberta

Library Release Form

Name of Author: Steven D. Bilawchuk

Title of Thesis: Finite Element Modeling of Acoustical Silencers
Degree: Master of Science

Year this Degree Granted: 2002

Permission is hereby granted to the University of Alberta Library to
reproduce single copies of this thesis and to lend or sell such copies for
private, scholarly or scientific research purposes only.

The author reserves all other publication and other rights in association with
the copyright in the thesis, and except as herein before provided, neither the
thesis nor any substantial portion thereof may be printed or otherwise
reproduced in any material form whatever without the author's prior written
permission.

2228 Brennan Court
Edmonton, Alberta, Canada
T5T 6M3




University of Alberta

Faculty of Graduate Studies and Research

The undersigned certify that they have read, and recommend to the Faculty
of Graduate Studies and Research for acceptance, a thesis entitled Finite
Element Modeling of Acoustical Silencers submitted by Steven D. Bilawchuk
in partial fulfillment of the requirements for the degree of Master of Science.

Dr. . Gery Faulkner

.'/5 ) i@g p
/yﬁi’ WA s GMWQ
DA John Beamish




Abstract

Due to the increasing public awareness for noise concerns, the use of
acoustical silencers is becoming more prominent. Current methods for design and
prediction of performance are only reasonably accurate for specific design cases, and
are unable to handle the wide variety of geometrical, environmental, and material
parameters available. A numerical model, which can handle many of the various
design cases and parameters, and can be implemented along with an optimization

scheme is desirable.

The purpose of this thesis is to define and outline the various numerical
techniques used to characterize the performance of acoustical silencers. Geometrical
concerns, along with sound absorbing material, and various environmental design
parameters are included and comparisons are made between the numerical and
physical results obtained. Time and computational effort issues are discussed and
techniques for reducing both are presented. Finally, various areas where the work can

be extended in the future are mentioned.
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Chapter 1 Introduction 1

1 Introduction

1.1 Purpose of Study

The purpose of this study was to investigate the various parameters involved
in numerical techniques for characterization and design of acoustical silencers. More
specifically, the use of the Finite Flement Method (FEM) was emphasized, and
factors such as accuracy, ease of use, characterization of sound absorbing materials,

and computational effort were evaluated.

1.2 Importance of Work

Acoustical silencers are used on noise producing machinery to reduce the
level of perceived noise. Due to the increased use of noise producing mechanical
systems, and the ever-growing level of noise pollution concerns, the use of acoustical
silencers is increasing rapidly. From simple, mass produced silencers (like those used
on automobiles), to more complex, specific designs (such as those used on gas turbine
installations), the design of effective acoustical silencers is becoming a very

important facet of noise control engineering.

1.3 Types of Silencers

There are two main categories of acoustical silencers. The first category is
composed of reactive silencers. These are silencers which produce sound attenuation
by utilizing geometric properties to produce destructive wave interference. In a
purely reactive silencer, there is no sound absorbing material used. Examples of
reactive silencers include expansion chambers, side branch resonators, Helmholtz
resonators, and Quincke tubes (some shown in Fig 1). These silencers can be used
individually or, as is often the case, used in combination with each other to produce

even more acoustical attenuation [1].
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Figure 1. Various Reactive Silencers

The second category of acoustical silencers is known as absorptive. These
silencers use various sound absorbing materials to produce the sound attenuation
desired. For purely absorptive silencers, the geometry is typically constant
throughout the silencing section, with only slight changes due to the locations of the
sound absorbing material within. Examples of purely absorptive silencers include
~ acoustically lined ducts, parallel baffle silencers (shown in Fig 2), stack insert
silencers, and tubular silencers with an absorptive center “bullet”. As is the case with
reactive silencers, various types of absorptive silencers can be combined.
Occasionally, a silencing system will consist of both reactive and absorptive silencers
to provide the greatest possible sound attenuation performance over the largest

possible frequency range [1].
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Figure 2. Various Absorptive (Parallel Baffle) Silencers

(Obtained from the Universal Silencer website, www.universalsilencer.com)

1.4 Literature Survey

There has been an abundance of work previously done regarding numerical
modeling of various acoustical concerns. The literature review will be separated into
three sections. The first section deals with the Finite Element Method involved in
basic acoustic models. Next are the bulk acoustic material properties used and the
numerical methods employed to include them in the model. Finaily, the third section
involves silencer measurement equipment and techniques along with investigations

into design criteria other than those mentioned in more detail in the Thesis.

1.4.1 Basic Finite Element Methods

Books and papers on the subject of basic acoustic FEM methods are
numerous. Some of the earliest acoustic FEM method work dates back to Gladwell
[2] and Craggs {3]. Gladwell used (as a basis) the Helmholtz equation and then
variational methods were used to derive the acoustic elements along with prescribed
shape functions. The conditions imposed on this model were that pressure (p) and the

change in pressure with distance (dp/dx) be continuous everywhere and that (dp/dx)
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be zero at the ends. Craggs, using similar formulations for the FEM, investigated the
use of various element types to model the modes of an acoustic cavity. Boundary
conditions such as no flow (resulting in an acoustically hard surface), and pressure
continuity were discussed. This was also one of the few papers to actually compare
the numerical results to those obtained by measuring a physical model (the interior of
a car in this case). Finally, further to the methods presented previously, Munjal [4]
discussed the use of the Weighted Residual method (Galerkin) with respect to
deriving an acoustic finite element.

The information obtained from these sources provided the basis for the
derivations of the finite element methods, element formation, and global matrix
assembly shown in the Appendices. The basic techniques were then built on and

customized for the particular requirements of the Thesis.

1.4.2 Acoustic Material Properties

The characterization, measurement, and modeling of the bulk acoustic
material properties are very important steps in modeling absorptive silencers. Two
papers by Craggs [5, 6] were instrumental in the methods presented in the Thesis.
The papers discussed the derivation of a rigid acoustical absorptive element and how
this element could be coupled with the acoustical fluid (air in most cases) to model
specific orientations of absorptive media. Introduction of the various bulk acoustical
material properties (i.e. flow resistivity, porosity and structural factor) into the model
were discussed. The methods presented were verified by comparing the numerical
results obtained to those predicted using empirical methods (available at the time).
The numerical models showed good agreement with the empirical models.

Buma, Craggs and Faulkner [7] presented a paper on obtaining the various
bulk acoustical material properties. The paper discussed the test methods and
apparati used for the measurements, along with the various mathematical equations
required for the calculations. When combined with the numerical methods presented
by Craggs [5, 6], the result was a full set of instructions on how to obtain the bulk

acoustical material properties and include them in a numerical model.
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Various ASTM measurement standards [8, 9, 10] were followed when
obtaining some of the acoustical material properties. These standards covered the
fundamental theories and measurement methods behind flow resistivity, random
incidence sound absorption coefficients, and normal incidence sound absorption
coefficients. In addition, they provided a guideline for the expected values of various
materials, along with equipment limitations, and reliability and repeatability in the
test methods.

Probably the most comprehensive paper on the subject is that by
Attenborough [11] in which several of the various bulk material properties are
derived, discussed, and evaluated. More detail is discussed for each material property
than Craggs presented in his works, and many more properties which might be
mcluded into the numerical model at a future date are presented.

Testing was completed for the Thesis to compare the numerical results with
physical results and it was found that the methods proposed above did not provide the
most accurate numerical representation possible of the absorptive material. A further
review was completed in which newer, more elaborate techniques for inclusion of the
bulk material properties into the numerical model were discovered.

A paper by Peat and Rathi [12] discussed some new parameters which could
be included in the model such as effective mass and the frequency dependent quantity
of compressibility. Their proposed methods also account for material inhomogeneity
and acoustic anisotropy. Detailed acoustic element derivations were presented along
with the effects of varying the various acoustic material properties.

Kirby and Cummings [13] discussed the high and low frequency limitations of
various sound absorbing material models, along with an improved method for
predicting the material properties at these extreme frequency ranges.

Finally, Allard et al. [14] and Johnson et al. [15] discuss additional parameters
such as permeability and tortuosity, and how they can be included into the numerical

model.
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1.43 Measurement Technigues and Design Criteria

For the methods and criteria used to quantify the performance of acoustical
silencers, several papers and texts were used. Books by Bell [1] and Beranek [16]
provided the necessary definitions of the various evaluation criteria.  Such
measurement parameters as Insertion Loss, Transmission Loss, and Noise Reduction
are discussed, along with the various types of silencers and some empirical formulas
for predicting their performance.

Seybert and Ross [17] discussed the use of dual microphones to measure
various acoustical material properties, including the normal incidence absorption
coefficient. Detailed dertvations were presented for using the auto and cross power
spectra to measure the relative contributions of the incident and reflected portions
sound waves including the amplitude and phase information. Prasad [18] took these
methods one step further and used them to measure some of the characteristics of
engine exhaust mufflers such as acoustical impedance and sound source
characteristics.

The final group of books and papers reviewed concerned the various
additional design parameters not investigated in detail and the future direction of the
work. Beranek {16] and 1.D.Idel’chik [19] discussed the phenomena of pressure drop
of the fluid flowing through the silencer element. Various empirical formulations for
predicting the pressure drop were presented, along with the performance of various
materials.

Schultz [20] presented a very comprehensive study on the effects of perforated
materials used in acoustical applications. In particular, such factors as material
thickness, mesh size, and mesh configuration are explored and their effects on the

acoustical “transparency” of the material is quantified.
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1.4.4 Summary of Literature Review

Many papers and texts have been written on the subjects presented in the
Thesis. One of the main goals of the Thesis was to sort through much of the
previously completed work and provide an overall summary of the methods available
and to present them in such a way that they could easily by adapted.

One of the major shortcomings of essentially all of the papers reviewed is that
they did not compare their results to those obtained by physical experimentation. For
all of the FEM and material properties papers (including the very recent ones), the
results are compared to empirically derived results. One of the major themes of the
Thesis work was to compare the results obtained numerically to the results obtained
physically. In order to facilitate this, physical models were constructed and then
numerically modeled using their exact physical dimensions and material properties.
By doing this, some of the limitations of the bulk material models presented by
Craggs [5, 6] were highlighted, and newer methods were sought out to provide more

accurate results.

1.5 Current Design Methods

The current methods available for silencer design consist of either simple
performance calculations, or predictions based on previous empirical results [1, 4, 16,
21]. Formulas exist for the simplest of reactive silencers (single expansion chambers,
Helmboltz and side branch resonators), and can be used for limited design cases. For
more complicated reactive silencers or absorptive silencers however, the physical
system becomes much more difficult to describe with a mathematical formula. In
addition, the mathematical formulas derived for simple geometries are based on the
assumption of plane wave propagation within the silencing system. Once the
frequency becomes too large (wavelength becomes too small) for this assumption to
be valid, the mathematical equations can no longer be used.

For resuits based on empirical data, the usual method is to test a variety of
silencer designs and configurations, and use the gathered data to statistically predict

the performance of similar designs to those tested. These methods have proven to



Chapter 1 Introduction 8

provide relatively accurate predictions, but are limited in that the proposed design
must be of the same type which was tested to obtain the original data (a straight
parallel baffle vs. a 90° elbow for example). In addition, varying operating conditions
such as system temperature and pressure are difficult to include in the calculations. It
is for these reasons that a numerical model is preferred to include all of the various

design cases and operating conditions, as well as a larger useable frequency range.

1.6 Thesis Goals

The goals of the research were to investigate the various mathematical
parameters associated with the use of computer numerical methods, namely the Finite
Element Method (FEM). With a greater understanding of the use of these methods,
an accurate numerical representation of a physical silencer system was the main
project goal. This numerical representation was intended to have the ability to
include an infinitely variable geometric configuration for the silencer systems, as well
as the ability to include various sound absorbing materials and operating conditions.
Finally, with all of the information gathered for proper numerical modeling, methods
for solution were to be addressed to handle many of the common design cases and
associated parameters. The over-riding concern with the work was to be able to
compare the numerical results to those obtained by physical testing of comparable

systems.

1.7 Remaining Chapters

Chapter 2 discusses the various parameters used to quantify the performance
of acoustical silencers, and the methods used to obtain them. In-depth discussion and
derivations of the equations used for Noise Reduction (NR), Transmission Loss (L),
and Insertion Loss (/L), and the methods of traditional, 4-pole and 3-point solutions
are presented. Finally, evaluation criteria for each method is presented and a final
solution technique is chosen for use in the remainder of the work.

Chapter 3 deals with the use of sound absorbing materials in acoustical

silencers. The various bulk acoustical material properties are discussed, along with
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methods for obtaining them, and a table of results for various materials tested in the
study. The accuracy and limitations of the bulk acoustical material properties are also
presented. In addition, the necessary equations required for including sound
absorbing materials into the numerical model are defined, and results for normal
incidence sound absorption coefficient obtained both bhysica]ly and numerically are
compared.

Chapter 4 covers the design and use of the digital data acquisition system for
all of the acoustical measurements. The theories behind frequency dependent data
acquisition are presented, along with the methods used for the research and a
comparison between the custom software and commercially available data acquisition
equipment.

Chapter 5 ties together the methods presented in the previous three chapters
for use with a physical model of a parallel baffle silencer. The results obtained from
testing of this physical model are compared to the equivalent numerical model, and
sources for discrepancy are discussed. Finally, an in-depth study is presented where
the various parameters associated with the numerical model are investigated to see
their effects on the solution obtained. Such parameters as geometric variables with
the model, operating conditions such as temperature and pressure, and sound
absorbing material properties are investigated.

Chapter 6 deals with some of the various considerations for numerical design
of acoustical silencers. The numerical computational effort as it relates to solution
time is discussed with proposed techniques for reducing the time required. The use of
perforated material in the numerical and physical models is covered, along with a
discussion of evaluating the mechanical performance (pressure drop) of the silencer.

Chapter 7 concludes the contributions made by the work and cutlines some of
the future considerations for continued work in the area. Calculation of /L, along
with acoustical-vibrational coupling for “break-out™ noise calculations, and inclusion
of fluid flow effects are discussed. Also, future work in low frequency noise control

and potential optimization schemes are presented.
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2 Methods for Solution

2.1 Introduction

This chapter covers the various methods and considerations for numerical
solutions of acoustical silencers. Three different evaluation criteria are discussed, and
one is chosen as the criteria to be used for the remainder of the work. Also, the
various numerical techniques are discussed. Results are presented for simple reactive
silencers for each of the numerical techniques outlines, and they are evaluated to

obtain a method which is best suited for the work

2.2 Evaluation Criteria

There are several criteria used to evaluate the performance of acoustical
silencers. These include Noise Reduction (NR), Transmission Loss (7L), and
Insertion Loss (IL). Each provides frequency dependent values which describe the
noise attenuation obtained by the silencer, however, each is obtained differently and

has various measurement parameters which separate it from the others.

2.2.1 Noise Reduction

Noise reduction (NVR) is defined as the sound level reduction between the inlet

of the silencer and the outlet [1]. NR can be represented mathematically as:
NR = SPL, - SPL, , (dB) (1)
where:

SPL; = Sound Pressure Level upstream of the silencer (dB)

SPL; = Sound Pressure Level downstream of the silencer (dB)
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Two in-duct measurements are required, one upstream of the silencer and one
downstream. The upstream measurement is obtained with the silencer in place,
therefore it is subjected to both the incident sound waves propagating from the source
to the silencer, and the sound waves reflecting from the silencer back towards the
source. NR is the least used measurement criteria due to the influence of these

reflected waves on the measurements.

2.2.2 Insertion Loss

IL is defined as the difference between two sound pressure levels measured at the
same point in space before and after a muffler has been inserted [1]. It can be
expressed mathematically as:

IL = SPL - SPL

with silencer > (dB ) (2)

no silencer
where:
SPL s sitencer = Sound Pressure Level measured with no silencer in place (dB)

SPL with sitencer = Sound Pressure Level measured with a silencer in place (dB)

Note that SPL,, siencer ad SPL it sitencer @€ to be measured outside of the silencer
system at the same point in space.

IL is considered by industry to be the most desirable performance criteria due
to the fact that the sound is measured outside of the silencer system and takes into
account the interaction of the system with its environment. Because of this, IL is the
criteria that most reflects how a person would perceive the performance of the
silencer at some distance away from it. The difficulty with IL is that currently, the
sound must be measured with two system configurations (i.e. with and without

stlencer). Also, traditional FEM cannot readily be used to calculate /L.
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2.2.3 Transmission Loss

TL is defined as the ratio of sound intensity incident on the silencing element to

the sound intensity transmitted [1]. It can be expressed mathematically as:

TL = SPL. - SPL, , (dB) 3)
where:
SPL; = Incident Sound Pressure Level (upstream of the silencer) (dB)

SPL, = Transmitted Sound Pressure Level (downstream of the silencer) (dB)

TL 1s also a very commonly used parameter, and is easier to measure and
predict than /L. Unlike /L, TL is measured inside the duct and, therefore, is subject to
upstream noise reflection problems. Using the definition of 7L, however, only the
incident portion of the sound wave is used in the calculation. It is required, therefore,
that the upstream measurement be made in such a way that the incident portion can be
separated from the reflected portion. Traditionally, this was accomplished by
measuring the upstream sound pressure without the silencing element in place (hence
no reflected sound waves). Ultimately, TL was chosen because of the ease of use, and

the greater ability to compare numerical results to measured values.

2.3 Methods for Solution

Each of the criteria from §2.2 can be calculated numerically, using several
different techniques. The three techniques cutlined in this paper are the fraditional
method, the 3-point method, and the 4-pole method. Once each method is presented,
and the numerical techniques are described (§2.4), all of the methods will be

compared on worked examples (§2.5).
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2.3.1 Traditional Method

As mentioned previously, the definition of 7L is the ratio of the incident intensity
of sound to the transmitted intensity. Since intensity is difficult to measure, the
typical method is to make use of the proportionality of intensity to the mean square
pressure. As long as the inlet and outlet regions of the silencer are of the same cross
section, and the properties of the fluid (density, temperature) do not significantly

change, then the 7 can be expressed as:

TL = 20log, | 2 29| = 2010g,,|74] , (aB) 4@
p ref Y2 t
where:
p:i =rms pressure of the incident wave (Pa)
p: =1ms pressure of the transmitted wave (Pa)
Dref = reference rms pressure (2x107° Pa)
This can be simplified to the following equation:
TL =S8PL; - SPL, , (dB) ()

where it is understood that SPL; is measured without the silencer in place, and SPL, is
measured with the silencer in place, on the exhaust side of the silencer. Fig. 3
illustrates the two geometries used to measure the SPL; and SPL;. This method is how
most standards call for the 7L to be measured [22, 23]. The standards usually require
the use of an anechoic or reverberation chamber.

For use with numerical methods, the solution requires two separate solution
“runs”.  The first “run” would include the straight section of tube and the
determination of p;, while the second “run” would include the silencing element and
p: would be determined. This causes the solution time to essentially double. For cach
“run” the inlet and outlet sections need to be modeled with the characteristic

impedance boundary condition applied (impedance (z) = density of fluid (o) x speed
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of sound (c)) to mimic an anechoic source and termination. This eliminates the
effects of reflected waves with in the modeled sections. In physical testing, this is
accomplished by using sound absorbing material upstream and downstream of the
silencer to minimize the reflected sound waves. The advantage to this numerical
method is that it can be readily compared to physical measurement results on an

equivalent system, however due to the increased time and effort required, it was not

the preferred method.
bi
source transmission
—> ° Straight Tube —p
143 ..
source transmission
. Silencing System ° —b

Figure 3. Traditional Method for Determining Transmission Loss

2.3.2 4-pole Method

The 4-pole method, as its name implies, uses 4 measurement parameters for
the calculation. The derivation for the following formulas presented is well known
and can be found in many papers and texts [4, 18, 24, 25], therefore a detailed
derivation will not be given here. The parameters used in the formulation are the
pressure and particle velocity values at the inlet and outlet of the silencer with 2
different boundary condition configurations. Figure 4 illustrates the measurement

parameters for a simple expansion chamber silencer.



Chapter 2 Methods for Solution 15

source— [t py,v; silencer +! p2, 2

Figure 4. 4-pole Transfer Matrix Method Measurement Points

The corresponding equations (in matrix format) are:

-le Bl ®

p1 = sound pressure at the inlet (Pa)

where:

P2 = sound pressure at the exit (Pa)
v1 = normal particle velocity at the inlet (m/s)
v, = normal particle velocity at the exit (m/s)

and
A=@ip2)ln=0u-=1 B=@i/") |pe=0,m=1, (63, b)
C=/p2) ln=0,m=1 D=1/) |p=0,n=1 (6c, d)

For the first configuration, the particle velocity at the inlet is set to unity (one)
while the outlet is given a value of zero. Then the system is solved for pressure and
particle velocity at the inlet and outlet. The second configuration keeps the particle
velocity for the inlet at unity, while setting the pressure at the outlet to zero. Once
again, the system is solved for the pressure and particle velocity. Once all of the

values are known, the 7L is calculated by:

TL = 201ogm(%

A+—B—+Cpc+D
pc

)+1010gw§‘— , (dB) @

2
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Again, as in the traditional method case, two complete runs are required for
the solution. Also, the 4-pole method involves determining the particle velocity,
which is a difficult quantity to measure in a physical system. Because of this, it
makes the method difficult to compare to physical results. It must be noted that there
is an improved formulation for the 4-pole method that is faster than the original, while
still maintaining the 4-pole parameters [24]. Due to the programming options in
SYSNOISE (the numerical program used in this study), however, it was not possible
to evaluate the improved 4-pole method and compare it to the other methods.

The greatest advantage to the 4-pole method is that the values of the 4-pole
parameters can be used for adjoining sections of acoustical elements (i.e. additional
silencers or ducts, etc...) This is advantageous when the silencer is to be modeled as
part of a much larger system. The other sections can be modeled separately, and then
the silencer can be added in and the overall performance can be calculated. This is
opposed to the traditional and 3-point methods where the entire system must be
modeled as one complete geometry. Therefore, for individual system component
design, the 4-pole method is better, and for whole system design, the 3-point method
is better (as will be shown in §2.3.3). It is at this stage in the design, where the
method used would be chosen. |

One important note relates to the use of complex numbers. The pressures
calculated during the numerical solution with the 4-pole method will all be complex.
These numbers MUST be kept complex for use in the equations, and only converted
to absolute values at the final 7L calculation step. Keeping the numbers complex will
prevent loss of phase information. If the pressures are converted to absolute values
early in the calculation stage, the final resuits will be skewed from the actual values.

Ultimately, due to the increased computational time required and the difficulty
to compare to physical results, the 4-pole method was not chosen for the remainder of

the work.
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2.3.3 3-point Method

The final method for calculating 7L is known as the 3-point method. As its
name implies, three locations are used to determine the pressure. The derivation of

the 3-point method equation begins with the one-dimensional wave equation [26].

p &p
20D _0P_ 8
“% o ®

Eq. (8) is the pressure wave equation for planar propagation where ¢ represents the
speed of sound of the medium. Using separation of variables leads to a solution of

the form:

p(x,t)= p(x)e” ©

Eq. (9) can now be substituted into Eq. (8) to produce the following ordinary

differential equation and corresponding assumed solution:

4p(x) ng) K p(x)=0 (10)
pix) = de* (11)

where k = w/c = 2nf/c which is known as the wave number. Substituting the assumed
solution, Eq. (11), into Eq. (10) yields the final solution for pressure as a function of

distance, x.

PO) = 4™ + de™ (12)

Where 4; and 4, are found from the boundary conditions of the problem. The two
terms of Eq. (12) represent the waves traveling in the positive and negative directions.

Note that Eq. (12) is independent of time. This can be explained in two ways. First,
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Eq. (12) is solving for pressure under the assumption that the system is already in a
“steady” state of harmonic oscillations. Therefore the time dependence terms can be
ignored. The second reason is that if the time dependent terms are carried through
with the further derivations, they eventually cancel out anyway and so they were
dropped early to avoid confusion and clutter. At this point, the pressure value, p(x),
could be substituted into Eq. (9) to get the full solution of the original wave equation

but this is not necessary due to the time independent calculations used.

p,t— !

Figure 5. 3-point Method Measurement Points for Transmission Loss

Figure 5 illustrates the three measurement positions, required for the 3-point method,
in a single expansion chamber silencer. Applying the first two measurement points to

Eq. (12) results in the following two equations:

po=pe +pe™ (13)

p,=pe " +pe™ (14)
where:
p1 =rms pressure at point 1 (Pa)
p2 =1ms pressure at point 2 (Pa)
pi = rms pressure of incoming wave (Pa)
pr =rms pressure of reflected wave (Pa)
x1 = distance from silencer inlet to point 1 (m)

x, = distance from silencer inlet to point 2 (m)
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The reason that two points are required at the inlet section is because there
exists an incoming wave (from the source) and a reflected wave. This reflected wave
results from the geometry of the silencing element, (expansion in this case). For the
TL calculation, we are only interested in the incoming waves. More specifically, the
TL calculation compares the incoming sound pressure at the inlet section of the
silencer to the transmitted sound pressure at the exit section. By solving the system
of Egs. (13) and (14), we can isolate this incoming pressure value and discard the

reflected pressure value. After some manipulation, p; is given by:

ik . —ikx,
— ple p2e (15)

oo _ pridkn

D

Note that the distances x; and x; are not critical (as discussed in §2.5.4), and that the
equation can also be re-arranged so that only the measurement point spacing, x;,

(i.e. x;—x;)is required.

- ikx;y

P — P,
Pi= T (16)

Now that the incoming and exiting pressure values are known, the TL can be

calculated simply as follows:

7L = 201og, |2- (17

3
where:

p3 =rms pressure at point 3.

The pressure at point 3 can be read directly since the termination at the exit is given
the characteristic impedance (z = pc). This means that there are no reflected waves
and thus the pressure at point 3 consists only of the transmitted waves.

As noted in the 4-pole method section, the calculated pressures will be

complex. For the most accurate results, these numbers MUST be kept compiex until



Chapter 2 Methods for Solution 20

the final 7L calculation. This will ensure that phase information is not lost, as would
be the case if the complex values were converted to absolute values.

Essentially the 3-point method is just as accurate as the fraditional and 4-pole
methods, and can be implemented in a numerical scheme faster and easier. After
much testing and comparing, the 3-point method was finally chosen as the method for

use with the rest of the research work.

2.4 Numerical Technigues

Each of the various calculation methods can be implemented with one of two
fundamental numerical techniques. The Finite Element Method (FEM) and Boundary
Element Method (BEM) are widely used for various engineering problems, and can

each be applied to acoustical concerns.

2.4.1 Finite Element Method

As its name implies, the FEM divides the modeled region into many discrete
finite elements. This means that, for 2-dimensional systems, the entire area is
considered and for 3-dimensional systems, the entire volume is considered. Fig. 6
contains an example of an expansion chamber silencer which has been discretized in a

FEM mesh.
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Figure 6. Finite Element Method Discretization of an Expansion Chamber Silencer



Chapter 2 Methods for Solution 21

The acoustic wave equation is then solved in each of these smaller regions
based on information from the neighboring regions. The FEM is primarily used when
only the interior acoustic field of the silencer is to be computed. Solving purely
exterior problems, or coupled interior-exterior problems with the FEM, requires large
domains to be modeled with approximate terminating boundary conditions.
Alternatively, infinite elements, like the wave envelope method proposed by Fyfe and
Cremers [27] can be used in these situations. Both strategies require extensive
convergence testing to be trusted. In other words, to implement this method, the
outside regions of the silencer must be modeled, which is quite difficult to do with the
FEM. For these reasons, the current FEM is not well suited for Insertion Loss
calculations and should be restricted to Transmission Loss calculations.

In order to perform the Transmission Loss calculations, the desired region is
divided up into a grid of nodes and elements. The fundamental theory behind FEM
shows that each element interacts only with the elements directly adjacent to it. With
wise node numbering, the result is a banded coefficient matrix for the resulting
system of equations, which can be solved faster than a full coefficient matrix. The
biggest advantage associated with the FEM is that, since the entire area is considered
for calculation, there also exists the ability to assign different element types, and
material properties (such as flow resistivity, porosity, density, and speed of sound) to
different sections of the mesh (refer to Chapter 3). This is useful when trying to
properly model absorptive materials because different sections of the mesh can be
given different properties while still connected (“talking”) to each other.

Refer to Appendix A for a 2-D acoustic FEM derivation, Appendix B for a 2-D
acoustic element derivation, and Appendix C for a global stiffness matrix assembly

example.
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2.4.2 Boundary Element Method

Unlike the FEM, the BEM (based on Green’s theorem) is only concerned with
the boundary of the geometry in question. This means that only the perimeter of the
area in 2-dimensions or the surface area of the volume in 3-dimensions is required.
Fig. 7 illustrates a simple BEM model of an expansion chamber silencer. Each of the
dots represents an element node, and the lines interconnecting the dots represent the

elements themselves.

Figure 7. Example Boundary Element Mesh for Single Expansion Chamber

The biggest advantage of the BEM is that it can be used to compute the
interior, exterior, or both fields simultaneously. It is for this reason that the BEM is
best suited for /L calculations. The BEM only requires the perimeter of the silencer
to be divided into nodes and elements and then solved. Also unlike the FEM, each
node in the BEM mesh is inter-linked with every other node, which forms a full
coefficient matrix. The system: of equations is essentially the same as the FEM (i.e.
Eq. 50 in Appendix A) but there are no zeros in the coefficient matrix. This greatly
increases the computational time as the number of nodes increases. Finally, with
regard to absorption, since elements exist as lines {or areas in the 3-dimensional
models) only acoustical impedance values can be assigned to them. Bulk properties
such as porosity and density cannot be applied in the BEM. It is for these reasons that
the FEM is more appropriate for performing 7L calculations, and was chosen for this

work.
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2.5 Comparison of Methods for Solution

Now that each of the different methods for solution have been defined, an in-

depth comparison is required to support the decision to use the 3-point FEM as the

method used for the remainder of the work.

2.5.1 2-Dimensional Expansion Chamber

In order to compare the virtues of the traditional, 4-pole and 3-point methods,

with both the FEM and BEM, a single expansion chamber silencer was chosen. This

particular system was chosen because the plane wave theoretical values for TL are

well established and the geometry is relatively simple [1]. Fig. 8 shows the geometry

of the modeled silencer (length of 1.2m and an expansion ratio of 5).
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Figure 8. Single Expansion Chamber Dimensions

The theoretical 7L curve can be calculated by [1]:

m

2
TL=1010g10|:1+—1£(m—~1—) sin’ kL} , (dB)

where:
m = area ratio of inlet/outlet section te expansion chamber section
k =wave number (1/m)

L = expansion chamber length (m)

(18)
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The FEM and BEM meshed models are similar to those represented in Figs. 6
and 7 respectively. Figs. 9a, 9b, and 9c illustrate the results obtained with the
traditional, 4-pole and 3-point methods respectively for both FEM and BEM. It can
be seen that the results for both the traditional and 3-point methods overlay each
other exactly. The 4-pole FEM results match those of the other methods, and the 4-
pole BEM results are also very close to the other BEM results. Note that all three
methods follow the theoretical curve up until approximately 550 Hz. The reason the
results start to diverge from theory at this point is a result of the assumptions used to
derive Eq. (18). The derivation assumes that the sound waves are propagating in a
planar fashion throughout the frequency range. This assumption becomes invalid at
approximately the point when the sound wavelengths become smaller than the
expansion chamber diameter. Once the wavelengths become too small (frequency
becomes too large), the theoretical equation is no longer able to properly predict the
performance of the system. Even though the theoretical curve is no longer valid after
550 Hz, it is still shown in each figure to illustrate how the numerical results are
different from the theoretical beyond this point.

In terms of computational time required for solution, the 3-point method was
noted to be generally faster than both the traditional and 4-pole methods. Again, this
was mainly due to the fact that the 3-point method only required one computational
“run” while the other two methods required two separate “runs”. Also, the FEM was
much faster than the BEM due to the fact that the BEM utilizes a full coefficient
matrix when solving, while the FEM coefficient matrix is only partially populated. It
should be noted that a comprehensive study regarding the time parameters was not
completed for the paper and, as such, no specific time differences will be reported.

In terms of ease of use and adaptability, the differences between the 3-point
method and 4-pole method were minor. The 3-point method was a little bit faster to
modify and restart than the 4-pole method, however, compared to the overall
computational times required, this difference was not an issue. It would be easy to
automate the system to make a change, perform the run, record the results, and then
start over again. The traditional method, however, was much more cumbersome to

use due to the fact that two separate geometries were required (one for the straight
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tube and one for the silenced section) and two separate FEM/BEM runs were
required. An important note to make regarding the traditional method is with regards
to the un-silenced geometry. This geometry is essentially a long, straight, unlined
tube which has an induced particle velocity at one end and anechoic terminations at
both ends. The acoustic response of this geoinetry is easy to solve using analytical
methods, and therefore, the un-silenced FEM/BEM “runs” are not necessarily
required. However, this only applies to simple geometric cases, and other more
complicated geometries and operating conditions, may make an analytical solution
more difficult than a numerical one. Therefore, the use of a numerical solution was
employed throughout to handle all design cases.

Overall, the 3-point method was faster and somewhat easier to work with,
from a programming standpoint, than the other two methods used. Also, the 3-point
method can be implemented in a physical testing scheme much better than the 4-pole
method (as seen in §5.3.1). The particle velocities required for the 4-pole method are

difficult to measure, compared to the rms pressures required for the 3-point method.
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Figure 9c. Transmission Loss for Single Expansion Chamber with 3-point Method

2.5.2 3-Dimensional Expansion Chamber

To further verify the accuracy and viability of the 3-point method, a
comparison was performed with actual measured data from a three-dimensional,
round, single expansion chamber silencer as shown in Fig. 10. The 7L results were
measured and modeled for the case of just the expansion chamber and for the case of
the expansion chamber with a 10cm stinger (quarter wave tube resonator) inserted
into the exit side. The results are shown in Figs. 11a and 11b for the cases of without
and with the stinger respectively. Note that for Fig 11b, the TL results for the
expansion chamber alone were subtracted from the TL results for the chamber and
stinger, resulting in the 77 effect of the stinger alone. It can be seen that the results

matched very well in both cases.
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Figure 10. Full Three Dimensional Expansion Chamber Dimensions
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2.5.3 Helmholtz Resonator Example

One final design that was modeled was that of a simple Helmholtz resonator.
Again, the theory behind the response of such geometry is well established {1} and,
therefore, lends itself quite well to comparison. The resonant frequency (frequency of

greatest attenuation) for a simple Helmholtz resonator is given by:

c A
/: 2r VLV (19)

where:

¢ = speed of sound of the medium (m/s)
A = cross sectional area of the neck of the side branch (m”)

L = effective length of the neck = Length + 0.8J/4 (m)

V = volume of the cavity (m3)

Equation (19) shows that the TL of a single Helmholtz resonator should peak at one
specific frequency and then decrease sharply on either side back down to zero. In the
case of the geometry shown in Fig. 12, the theoretical frequency of maximum TL

should occur at 201.7 Hz.
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Figure 12. Three Dimensional Helmholtz Resonator

Fig. 13 shows the response of the two-dimensional model. Again, it is apparent that
the 3-point method modeled the system very well compared to the theoretical values.
Both two-dimensional and three-dimensional models were evaluated and found to

match each other within numerical and experimental accuracies.
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Figure 13. Three Dimensional Helmholtz Resonator Modeled 7L

2.5.4 Problems/Idiosyncrasies Encountered

For all three methods there were a few interesting idiosyncrasies associated
that are worth mentioning. For example, for each method, varying the length of the
inlet and outlet sections of the silencer (varying inlet/outlet lengths from 10% of
silencer length to 200% of silencer length) had a very little effect on the calculated
TL. Only at a few frequencies were any differences realized, and the largest of these
differences was never more than 0.5dB. In terms of time, shorter inlet and outlet
sections required fewer elements for the mesh. Therefore, it would be advantageous
to make the inlet and outlet sections shorter if for no other reason than to save
computational effort and time. Through much testing, an inlet/outlet length of 10% of
the silencer length was found to be an acceptable minimum length.

The derivations for all three methods evaluated assume plane wave behavior
at the inlet and exhaust sections. This is only valid for frequencies up to the point

where higher order modes begin to propagate. Beyond this range, the numerical
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results become increasingly dependent on the choice of measurement location. This
was noticed in numerical models as well as in physical system testing. Numerical and
physical testing indicates that differences arising from this phenomenon are small
compared to the TL values obtained. A more detailed analysis of these differences is
presented in §5.3.3.

With the traditional method, the main concern was with reflections from the
source side of the geometry. Some of the sound was reflected from the expansion
chamber, back to the source, and then reflected from the source back to the expansion
chamber. This set up a standing wave that was not realized when the straight tube
(with the characteristic impedance at the outlet) was used. When the post silencer
measurement, p,, was taken, this standing wave was present. This resulted in a very
large effect on the overall 7L results (to the point where they were completely
different from theoretical). As mentioned before, the way to eliminate this was to
simply model the inlet face with a unit amplitude of vibration and to give it the
characteristic impedance so that all of the waves reflecting towards it were absorbed
and a standing wave was not formed. In actual tests, the way to prevent the formation
of standing waves was to install light sound absorbing fibrous material in between the
source and the first measurement point, as well as in between the last measurement
point and the termination, so that the effects of reflected waves could be greatly
reduced.

With regard to the 3-point method, the most important area for concern was the
use of complex numbers in the calculation (as mentioned previously). When the
pressures were converted into absolute values (or measured as absolute values with a
real time analyzer or single channel FFT analyzer) there were differences with the TL
values calculated. With a purely reactive silencer, these differences were small,
however with absorption included in the model, the differences were larger. Figs. 14
and 15 show the 77 results using complex and absolute values in the calculation for a
modeled reactive silencer and absorptive silencer respectively. Fig. 14 shows a
modeled simple expansion chamber, while Fig. 15 shows the results with a measured
parallel baffle silencer with the 7L calculated from absolute values of the 3-point

method compared to the 7L calculated using the traditional method (taken as the
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correct values). Note that the differences between the complex and absolute pressure
values are small, however, the more accurate results were obtained with the complex

values.

Complex Pressures

16 1 -------- Absolute Pressures

Transmission Loss (dB)
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Figure 14. TL Response of Expansion Chamber Using Complex and Absolute Values
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Absolute Values and Measured 71 with traditional method

2.6 Conclusions

There are several evaluation criteria and solution methods to predict the
performance of acoustical silencers. Due to the reflection influences measured by
Noise Reduction, and the difficulty associated with obtaining Insertion Loss,
Transmission Loss was chosen as the criteria which would be used for the
measurements and numerical predictions. After much testing and comparison, the
FEM was chosen as the numerical scheme. The FEM is faster than the BEM, and has
the ability to incorporate bulk sound absorbing materials. Finally, the 3-point method
was chosen over the traditional and 4-pole methods because it was easier to use and
faster to implement. Also, the numerical results obtained by the 3-point method can
be directly compared to those measured from a physical model, as opposed to the 4-
pole results which are much more difficult to obtain from a physical model. The 3-

point method was used to model several different types of reactive silencers with
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varying geometries. Simple expansion chambers, stingers, and Helmholtz resonators
were modeled and found to match very well with theoretical and measured results.
Based on the results obtained in this chapter, the 3-point FEM will be the

method used to calculate the TL for the remainder of the Thesis.
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3 Sound Absorbing Materials

3.1 Introduction

In addition to the noise reduction realized by simple reactive silencers, various
sound absorptive materials can be used to gain further attenuation. In many
situations, where the mechanical effects of the silencer on the system are critical
(refer to §6.4), sound absorbing materials are used instead of reactive elements
because of the reduced pressure drop.

This chapter discusses some of the various bulk material properties associated
with sound absorbing materials, and how they are obtained. Numerical and physical
results obtained in an acoustical impedance tube are compared, and an extensive list

of results obtained for various sound absorbing materials is presented.

3.2 Bulk Matenal Properties

Materials absorb sound by two primary phenomena. At high frequencies,
absorption involves an adiabatic (high frequencies) and isothermal (low frequencies)
heat transfer in the interstices of the material due to the gaseous expansions and
rarefactions along the pore edges and in the voids themselves [16]. The second
method for absorption occurs at low frequencies in which the vibration of the fibers
causes fiber bending and fiber-to-fiber rubbing. Both of the above operations
essentially change the acoustical wave energy into heat. It is in this transfer where
the sound wave loses energy and becomes “attenuated”.

Most sound absorbing materials are composed of some sort of foam or fiber
material. Typical materials are fiberglass insulation (both soft and rigid), cotton and
woolen materials (such as fabrics, carpets, upholstery, and curtains), and steel wool
and ceramic meshes (used in high temperature exhaust silencers). All of these
materials can be characterized by their bulk acoustic material properties. These

include flow resistivity (R), porosity (Q), and structural factor (Kj).
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3.2.1 Flow Resistivity

The flow resistivity, R, is defined as the specific flow resistance per unit thickness
[16]. As its name implies, it is essentially the measure of the resistance of the

material to having a fluid flowing through it. Mathematically it is defined as:

tSAp
R=- mks rayis/m 20
T A ( yls/m) (20)

where:
= time period for test (s)
S = face area for specimen (m*)
V = volume of air passing through specimen (m*)
Ax = thickness of specimen (m)

Ap = static pressure difference across specimen (Pa)

The ASTM C 522-87 standard illustrates one way to measure the flow resistivity
[8]. The test involves placing a specimen of known thickness in a tube, shown in Fig.
16, which is connected to a supply air source. The air is turned on and the volume
flow rate and pressure difference (across the material) are measured. Using Eq. (20),
the specific flow resistivity can then be calculated.

The accuracy of the flow resistivity measurement apparatus was verified by using
an ASTM round robin test sample [28]. The round robin results for the test sample
averaged approximately 44,000 mks rayls/m, while the value obtained in the
measurcment apparatus was 44,829 mks rayls/m with a standard deviation of only
3048 mks rayls/m. In addition, results obtained from various materials matched what
would intuitively be expected based on density and thickness. These results indicated
that the measurement apparatus was quite accurate and repeatable (based on the
standard deviations obtained) as long as it was used within the flow parameters
outlined in the ASTM standard. These parameters state a normal flow velocity of 0.5
to 50 mm/s, a pressure drop across the specimen of 0.1 to 250 Pa, and a flow
resistivity ranging from 100 to 10,600 mks rayls (note the units are mks rayls, not

mks rayls/m as commonly used).
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Flow resistivity values for most sound absorbing materials range between 5,000-
60,000 mks rayls/m, although some materials, such as acoustical ceiling tiles, can
have much higher values. Typically, higher flow resistivity values result in greater
sound absorption. This starts to work in a negative way when the material becomes
so dense, that it becomes a reflector rather than an absorber (the range for this is also

dependent on the porosity and structural factor).
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Figure 16. Flow Resistivity Measurement Apparatus
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3.2.2 Porosity

The porosity of the material, £2, is defined as the ratio of the volume of the pores

or voids, ¥, , on the material to the total volume, V; [16].

@1

where:

p o = average bulk density of the porous material (kg/m°)

p r= density of the fibers (kg/m?)

The porosity is, therefore, a positive number smaller than or equal to 1, with 1 being
for open air and 0 being for a completely solid material.

One method to determine the porosity of a material involves using a water column
apparatus and an equation derived from Boyle’s law [7]. Fig. 17 shows the apparatus
used. By changing the height of the left capillary tube, the values of /4; and 4, can be

determined. The volume of voids in the specimen, V,, can be calculated by [7]:

v, = {[H }_Di ]x(A,hl)—(Atla +V,, )} (22)

h, —h,

where:

P, = atmospheric pressure (mm H,0)

h; = difference in water height, on specimen side, from rest position to new
position after left capillary tube has been raised (mm)

h; = difference in water height, on capillary tube side, from rest position to
new position after left capillary tube has been raised (mm)

A, = cross sectional area of inside of tube (mm?)

l; = length of excess air in tube between water and specimen (mm)

Ven = corrected volume is the amount of air above specimen including air

trapped in valve (mm®)
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V, can then be used in Eq. (21) to calculate the porosity.

The porosity measurement apparatus was calibrated by placing a solid metal
piece of known volume inside the test section. The porosity of this solid piece and
open volume was measured and compared to the porosity calculated from the two
known volumes. Based on the volume of the solid block, and the total volume of the
test chamber, the porosity was calculated to be 0.832. The value obtained using the
apparatus was 0.827 with a standard deviation of 0.025. In addition, similar to the
flow resistivity apparatus, the results obtained from various materials matched the
intuitively expected values, and the measurements were very repeatable (based on the

small standard deviations obtained).

Note: The left capillary tube is shown raised

{eft capillary tube

lzf-f ‘ Needle Valve
cap = Yolume of air in Needle Vaive (Vcn)

Specimen (¥s)
h2

Piston

short capiliary tube (A}

- 1 1 l
h=0 - _Ih h=0
“ i
A %
L4
-, rubber tubing
.

Figure 17. Porosity Measurement Apparatus
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3.2.3 Structural Factor

The structural factor, K, is a value that takes into consideration the pores and
cavities that are perpendicular to the propagation direction of the traveling wave and
their effect on the acoustical behavior of the material [16]. Typically the values range
between 1 and 1.3, with 1 baving no effect on the calculations. According to
Beranek, the structural factor could be basically thought of as an empirical
multiplication factor to take into account those parameters that the other material

properties do not. It can be calculated by the following formula:

K, = Q'Re {(?) } (unitless) (23)

[

where:
2= Porosity
Z, = The complex characteristic impedance of the material (kg/m*-s)

Z, = The characteristic impedance of the gas in the voids between fibers

(kg/m”s)

It was found, however, that the value for structural factor was better determined
through a systematic approach of convergence testing (refer to §3.4.2). By this, the
structural factor did indeed act as a correction factor to bring the numerical results
even closer to the measured results. This is also advantageous if one does not have

the means to acquire the complex impedance of the material.
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3.2.4 Bulk Material Results

Various materials were tested and values for flow resistivity, porosity, and

structural factor were obtained for each. Table 1 displays the results obtained for the

different materials. It can be seen that, in general, as the flow resistivity increases, the

porosity decreases and vice versa. This is intuitively expected since a decrease in

porosity means that the material’s density is increasing, which would make it more

difficult for fluid to flow through it.

Table 1. Bulk Acoustical Properties of Various Sound Absorbing Materials

Material Thickness | Resistivity [Porosity|Structural
(mm) (mks rayls/m) Factor
Green Fiberglass (mineral rock) 49 70137 0.807 2.0
Yellow Fiberglass (Fiberglass Canada Inc.) 73 14371 0.827 1.2
Pink Fiberglass R-12 {Owens Corning) 80 7484 0.846 1.1
Permacote Linacoustic Grey Foam 25 13159 0.627 1.6
ASTM E 1050-98 Round Robin Sample 25 44829 0.694 2.5
MANVILLE 814 Spin-glass, plain 34 21939 0.794 1.4
ARMSTRONG mineral fibre SA 1589 9-81J 18 387417 0.809 4.0
Kaowool Ceramic Fiber (2300F) 50 64787 0.786 2.0
Kaowool Ceramic Fiber (2600F) 50 105614 0.799 2.0
2.68 PCF Whispertone Wallboard (Schuller) 36 19378 0.858 1.3
3.0 PCF Whispertone Wallboard (Schuller) 25 20058 0.824 1.6
4.0 PCF Whispertone Wallboard (Schuller) 25 24992 0.808 1.8
1 layer 6 PCF Whispertone Wallboard (Schuller) 25 65381 0.829 20
2 layers 6 PCF Whispertone Wallboard (Schuller) 49 60105 0.829 2.0
3 layers 6 PCF Whispertone Wallboard (Schuller) 73 59964 0.829 2.5
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3.3 Sound Absorbing Materials in a Numerical Model

Once the various bulk material parameters are known, they can be included in
the numerical model. Refer to Appendix D for a full derivation of how the material

properties can be included, along with the assumptions involved.

3.4 Impedance Tube Testing

In order to verify the ability of the numerical formulations to incorporate
sound absorbing materials, an experiment was devised where results were obtained

and compared for a physical model and an equivalent numerical model.

34.1 Theory

One way to characterize a sound absorbing material is by its absorption
coefficient. The absorption coefficient (o) is defined as a ratio of the sound energy
absorbed to the sound energy incident on the material [16]. For the purposes of this
work, only the normal incidence absorption coefficient was explored. Further work
could compare the numerical calculations of the random incidence absorption
coefficient similar to that measured using ASTM C 423-00 [9].

One method for calculating the absorption coefficient is using an impedance
tube and two microphones [10, 17, 29]. The apparatus, shown in Fig. 18, consists of
a long tube with a sound source at one end, and the specimen at the other (backed by

a hard reflective surface).
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Figure 18. Impedance Tube Measurement Apparatus

The two microphones are placed in close proximity to each other and to the
specimen at the outer edge of the tube. Using a dual channel simultaneous data
acquisition system with FFT capabilities (such as an FFT analyzer), the cross power
spectra, Gi,, and the auto power spectra, G;;, can be measured, and the transfer

function, H, can be calculated using:
H=-1 (24)

Note that Gy, and Gy, are averaged quantities. Using H, the complex reflection

coefficient can be calculated with [29]:

ks .
R 2(}{,]”6 — ] e J2k(l+s) (25)
e ———

where:

R = complex reflection coefficient

H = transfer function

k=wave number, 2nf/c (m™)

s = center-to-center spacing of microphones (m)

[ = distance from the test sample to the nearest microphone (m)
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Once R is known, the absorption coefficient is calculated simply from:
a=1-|R" (26)

It should be noted that once R is known, many other parameters (such as the normal
specific acoustic impedance ratio) can be calculated. For the purposes of this Thesis,
however, the calculations were limited to the absorption coefficient. Also note from
Eqgs. (25) and (26) that the absorption coefficient is frequency dependent, thus it is not

just one specific value, rather a series of values over a wide frequency range.

3.4.2 Test Methods

The absorption coefficients were measured following the ASTM E 1050-98
standard [10]. The accuracy of the device was verified by checking the results of a
closed cell foam material to the results of an ASTM round robin test for that exact
material. The results of this test are shown in Fig. 19, with the accepted and
measured curves shown. Each material was then measured several times to obtain an
average value. Similar to the flow resistivity and porosity data, the absorption

coefficients measured had a very low standard deviation associated with them.
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Figure 19. Impedance Tube Measurement Results for ASTM Round Robin Sample

All FEM calculations were performed using SYSNOISE [30]. To begin with,
the geometry of the impedance tube was created using ANSYS [31] (to define the
nodal coordinates and element connectivity). The geometry was then exported from
ANSYS, and imported into SYSNOISE. Fig. 20 shows the meshed impedance tube
geometry.
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Figure 20. Numerical Model of Impedance Tube

(shaded region represents absorptive material)
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Note that the geometry shown is equal to that of the physical model, but the
length of the numerical model is not required to be equal to the length of the physical
model. This is because only the normal impedance is modeled and the waves are
assumed planar, therefore the distance between the vibration source and the
absorptive material can be made much shorter in the numerical model (only a few
elements in length) without affecting the results. This will save on solution time,
however, the model was quite small to begin with so the time saved was not great.
Next, the boundary conditions and material properties were assigned. The source
section was given a uniform unit vibration velocity (to mimic a sound source), and all
other surfaces were made acoustically “hard”. Then elements in the test section (for
the acoustic material to be tested) were given the flow resistivity and porosity values
that were previously determined. Finally a structural factor of 1 was chosen as a start,
and the value was slightly modified to obtain the closest possible match between the

measured and numerical absorption coefficient curves.

3.4.3 Results

Once the model was solved and the absorption coefficients were
calculated, at all of the frequencies of interest the results were compared to those
obtained in the physical impedance tube. Based on the results, the structural factor
was modified until the numerical curve came as close as possible to the measured
curve. Fig. 21 and Fig. 22 show the final results obtained for a sample of the yellow
fiberglass insulation and the ASTM round robin sample foam respectively. Note that
the numerical curves follow the measured curves quite well and are within error over
most of the useful range.

In order to obtain the errors associated with the numerical model, a sensitivity
analysis was performed on the various parameters defining the absorptive material.
Each parameter was looked at independently to see the effects of a large range of

values.
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3.43.1 Flow Resistivity

It was noticed that as the flow resistivity was increased, the absorption
coefficient increased up to a certain point where the material became too dense and
started acting as a reflector more than an absorber. The range where this phenomenon
takes place is dependent on the other parameters. Also, as the flow resistivity
increased, the differences in absorption coefficient values decreased, therefore the
dependence on flow resistivity decreases as the values increase. Figure 23 shows the
effects of varying the flow resistivity between + one measured standard deviation for
the yellow fiberglass specimen. It can be seen that the differences were small, mainly
due to the small standard deviations associated with obtaining the flow resistivity

values.
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Figure 23. Modeled absorption coefficient of yellow fiberglass with varying
resistivity values
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3.43.2 Porosity

It was noticed that as the porosity decreased, the absorption coefficients
decreased. This is due to the increased density of the material which resulted in the
pores becoming more closed. Figure 24 shows the effects of varying the porosity
values between + one measured standard deviation for the yellow fiberglass
specimen. It can be seen that the differences were small, mainly due to the small

standard deviations associated with obtaining the porosity values.
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Figure 24. Modeled absorption coefficient of yellow fiberglass with varying porosity
values
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3.4.3.3 Structural Factor

It was noticed that as the structural factor increased, the absorption coefficient
curve shifted to the left, and the number of oscillations in the curve increased until
there was almost a sinusoidal pattern. It was observed that structural factor values
beyond 1.3-1.5 resulted in very large differences between measured and numerical
results. Figure 25 shows the effects of varying the structural factor between + 10%
for the yellow fiberglass specimen. This amount was chosen based on experience
with the numerical models of the various samples. Note that small changes in

structural factor resulted in small changes in the absorption coefficients.
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Figure 25. Modeled absorption coefficient of yellow fiberglass with varying
structural factor values
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3.4.3.4 Thickness

It was noticed that as the thickness of the material increased, the absorption
coefficient increased, up to a point. Beyond this point, increasing the thickness did
not result in an increase in the absorption coefficient values. This occurred because
once the material has absorbed all it can, extra material will not absorb any more. As
expected, this increase in absorption coefficient with increasing thickness occurred at
the higher frequencies first, then filtered down to the lower frequencies as the
thickness increased. Figure 26 shows the effects of varying the thickness between +
10% for the yellow fiberglass specimen. Again this amount was chosen based on
experience in using the actual impedance tube with the samples. Note that relatively
small changes in thickness resulted in noticeable changes in the absorption
coefficients obtained (the most noticeable changes of all of the parameters). This
becomes important when considering the effects of modeling absorptive material in
any situation. Thickness is a quantity that can vary from one installation to the next,
and errors in measuring the thickness to include in the numerical model can cause

noticeable errors.
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Figure 26. Modeled absorption coefficient of yeilow fiberglass with varying
thickness values
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3.4.3.5 Various Materials

Figs. 27-31 display the measured and numerically calculated absorption
coefficients for the various materials measured in the study and presented in Table 1.
It can be seen that the results matched well for all materials tested. The only major
exception was the Armstrong Mineral Fiber, which had a very high flow resistivity
value (387,000 mks rayls/m), which essentially is beyond the generally acceptable

limits of the flow resistivity test, and thus did not model well.
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It can be seen from Figs. 27-31 that the numerical results generally matched
those obtained from the physical model. Differences between the two can be
attributed to the assumptions made when deriving the numerical equations used, as
outlined in Appendix D. These assumptions were made to simplify the geometry and
the equations, but are not necessarily indicative of the physical system. For example,
the assumptions that R is constant in all directions and that the solid is perfectly rigid

and incompressible are not entirely correct, but these assumptions simplify things a

great deal for the derivation. Also, the assumption that gf— =0 at the boundary is
n

only applicable for certain ideal situations and many circumstances (such as flow
effects, and surface irregularities) exist where this assumption is not applicable. It is
believed that the accuracy of the method is limited to the restrictions imposed due to
these assumptions. In order to increase the ability of the numerical model to mimic
the physical system, many of these assumptions will have to be removed or modified
so that the equations can account for more complications than they currently are.
Having said all of this however, it is observed that the results are still very
good, and the fact that the sound absorbing material cannot be modeled 100%
accurately, should not be a deterrent for the rest of the work. The methods used for
modeling the silencer systems as a whole are still valid, and a modified system for

accounting for sound absorbing material could always be added in later.
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3.5 Conclusions

The inclusion of sound absorbing materials in the numerical model is an
important step in being able to predict the performance of parallel baffle, or lined duct
silencer. The first step for including the materials in the numerical model was to
identify the necessary bulk acoustic material properties, and the methods for
obtaining their values. Once the flow resistivity, porosity, and structural factor are
obtained, they can be included into the derived formulation and included into the
model as an acoustic absorptive finite element. These elements can be coupled with
the traditional acoustic finite elements derived in Chapter 2 to form the entire model
for the acoustic system under investigation.

Numerical models of an acoustic impedance tube (used to obtain the normal
incidence absorption coefficient, among other parameters), compared very well
versus measured results. The results did not match exactly, which was noted to be
attributed to the assumptions used to derive the acoustic material finite element.
Again, the differences which arose were relatively small and have not deterred the
work from continuing. Future updates to the formulations could be incorporated into
the full models outlined in Chapter 5.

It is the opinion of the author that the more recent work mentioned in §1.4.2
could be utilized to improve the results of the numerical model. Incorporating these
new acoustic material elements with their corresponding bulk properties into the
methods already presented in the Thesis could improve the accuracy of the numerical
model of acoustical silencers. Further study is required with comparison to physically

obtained results.
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4 Data Acquisition System

4.1 Introduction

One of the most important components of the physical model testing is the
data acquisition system used to measure the various sound pressures required for the
evaluation criteria. After much experimentation, the method used for all sound
measurements (i.e. parallel baffle silencers, expansion chamber silencers, impedance
tube) was to use a sound card inside a computer and custom code to handle the data.
The advantage to the sound card is that it had dual 16 bit A/D converters (as most
sound cards do) and was much cheaper than a dedicated data acquisition card. The
program MATLAB [32], was used to control the sound card, read the data, and
process it. In order to achieve this, the use of MATLAB in conjunction with the
sound card as a data acquisition system had to be investigated. Areas such as
accuracy, speed, input range, data collection settings and options had to be
investigated before the main program could be written. Once completed, the results
were verified with known input signals, and the program was checked against a

known, calibrated instrument (B&K 2144 dual channel analyzer).

4.2 Equipment

The data acquisition system starts with a transducer that converts sound
pressure waves into electrical signals in an analog format (microphone). As shown in
Fig. 32, the microphone and pre-amplifier assembly send the signal to the amplifier

where the level is boosted and sent on to the sound card in the computer.
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Figure 32. Diagram of Data Acquisition Equipment Used

The sound card used was a standard Creative Labs Sound Blaster PCI (WDM)
16 Bit, two channel unit. The amplitude range was pre-set to £1V, with a sample rate
range of 0-44100Hz. All of the analog to digital (A/D) conversion was performed on
board at the sound card, and the resulting digital signal was then recorded by Matlab
for future processing. Matlab also controlled the data acquisition parameters that
could be modified with the sound card (such as sample rate, number of channels, and
measurement duration). Note that since the sound card had a 16 Bit resolution, the
dynamic range of the measurements was 96 dB.

Once the fully digital signal was obtained in Matlab, the data block was
transformed from the time domain to the frequency domain with Matlab’s built in
FFT algorithm. This frequency domain data was then processed in a number of ways
(depending on the program settings) to obtain the various output types set by the user.

All of the code for the program was written to operate with the graphical user
interface (GUI) capabilities in Matlab. This gave the user the ability to change
settings in real time without stopping the program, and acted as a perfect panel for
displaying settings, and results of the data acquisition process (refer to Figs. 33 and

34 for images of the main screen).
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Figure 33. Data Acquisition Program with Single Channel FFT “Real Time” Data
Collection
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Figure 34. Data Acquisition Program with Dual Channel 1/3 Octave “Real Time”
Data Collection
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4.3 Theory

The theory behind the data acquisition parameters involves the relationships
between sample frequency and sample duration and how these affect the acquired
signal. The first, and most important criteria is that the sample frequency, f;, must be

at least twice the maximum, or critical, frequency f..
fi 22f., (Hz) 27

This is used to prevent aliasing of the signal. For acoustical measurements, however,
the frequency content of the signal is not always known, or usually is greater than the
frequency range of interest. Because of this, there will almost always be signals
present that are beyond the critical frequency, and thus greater than % of f,. The
result is that there will almost always be some aliasing effects at the frequencies near
Jfe. This, coupled with the filter roll-off near £, can cause the captured signal to be
corrupted. In order to deal with this phenomena, the typical solution is to simply
truncate the signal at some frequency lower than f;. The factor of 400/512, is

commonly used as the ratio of useable frequency content to captured content.

400 . _ 400 £,

fuseable = gﬁfc - 512 2

» (Hz) (28)
For example, if a sample rate of 4096 Hz is used, the useable frequency limit is 1600
Hz.

With regards to sample duration, the two important factors are the frequency
resolution required, and the speed of the FFT calculation. In order to greatly reduce
the time required for the FFT calculation, it is recommended that the data block size
(time domain signal) be a number of 2" (known as radix 2). This yields block sizes of
2,4, 8,16, ..., 1024, 2048, 4096, etc... The data block size is determined from the

sample rate, f;, and the duration of the sample time, T.
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Block Size= f.T (29)

Typically, the sample frequency is pre-set based on the input signal
parameters, therefore, in order to obtain a data block size of radix 2, the duration of
the signal is usually the parameter that is altered. The choice of data block size
depends on how much discretization the user wants for the frequency domain signal.
Usually, more is better in terms of information content, but the increase in resolution
comes at the cost of greater computational time for the FFT calculation. The
following example illustrates typical parameters used for the data acquisition of a

sound signal.

A maximum frequency of 1200 Hz is required and the user wants at least
a 2 Hz resolution.

Based on Eq. (28), the sample rate required is at least 3072 Hz. Ifa 2
Hz resolution is required, the data block size for 0-1200 Hz is 600. This
number also needs to be multiplied by the factor used in Eq. (28) to give
a data block size of 1536. The closest 2" number to this value (without
being undersized) is 2048. Therefore, 2048/3072 = 2/3 seconds. With a
sample rate of 3072 Hz, and a duration of .666s, the resulting useable

frequency range would be 0-1200 Hz with a resolution of 1.5 Hz.

Once the FFT of the signal has been calculated, the results are cut in half and doubled
(to account for the complex conjugate frequency pairs) and the first value is divided
by 2 to correct for the DC offset.

An important note relates to the sample rates capable by the sound card. It
was determined that, although any sample rate up to 44100 Hz can be used, the sound
card had certain pre-determined rates that were acceptable while others skewed the
results. The sample rates of 8000 Hz, 11025Hz, 22050 Hz, and 44100 Hz, were pre-

set values for the sound card to correctly collect the data.
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Once the data had been collected, it could be displayed with the discrete
frequency values calculated, or it could be further processed to obtain whole octave or
1/3 octave band values. These values correspond to a single number (at each of the
whole or 1/3 octave center frequencies) that represents the total amount of energy
contained within the frequency band surrounding the center frequency. In order to
calculate this, all of the sound pressure levels within the band limits are added
logarithmically and the resulting number represents the center frequency value. In all
analyzers, these upper and lower band limits do not have infinite cut-off slopes, but
rather roll-off at a prescribed rate. This rate (set by the ANSI S1.11 standard) [33]
allows the levels at frequencies near the band limits to affect the neighboring band.
For the purposes of the study, the roll-off values were set to oo dB/octave, which
emulated a straight cut-off. This is not entirely correct (when compared to
international standards) but provided a very close approximation.

In order to properly calculate the sound pressure level in decibels, a correction
factor was included to relate the measured voltage with a calibrated voltage. To
accomplish this, a standard B&K calibrator (type 4231) was used to provide a signal
of 94 dB @ 1000 Hz. The signal was measured with the data acquisition system, and
the resulting voltage at 1000 Hz was set equal to the voltage for 94dB. For future
signals, the voltage was multiplied by this correction factor, and then the dB
calculation was performed. After many tests, an average calibration factor was set as
the default for the program, however, the calibration procedure was performed before
each round of testing to reset the system. Once all of the coding had been completed,
the results were verified with known input signals and vs. a standard calibrated

instrument.
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4.4 Verification

The first check that was performed was to verify that the frequencies
calculated by the system matched those which were measured. In order to
accomplish this, a function generator (Krohn-Hite model 5300 A) and frequency
counter (Hewlett Packard model 5314 A) were used, in conjunction with a small
amplifier and speaker, to generate specific tones at known frequencies. Table 2
contains the generated frequencies and the ones measured with the MATLAB data

acquisition code.

Table 2. Evaluation of Frequency Accuracy of MATLAB Data Acquisition System

Generated Measured
Frequency (Hz)| Frequency {(Hz)
40 40
59 58
80 79
99 99
200 199
1000 299
2000 2000
4999 4999
9997 9996
15009 15007

Note that the frequency counter was not always stable, and the values displayed could
easily be +1 or +2 Hz. From this it can be seen that the data acquisition system was
able to measure and calculate the frequency content very accurately.

In order to check the response of the sound card, a test was conducted where
frequencies ranging from 1 Hz to 30 kHz were generated with a Sony Tektronix
AFG320 Arbitrary Function Generator. The generator was set to a constant output
voltage of 0.1V and a sine function was generated at the various frequencies. Fig. 35
shows the response of the sound card over the tested range. Note that for the range of
greatest interest (20 Hz — 20 kHz), the fluctuations were less than 1 dB. A difference

this small is typically considered negligible for acoustic testing.
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Figure 35. Frequency Response of Sound Card Used for Data Acquisition

The next verification step conducted was to compare the calibrated sound
pressure level results, at various frequencies, measured by the MATLAB system to
the results obtained from a B&K 2144 dual channel spectrum analyzer. Fig. 36
shows the difference between the whole and 1/3 octave sound pressure levels
obtained with the B&K unit and MATLAB respectively. It can be seen that only at
the very high and very low frequencies, did the results differ by more than 3dB and
the differences were very small through most of the useful range. At the low end, this
difference was probably due to the low frequency roll-off of the sound card, and the
high end was probably due to aliasing problems (note that the 400/512 critical
frequency ratio was not used for whole and 1/3 octave frequency analysis). Also,
since the MATLAB code used o dB/octave slopes, the values were bound to be
slightly different.
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Figure 36. Whole and 1/3 Octave Sound Pressure Level Differences Between B&K
2144 and Matlab Data Acquisition System

The final verification step dealt with the dual channel data acquisition. For
the calculation of the cross spectrum between the channels, it was important that the
signals be collected simultaneously. To check this, a B&K dual channel calibrator
unit (type 4228 Pistonphone and type 3541 dual microphone holder) was used as the
source. The two microphones were inserted, and the signal was measured. The
captured time domain signal was then plotted, as shown in Fig. 37, and the time
difference between the two channels was evaluated. By taking the time difference of
the x-axis crossings, a difference of .0000184 seconds was measured, which
corresponds to a frequency of 54,347 Hz. This is beyond the maximum sample rate

of the system, therefore, the time difference can be ignored and the two signals can be

considered simultaneous.
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Figure 37. Dual Channel Data Acquisition with 250 Hz Signal

4.5 Conclusions

In order to obtain data from the physical systems used for the research work, a
proper data acquisition system was required. The system had to be variable in its use
in order to be able to handle various measurement scenarios, and had to be able to
obtain dual simultaneous measurements. By using a standard sound card built into a
personal computer, and the program MATLAB, a very accurate, easy to use data
acquisition system was devised. This system was able to perform all of the necessary
signal processing including FFT analysis, filtering, and whole octave and 1/3 octave

band resolution.
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Many verification steps were taken to ensure that the system would be accurate
enough for all of the various measurements required. These tests involved
comparison between known input signals and measured results, and between results
measured with the MATLAB system and a certified dual channel FFT analyzer.
Such tests as accuracy of frequency resolution, amplitude, and phase shift between
the two channels were performed and the system was found to meet all of the

minimum criteria for the research.
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5 Scale Parallel Baffle Silencer Modeling

5.1 Introduction

The previous chapters dealt with the basic methods and formulations required
for numerical finite element characterization of acoustic systems. The ability to
handle various geometries, and sound absorbing materials was investigated and the
results proved that the numerical models were able to describe a physical system with
a good deal of accuracy compared to known results. This chapter pulls all of the
methods together for use in the numerical modeling of a scale acoustic parallel baffle
silencer. A physical model was constructed and tested with various material and
geometrical configurations and the results were compared to those obtained in an

equivalent numerical model.

5.2  Scale Model

In order to verify the numerical model’s capability to model a parallel baffle
silencer system, a scale model was constructed and the acoustic performance was
measured for various configurations. Some of the physical considerations given at
the design stage of the model related to variability of baffle configurations, the
adaptability of future testing requirements (elbows, different test section dimensions,
etc..) and the ease of use for numerous different tests. In terms of acoustical
concerns, the model was required to be acoustically sealed from the outside, the
construction material used needed to be strong and massive to avoid excessive
vibrations, and there needed to be sufficient length between the source and the test
section to assure planar propagation of the sound waves. Due to all of the above
design considerations, the model was designed in three sections. Fig. 38 shows the
side view of the model with the various sections and microphone and sound source

locations.
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Figure 38. Scale Parallel Baffle Silencer Model

5.2.1 Geometry/ Sections

The first section was built as a long straight section for the purpose of
allowing the waves to propagate in a planar fashion from the sound source located at
the far left side. Empirical results show that a minimum length of 3 equivalent
section diameters is required in order for the waves to become planar (much like
turbulent fluid flow becoming laminar). Because of this, the section was 600mm x
600mm square with a length of 2400mm, which gave 4 equivalent diameters. The
600mm dimensions were chosen to give the test section enough size to accommodate
several baffle configurations, while keeping the overall size (mainly due to the
required length) to a minimum. The entire section (and essentially the entire model)
was constructed from 19mm ( %” ) MDF wood. It was chosen because it is very
dense, inexpensive, and relatively easy to work with. The entire first section was un-
lined except for the face where the drivers were located. This face was covered with
75mm of fiber-wool (holes were cut out for the drivers) to minimize reflections.
Finally, the exit side was open to allow the sound to enter into the second section.

Located at the inlet side of the first section, was the sound source. It consisted
of two 200mm and two 25mm PSB Speakers International drivers mounted in a
sealed enclosure. The drivers were powered by (in the following order) a General
Radio Company model 1382 Random Noise Generator producing white noise, a

White Instruments Inc. Series 4000 1/3 octave equalizer, and a Bogen Flex-Pak



Chapter 5 Scale Parallel Baffle Silencer Modeling 75

model CHS-20A amplifier. The equalizer was used to create a frequency response
curve (upstream of the test section) that was “flat” or of equal sound pressure level in
each of the 1/3 octave bands.

The second section was built as the test section. It is where the baffles were
located. Similar to the first section, it was 600mm x 600mm x 2400mm (with the two
ends open to allow passage of the sound waves) and was made from 19mm MDF. At
the two ends of the vertical (side) faces, were slotted sections made of steel. These
sections accommodated bolts, which could be manipulated up and down to adjust the
location of the baffles. In addition, the top and front side panels opened (using
hinges) for easy access to the baffles. For each of the four slotted sections, a door
was made that could close and seal the opening of the slot. These doors, along with
the edges around the top and side panels, were lined with a closed cell foam to
provide an acoustical seal. The baffle sections themselves were supported by metal
racks made from 25mm angle and thin wire mesh. Each rack was 2100mm long and
allowed for support of a 600mm x 2100mm baffle. These racks were supported by
the adjustable bolts at the four corners and allowed for the absorptive material to be
placed upon them. Because of the complete variability of the system, an infinite
number of configurations could be achieved, including different baffles lengths,
spacing, thickness, and even staggered positions.

The third section was used as the termination section. Again, like the other
two sections it was 600mm x 600mm and made from 19mm MDF, but it was only
1500mm long. Extra length of this section was not required since the waves simply
terminated here. The inlet end of this section was open to connect with the second
section, but the exit end was closed off with MDF. Inside at the far end was 600mm
of pink fiberglass insulation. This was installed to provide an equivalent anechoic
termination for the sound waves so that they would not reflect back into the test
section. Testing was done to ensure that this 600mm amount was adequate for proper
absorption of the waves. To accomplish this, a sound level measurement was taken at
the inlet of the third section without any absorption in place. Then small amounts of
absorption were installed, and the system was re-measured at the same location, until

there was no difference noticed in the response of the system. This point was found
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when the thickness was approximately 300mm, however there remained plenty of
room, so the thickness was doubled to ensure that the termination was as absorptive
as could be (given the material used).

At all of the joint locations for the sections, closed cell foam was placed along
the mating surfaces. Once the closing latches (located around the perimeter of the
mating surfaces) were secured, the foam acted as a barrier for the sound and sealed
the entire unit. Finally, along the top and front faces of the first section (exit side) and
third section (inlet side) holes were drilled for microphone locations. For each hole, a
small plug was made for use when there was no microphone at that location. The
entire unit measured approximately 6600mm long (with the driver enclosure
installed) and was raised 900mm above the ground on wooden supports. Figures 39
and 40 are photographs of the model with the test section door closed and open

respectively. Figure 41 is a close-up image of the adjustable baffle section.
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Figure 39. Physical Model with Test Section Door Closed
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Figure 40. Physical Model with Test Section Door Open

Figure 41. Physical Model, Adjustable Baffle Detail
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5.2.2 Limitations of Scale Model

Based on the geometry and construction materials used in the scale model,
there were several limitations that required consideration when measuring 7L for
various configurations. For example, one limitation was the low frequency extension.
Due to the 2400mm length of the inlet section, wavelengths beyond this length were
unable to form properly. This means that frequencies below approximately 140Hz
did not provide accurate results. Also, due to the 600mm cross section geometry,
higher frequency modes could have been present to cause problems in the cross
dimensions.

The main limitation of the model involved the difference in sound pressure
levels measured before and after the test section, and the factors which affect this
difference. All silencers have a practical limit for the TZ they can achieve because of
a phenomena known as “path flanking”. The sound traveling down the duct of the
silencer has three paths it can take to get to the receiver. The first path is directly
through the fluid medium in which the originally generated sound is traveling (i.e. air
in this case). The second path is through the material of the silencer walls (the
wooden panel in this case). This occurs because the sound in the air upstream of the
test section excites the panels of the silencer, the vibrations are transmitted through to
the exit of the test section, and the vibrating panels then excite the air on the exit side.
The third path (although much reduced in acoustic energy from the first two) is by
sound radiating through the panels in the inlet section to the outside air, then re-
entering the model at the exit side of the test section. These second and third paths
are known as the flanking paths.

Because of the sound energy transmitted by the flanking paths, the silencer
elements cannot create an infinite noise reduction. If the sound energy transmitted
directly through the air on the inside of the model is eliminated, the flanking path
energy wiil still exist. This limits most parallel baffle silencers to a maximum 7L of
approximately 50dB [16]. This amount varies slightly due to the construction
techniques used in the silencers. Fig 42 shows the results of a test conducted where

the entire test section was filled with pink fiberglass sound absorbing material and the



Chapter 5 Scale Paraliel Baffle Silencer Modeling 79

TL was measured. It can be seen that the maximum 77 level attainable was about
45dB.
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Figure 42. TL of Silencer Model with Full Test Section of Pink Fiberglass Insulation

Yet another factor contributing to the maximum 77 attainable is the difference
between the transmitted sound energy (through the silencer section) and the ambient
background noise. Most measurement standards call for a difference between the
measured noise and ambient noise of at least 10dB [9, 10, 22, 23]. If the difference is
any less than 10dB, then the ambient noise can affect the results. For the physical
model, the sound pressure level attainable at the source side of the test section was
about 85dB. The ambient level measured at the termination section (with the sound
source off) was approximately 40dB. This means that even if the silencer was able to
reduce the transmitted sound level by more than 45dB, the transmitted sound would
be equal to or less than the background noise. Therefore the maximum 7L attainable
would be approximately 45dB. In order to eliminate this issue, a louder source

section (or correspondingly quieter ambient noise level) would be required.
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The fact that these limitations exist is not detrimental to the use of the physical
model for testing. The important thing to note is that these limitations do exist and
results cannot be expected beyond those realistically attainable.  Silencer

manufacturers face these kinds of issues every day when designing.

5.3 Measurement of Transmission Loss

With the model constructed and the data acquisition system working, the next
step was to begin to measure TZ values in the silencer. As mentioned in §2.3, there
are two main ways in which 7L can be measured, namely the traditional method and
the 3-point method. The traditional method follows the definition of T exactly, and
therefore is accepted as the standard method by which all others are to be compared.
To that end, a comparison was performed to verify that the 3-point method
(essentially new at the time of writing this Thesis) would give the same results as the
traditional method. Before the 3-point method could be used, however, a different

formulation was required.

5.3.1 Measured 3-point Method Theory

The formulation for the 3-point method was given in §2.3.3, where Eq. (17)

can be re-written as;

—ik Xy,
- e
TL = 20log,, } ;’1_ gze_,.mmg , (dB) (30)
3 3

This is how the 3-point method is used theoretically, and when incorporating into a
numerical modeling scheme such as the Finite Element Method. When using
measurement equipment, the complex pressures are difficult to obtain, so a slightly
different approach is taken [10, 18, 17, 34].

The following presents a derivation of the 3-point method that incorporates

the auto and cross power spectrum obtained by most dual channel simultaneous
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measurement systems. To begin with, start with the general solution to the 1-D wave

equation for points 1 and 2 [26]:

P, =( e p e””“') (31a)
})2 :(PI e—ikx2 +})r eikxz) (31b)
where: k= 2nf/c (wave number) (1/m)

w = frequency (rad/s)

Fig. 5 (on page 2-9) illustrated the location of the 3 points used as well as the
incident, P;, reflected, P,, and transmitted, P,, pressure waves. As mentioned before,
for transmission loss, only P; is required from (31a) and (31b). This quantity cannot,
however, be measured at a single point, since P, will also be present. This is why
there are two points measured (resulting in two equations and two unknowns). The
difficulty is in the measurement of the complex values for P; and P,. To solve this
problem one can obtain the following auto and cross power spectrum from points 1

and 2 with a dual channel, simultaneous data acquisition system:

B, = RP (322)
P,=PP (32b)
P,=RP (320)

where P;” and P,” denote the complex conjugates of P; and P, respectively. These
quantities of Py;, P2;, and P;; (represented by capitals because they are vectors in the
frequency domain) are readily measured.

Now (31a) and (31b) can be combined into (32a), (32b), and (32c) to obtain the following:

Py =R F +BF +PFe’" (332)

r

*

P,=PP +P P +PPe*t" (33b)

r
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})12 =})i})i*e-ik (xl——xz) +})r})r*e ik (x,~x,) +})i1)rek(x,+x2) (330)

Which can be written in the more common notation:

})11 :Pii +Prr+Pirekal (34&)
Py =F;+P, +Pe*"™ (34b)
1)12 — })ii e—ik (xl—xz) +I)rr e ik (x,—xz) +Br ek(x,+x2) (340)

It can be seen, that by measuring Py;, Py, and Py, and knowing x;, x;, and £, the
system of equations can be solved for Pj;, P,,, and P;,. As mentioned previously, only
P;; 1s of interest for transmission loss, therefore, the system of equations can be solved

for Pii .

_Pu (E‘DB) +P22(DA-E) +})12(B~A)
“ (B- 4)(C - D)

(35

where: A=e™(e +e)
B=¢*® (e"i + ei)
C =g Hax)
D =¢'*ta)

E :ek(x1+x2)(e-i +ei)

Once Pj; is known, the third point can be used to measure the transmitted sound
pressure, P, where:

f=FEF (36)
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Finally, the transmission loss can be calculated by:
P,
TL = 10log,, Pl (dB) 37)
u

Again, the important thing to note is that the measurements at points 1 and 2
MUST be taken simultaneously. This is necessary in order to obtain the proper phase
in the cross product between the two. Also, the numbers must be kept in complex
form until the very end when the 7L is actually calculated. If the absolute value of
any complex number is taken before the final step, phase information will be lost and

the results will not be precise.

5.3.2 Comparison of traditional and 3-point Methods

Actual implementation of the 3-point method is quite simple. All that is
required is a dual channel simultaneous sound measurement system and the
appropriate microphone locations (P;, P, P;3).

The traditional method was used as the standard by which the 3-point method
would be compared. To accomplish this, the incident sound pressure (P;) was
measured with the test section completely empty, and then baffles of sound absorbing
material were installed for the transmitted sound pressure (P;). This same baffle
configuration was used for the three sound measurements used for the 3-point method
(P1. Py, P3). Figure 43 displays the results of the traditional and 3-point methods for
a section with one 100mm thick baffle of yellow fiberglass insulation, along with the
difference between the two. The values are presented using 1/3 octave analysis. Two
dashed lines have been placed on the graph to illustrate a £ 3dB region. This region
has been chosen as the range in which no perceptible difference between methods
would be noticed by the end user, and as a region in which repeatable test results can
be expected. It can be seen that for all of the useful frequency range, the differences
between the two methods were very small, and follow the center (0dB difference) line

very well. Similar to Fig. 43, Fig. 44 displays the results for two baffles of 50mm
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thick green mineral rock insulation. Again, it can be seen that the differences

between the fraditional and 3-point methods were very small.
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Figure 43. Transmission Loss Comparison of Traditional vs. 3-point Method for
Single Baffle of 100mm Thick Yellow Fiberglass Insulation
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Figure 44. Transmission Loss Comparison of Traditional vs. 3-point Method for
Two Baffles of 50mm Thick Green Mineral Rock Insulation

5.3.3 Practical Considerations / Measurement Concerns

During the testing and use of the 3-point method, different measurement
parameters were investigated and evaluated. The first dealt with the center-to-center
microphone spacing between locations 1 and 2. Fig. 45 shows the 7L results for the
same 2 baffles of green mineral rock insulation as in Fig. 44, with variances in the
microphone spacing. It was found that for small microphone spacing (less than
approximately 30mm for 13mm (%4”) microphones), the results were very repeatable.
It was only at the very high frequencies (approximately greater than the 6300Hz 1/3
octave band) that there were any noticeable differences. Once the spacing began to
increase, however, the results became less accurate and repeatable. It was observed
experimentally, that with 13mm microphones, a center-to-center spacing of less than

approximately 30mm gave the most consistent results.
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Figure 45. Transmission Loss with 3-point Method and Different Center-to-Center
Microphone Spacing Between Points 1 & 2 for Two Baffles of 50mm Thick Green
Mineral Rock Insulation

The next issue dealt with the location of the microphones relative to the test
section.  Several locations for points 1, 2, & 3 were e¢valuated. Various
configurations such as side vs. top mounting and different distances from the test
section were tried. Fig. 46 shows the 7L results for 2 baffles of green mineral rock
insulation with different positions for measurement point 3. For the most part, the
results were close to each other, and followed the same general trend as seen in Fig
45. Similar results to those of Fig. 45 were obtained when the microphones were
located on either the top or side of the model (for a rectangular section). The
difference between the two is in how the baffles were oriented compared to the
microphones (parallel vs. perpendicular). Fig. 47 shows the TL results when the
microphones were placed on the top and side at equivalent locations. Again, the
results were quite similar and both curves followed the same general trend. Finally,

Fig. 48 shows the results when the microphone at point 3 was moved off of the
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center-line of the model. Once again, the differences were small and the same

general trends were observed for both curves.

‘45 T [ T T T ] H il 1 T
—— 135mm from test section
401 ---- 435mm from test section |,
-e— 735mm from test section
35+

1 1 A i i 1 [l i i
80 125 200 315 500 800 1250 2000 3150 5000 8000
Frequency (Hg)

Figure 46. Transmission Loss with 3-point Method and Different Locations for Point
3 for Two Baffles of 50mm Thick Green Mineral Rock Insulation
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Figure 47. Transmission Loss with 3-point Method and Different Microphone
Mounting for Two Baffles of 50mm Thick Green Mineral Rock Insulation
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Figure 48. Transmission Loss with 3-point Method and Center-Line vs. Off Center-
Line Microphone Mounting for Two Baffles of 50mm Thick Green Mineral Rock
Insulation
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In general, it is hypothesized that differences at specific frequencies were the
result of multiple wave interference caused by reflections within the model
Preliminary data suggests that within a duct, small differences in downstream and
upstream microphone locations did not affect the results appreciably. The closest
match between the traditional and 3-point methods was obtained when the center-to-
center microphone spacing was kept quite small (less than 30mm for 13mm
microphones), the locations of all three points were kept quite close to the test
section, and the three microphones were all aligned along the centerline of the
particular side on which they were installed. Of course, each test situation will be
different and subject to a variety of microphone location issues, however it has been
observed that small geometric differences do not result in large 7L differences.

With regards to the data acquisition system, most measurement systems allow
for data acquisition and FFT analysis with several resolution settings (i.e. 400, 800,
1600 lines), and frequency range settings (i.e. 3200Hz, 6400Hz, 12.8kHz) as well as
different averaging schemes. The choice for these settings is dependent on the
requirements for the specific silencing element being tested. It is recommended that
the resolution setting be as large as possible, and the measurements be averaged over

such a time that convergence is observed.
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5.4 Numerical vs. Measured Scale Model Results

With all of the measurement issues covered, the next step was to compare the
results obtained for the numerical model to those obtained in the physical model.
Various materials and baffle configurations were tested to verify the validity of the
numerical model, and differences and limitations were identified. Figures. 49-51
show the TL results for 3 different materials (shown in Table 1) with 3 different baffle
configurations. For each case, error bars were placed on the curves to illustrate the
range of probable error with both the measured and numerical results. For the
measured results error values, a range of £3dB was chosen based on numerous tests
and experience with the data acquisition system. For the numerical results error
values, the statistical testing errors for each of the bulk acoustical properties were
included in the model to get max/min 7L values, along with the average value.

It should also be noted at this point, that the results are presented in 1/3 octave
band frequency analysis. While the resolution of 1/3 octaves with the measured 7L
values is very straight forward, the conversion to 1/3 octaves with the numerical
results is not. The data presented in each 1/3 octave band is a value that represents
the total sound energy in that band. As stated in Appendix A, the numerical solution
1s solved at each specific frequency of interest. These frequencies can be considered
as having a finite value with an infinitely small width, therefore there is no real
energy associated with each value. Because of this, the frequencies solved in each
1/3 octave band cannot be summed together in an energy fashion necessary for the
typical 1/3 octave representation. To deal with this several methods of converting the
values to 1/3 octaves were investigated. The most accurate solution was an average
of the resulting 7L levels from the numerical solution for each of the 1/3 octave
bands. This was determined by comparing the numerical 7L solution for a simple

model in 1/3 octave bands with the known solution for that given geometry.
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Figure 49. TL for Two 80mm Thick, 225mm Long Baffles of Pink Fiberglass
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Figure 50. TL for a Single 73mm Thick, 225mm Long Baffle of Yellow Fiberglass

Insulation
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Figure 51. 7L for Three Equally Spaced, 50mm Thick, 225mm Long Baffles of
Kaowool 2600F Ceramic Fiber Insulation

It can be seen that the results match very well, especially within the error
range for each respective method. Solid lines at +5 dB represent the acceptable range
for the difference between the two curves. This value was chosen based on
experience with the measured data, and because differences of less than 5dB are
considered acoustically small. A difference of 3 dB, for example, is the amount by
which most humans will just begin to notice that there is even a difference, while a
difference of 10 dB is considered to be a factor of 2 (half or double) from the original
sound. For most of the useful frequency range, the difference between the measured

and numerical curves does indeed lie in between this +5 dB range.
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5.4.1 Sources for Discrepancies

At this time, it is not entirely understood where the differences between the
measured and numerical results come from. Since the purely reactive silencers
modeled almost exactly, the most reasonable explanation is that the bulk parameters
entered in for the sound absorbing material, although measured accurately, cannot
account for all of the acoustical behavior of the material, as mentioned in §3.4.3.5.
This was first noticed with the modeling of the normal incidence absorption
coefficient. The numerically calculated values, while close, were not exact when
compared to the measured values. It is surmised that in order to obtain more accurate
TL predictions for absorptive silencers, the way in which the sound absorbing
material is characterized and included in the numerical model will need further
investigation.

The other main reason for the differences between the measured and
numerical values is because of the sound path flanking discussed in §5.2.2. The
numerical model did not have vibro-acoustical coupling included in the calculation,
so no flanking was able to be modeled. Unfortunately, it is not known how much of
an impact this would have caused, since there is no clear method for determining how
much energy is radiated directly through the model, and how much is transmitted due
to flanking.

Finally, at low frequencies, the thicknesses of the various materials used
should have resulted in very low TL values (as predicted by the numerical and
empirical models, and based on experience). Despite this, some large 7L peaks were
noticed at very low frequencies. This was likely due to the total model length (refer
to §5.2.2). Standing waves could have resulted which would cause constructive or
destructive interference at certain frequencies, resulting in uncharacteristic and
unpredictable 7L results at the low frequencies. The large differences in the 630 Hz
band, for example, may have been the result of some cross modes due to the 600mm
cross section dimensions.

Of course the issues mentioned above do not take away from the relative

accuracy of the results with the current methods. It was observed that the numerical
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results followed the measured results quite well for all of the varying geometries, and

material compositions.

5.5 Numerical vs. Empirical Scale Model Results

One of the main reasons for using a numerical method is to have a more
accurate tool for design. The currently available empirical methods involve
extrapolation of previously gathered empirical data. That is, they are based on prior
experiments that have been completed and use some sort of statistical analysis to
extrapolate the data to non-tested cases. The major method investigated, as proposed
by Munjal and Beranek, is the most common method used {4, 16]. It has been
compiled from numerous tests performed on different baffle configurations, and
material types. A set of standard curves has been published which can be used either
graphically, or by using the numbers for an interpolation scheme in a computer
program. The advantages to this method are that it is relatively easy to use and
program into a spreadsheet, and for limited ranges of geometries, it is fairly accurate.
The disadvantages, however, are more numerous.

The first disadvantage to the method proposed by Munjal and Beranek is that
the geometries that it can handle are limited. The method is really designed to handle
baffle sections with multiple whole baffles in the middle and half baffles on either
side attached to the outer walls of the silencer. In all fairness, this is indeed the most
common configuration, but if a deviation from this geometry is desired, the empirical
formula is not able to deal with it. Also, curved sections, and staggered baffle
orientations are not covered in this method, and the user is left to use some other
empirical “guessing” schemes to extrapolate the standard results to the particular
situation. Finally, the empirical models only allow for the inclusion of the absorptive
material’s flow resistivity values. Again, while this is the most important acoustic
bulk material property, it is possible to have materials with similar flow resistivity
values and different porosity and structural factor values, thus producing different

sound absorption characteristics.
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It was found through use and testing of this method, that the results generally
agreed with those measured and obtained numerically. Fig. 52 shows the 7L results
for a single baffle and two half baffles of green mineral rock insulation with the
measured, numerical, and empirical 7L results. It can be seen that the results matched
fairly well, especially at the lower frequencies where little absorption is occurring, but
at the high frequencies, the results diverge. It was observed, through several
examples, that the empirical method tended to over-predict the TL values at the peak
frequencies. 1t is for this and all of the above reasons that a numerical model is

preferred, since it can consider all of the design issues that the empirical model

cannot.
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Figure 52. TL Results for a Single Baffle and Two Half Baffles of Green Mineral
Rock Insulation

Yet another more recent method, is that proposed by Brandstatt [21]. It is
essentially the same as that proposed by Munjal and Beranek, but much more

detailed. A larger amount of data has been collected and a much more rigorous
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statistical analysis has been completed to come up with better empirical data. This
data and the method associated is available in a program called CompAS [21]. The
results obtained from this program (although not evaluated by the author) appear to be
much better than those obtained by the previous methods available (as indicated by
the results presented in the paper). It is important to remember, however, that this is
still an empirical formula and falls prey to the same design issues that its predecessor
has.

5.6 Comprehensive Parametric Study

Once confidence in the numerical results compared to the measured values,
was obtained, many of the geometric, bulk material, and environmental parameters
were studied separately to see their effect on the 7L of the system. The following
sections were obtained from results of the numerical model of the scale silencer
model. Unless otherwise noted, the cross section of the duct modeled was 600mm x

600mm and the length of the baffles was 2250mm.

5.6.1 Baffle Length

The geometrical parameter that has the greatest impact on the overall 7L of a
silencer system is the length of the baffles. In most situations, it is advantageous to
make the baffles as long as possible (given the space limitations) if a large amount of
TL is desired. For the tests, a system of one single baffle in the middie (10cm thick)
along with one half baffle at the top and bottom (5cm thick) was modeled. The R, £2,
and K, values used were 20,000 mks rayls/m, 0.8, and 1.0 respectively, and the
temperature and pressure were 23°C and 700 mmHg. Baffle lengths were varied
between 10cm and 3m.

Figs. 53 and 54 show the 7L results with several of the different baffle lengths
tested. It can be seen that, in general, as the length increases, the 7L increases. This
effect is frequency dependent and has less of an impact at the very high frequencies

because the high frequency sound is mostly absorbed in the first part of the baffles,



Chapter 5 Scale Parallel Baffle Silencer Modeling 97

and longer lengths will not add much to the absorption. At low frequencies, however,
there is a definite gain by increasing the length.

Fig. 55 shows the dB ratio of 7L for different baffle lengths. As a general
rule, it can be said that as the length changes by a factor of 2, so does the TL.
Similarly, factors of 3 and 4 (not shown) were also observed to have a similar effect.
It was observed that this only started to become valid when the shorter of the 2 baffle
lengths was at least as long as the larg est cross sectional dimension of the duct (i.e.

width or height).
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Figure 53. 7L with Varying Baffle Length (10cm ~ 50cm)
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5.6.2 Baffle Thickness

Similar to changes in length, an increase in the baffle thickness generally
increases the 7L values. The difference is with regards to the frequency dependency
of the increase. It should be noted that the data presented was obtained by increasing
the baffle thickness while maintaining the overall cross sectional dimensions and the
baffle spacing constant. The result of this is that the percentage of open area
decreased as the baffle thickness increased. This was done to eliminate the effects of
baffle spacing on the study. The environmental variables and absorptive material
properties, along with the overall silencer dimensions are the same as those
mentioned in the previous section, and the baffle length was set to the default value of
2.25m.

Figs. 56 and 57 show the results of modifying the baffle thickness. It can be
seen that as the thickness increased, the 7L values increased. The effects are more
pronounced at the higher frequencies first, and then start to move down to the lower
frequencies. This is expected since attenuation at higher frequencies is easier to
obtain than at lower frequencies. The thickness of any absorptive material needs to
be quite substantial before any appreciable gains in low frequency absorption are
realized. Another result that can be seen in the figures relates to the maximum
attenuation possible. Once all of the energy is essentially absorbed, an increase in
baffle thickness will not improve the 7L values. Again, this happens at the higher
frequencies first and then starts to filter down to the lower frequencies.

One final important note is with regard to the 7L levels. The figures display
very high values. This is due to the fact that the numerical model is not taking noise
flanking into account. Therefore the theoretical maximum 7L values are almost
limitless. In reality this is not the case and most silencers are only capable cof
maximum 77 values of about 50dB. The important thing is the relative difference

between the various curves, and not so much what the amplitudes are.
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5.6.3 Baffle Spacing

The effect of changing the baffle spacing is an inverse one to that of changing
the baffle thickness. As the baffle spacing increases, the TL generally decreases. In
order to eliminate the baffle thickness effects, the thickness was kept constant at
10cm. Therefore to change the spacing, while keeping the thickness the same, the
total height of the silencer was modified and, as a result, so was the percent open area.
The environmental conditions and the absorptive material properties were set to the
same as the previous sections, and the total length of the baffles was set to 2.25m.

Figs. 58 and 59 show the effects of changing the baffle spacing and, as a
result, the percent open area. Again, similar to the baffle thickness study, it is
important to note that the 7L amplitudes are not necessarily important on their own
and that it is the relative changes that are of concern. It can be seen that as the baffle
spacing increased, the 7L values decreased. Also, at higher spacing values, the 7L
values behave normally below a certain frequency range and then drop off sharply
beyond this point. This occurs because after this region, the spacing is so large, that

the sound waves can pass through essentially un-impeded.
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5.6.4 Percent Open Area

There was no specific study done to see the effects of changing the percent
open area, since this parameter could not be changed while keeping both the baffle
spacing and thickness constant. Since both of the previous two sections dealt with
modified percent open area, conclusions will be drawn based on their data.

It is apparent, from Figs. 56-59, that as the percent open area increases, the 7L
decreases. This is very analogous to the sound transmission through a solid wall
section where the amount of open area (compared to the wall area) has a large impact
on the total sound reduction. The main difference is that with sound transmission
through a wall, there is a large difference for a small change in percent open area at
first, and then the differences reduce as the hole opens up. The same general trend
was not observed with the calculated parallel baffle silencer 7L values. It appears
that, while the relationship is not linear, there is a fairly constant progression in

decreasing 7 with increasing percent open area.

5.6.5 Staggered Baffles

A common practice in silencer design is to have multiple sections of baffles

oriented in a staggered fashion, as illustrated in Fig. 60.
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Figure 60. Parallel Baffle Silencer with 2 Staggered Baffle Columns
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The reason this is done is to eliminate the line of sight through the silencer. This has
a large impact on the high frequency 7L characteristics of the silencer. Fig. 61 shows
the results of staggering vs. non-staggering for a similar model to that shown in Fig.
60. The two versions modeled had the same baffle thickness, spacing and absorptive
material composition. The total baffle area was essentially the same and the total
length of the system was unchanged. The difference between the two is that the non-
staggered model had one column of 2 full and 2 half baffles along the entire length of
the silencer. The staggered model had 2 columns. The first column was similar in
composition to the non-staggered model with the exception that the baffles were
essentially half as long (similar to the illustration in Fig. 60). The second column was
composed of 3 full baffles, again approximately half as long as the full length baffles.
It can be seen that at the lower frequencies, there is little to be gained by staggering
the baffles. At the higher frequencies, however, the increase in TL is quite
substantial. The frequency peak at which the largest increase in 7L was realized,
corresponds to the half wavelength of the baffle spacing. It cannot, however, be
concluded at this time if this is a general rule. Further study into staggered
geometries is required before any substantial conclusions can be drawn. Several
different baffle configurations with variable spacing would be required, which would
require a large physical model (larger than the current one) for verification.

In general, the price paid for this increase in 7L is an increase in pressure drop
across the silencer (the flow path becomes more difficult), but there are many
applications where this increase in pressure drop is a worthy price to pay for the

increase in TL. For more on the pressure drop across the silencer, refer to §6.4.
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5.6.6 Flow Resistivity Values

With the geometrical concerns addressed, the attention was then turned to the
bulk acoustical absorptive material properties. As stated earlier, the most important
bulk material property is the flow resistivity, R. It is a value that quantifies the
material’s resistance to a fluid flowing through its pores. It is also the quantity that
most directly relates to the material’s ability to absorb sound. A numerical model was
created with a single full baffle in the middie and 2 half baffles at the walls. The total
length of the baffles was 1.0m with a thickness of 15cm, and a percent open area of
50%. This geometry was used for the porosity and structural factor sections as well
as temperature and pressure effects. For this model, the structural factor was held at
1.0 and the porosity was set to 0.8. As before, the air temperature and pressure were
set to 23°C and 700 mmHg respectively.

Figs. 62 and 63 show the effects of changing R. It can be seen that for high
frequencies as R increases, the 7L increases. At low frequencies the opposite happens
and as R increases, the 7L decreases. It is not known why the low frequency
attenuation behaves in this fashion, however, the TL differences at these low
frequencies for various R values, were quite small and are essentially negligible. The
other important result seen on the figures is that the TL values increase with
increasing R up to a certain point, and then they decrease with increasing R. This is
expected, because increasing R is the result of a more densely packed volume of
material. After a certain point, this material will become so densely packed that its
absorption will reduce and it will begin to reflect more of the sound energy than it had
before. The R-value of 200,000 mks rayls/m (which is much higher than practical for
effective sound absorption) illustrates this fact very well. The R-value at which the
maximum attenuation is reached, is different for every situation. Depending on the
baffle geometry, the porosity, and the atmospheric conditions, etc... this value will
change. The problem then becomes one of optimization. For this particular

geometry, the optimal R-value was approximately 20,000 mks rayls/m.
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5.6.7 Porosity Values

The other major bulk acoustical material property is the porosity, £2. This is
the quantity that describes the ratio of open volume to the total volume (i.e. porosity
for air = 1.0). Again, as in the case of R, a numerical model was created in which
various (2 values were tested. The geometry was the same as in the §5.6.6, as well as
the environmental properties and the structural factor. The R-value used was 20,000
mks rayls/m.

Fig. 64 shows the effects on 7L of varying (2 through a large range of values.
It can be seen that there is very little dependence of TL on 2. At the very low and
very high frequencies, the differences are negligible, and at the middle frequencies
(where the largest differences occur) there was a very consistent shift of 1dB for
every 0.05 change in £2. Even at an extremely low (2 value of 0.2, the TL curve was
very consistent with the others and its results were predictable. Testing indicated that
the values of £2 are easily attainable to within £0.05, which would result in very

negligible variance in predicted 77 values.
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5.6.8 Structural Factor Values

The final bulk acoustical material property is the Structural Factor, K. This is
a value that takes into account the viscous effects of the path traveled by the sound
wave as it propagates through the material. Again, the geometry, and environmental
conditions used were the same as §5.6.6. The R and (2 values used were 20,000 mks
rayls/m and 0.8 respectively.

Fig. 65 shows the 7L results with K; varied from 1.0 to 5.0. It can be seen
that, similar to the porosity data (Fig. 64), at the very low and very high frequencies,
large changes in K| resulted in negligible changes in TL. At the mid-frequencies,
there was a very noticeable change in 7L with changes in K. Typical accuracy for K
fell in a range of 0.2, which would result in a maximum change of approximately
2dB (based on the model used, this value could change slightly for other geometries).
It can be seen, however, that the 7L results are much less dependent on K; than they
are on R.

The other important result seen on Fig. 65 is what happens when K is
increased to a very large value. It was observed that at values above K; = 3.0, the TL
curve began to exhibit a sinusoidal response. This can be seen starting to take shape
with K = 3.0 and becoming very pronounced with the value of K; = 5.0. Of course,
this result is specific to the given geometry and remaining bulk material parameters,
but the same general trend was observed with other configurations. This serves as
additional evidence that the value of K should be kept as small as possible, (ideally
under 2.0) and should rarely exceed a value of approximately 4.0 (based on test

observations).
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5.6.9 System Temperature

One of the main advantages of the use of a numerical model is that a wide
range of environmental conditions can be imposed which might otherwise be very
difficult to simulate in a laboratory environment. Using this advantage, several air
temperatures were imposed ranging from ~100°C to 2000°C. The geometry used for
the models was similar to that outlined in section §5.6.6 and R, {2, and K values were
20,000 mks rayls/m, 0.8, and 1.0 respectively. In addition an atmospheric pressure of
700 mmHg was used.

Figs. 66 and 67 show the 7L results for the wide range of temperatures used in
the model. It can be seen that as the temperature increases, the 7L curve shifts to the
right (higher frequencies) and the 7L drops at frequencies lower than the peak. This
result is supported by Beranek [16] in which an explanation is stated as:

“...due to the increase in the propagation speed of sound with

increasing temperature. In addition, one also observes distortion

in the shape of the attenuation-versus-frequency curve. This is

caused by the increase in the flow resistivity of the porous

material, which in turn is due to the increasing viscosity with

increasing temperature.”
By this, it is apparent that that the operating temperature of the system is an important
factor in the design. However, small differences in temperature do not affect the
results by an appreciable amount, as illustrated by the 0°C and 50°C curves.

It should also be noted that using the numerical model, it is possible to assign
different temperature values to various regions of the model. This would be useful if
there is a large temperature gradient from the inlet to the exhaust of the silencer.

Again, by using the numerical analysis, various temperature gradients could be tested.
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5.6.10 System Pressure

Very much like the operating temperatures in a silencer system, various operating
pressures can be modeled numerically much easier than recreating them in a
laboratory situation. Various pressure values were modeled ranging from 690 mmHg
to 770 mmHg. All geometrical and absorptive conditions were the same as in the
previous section, and a temperature of 20°C was used.

Fig 68 shows the 7L results for the various system pressures tested. It can be
seen that the effects of a wide range of pressure values are negligible over the entire
frequency range tested. This is not a surprise since the sound pressure level
measurements are taken relative to the ambient pressure, so the effects of the variable

ambient pressure should not be a factor, especially over such short distances.
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Figure 68. TL Results with Varying Atmospheric Pressure
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5.7 Conclusions

Several important steps in the research work were discussed in this chapter.
First, the construction of the physical model was presented, along with the various
factors and limitations to consider while testing. Next, the traditional and 3-point
measurement methods for 7L were compared and it was found that the 3-point
method, with a slightly different derivation (required because of the difficulties in
obtaining complex pressures with the data acquisition equipment) gave similar results
to the traditional method (accepted as the standard to which all other methods are
compared).

With all of the numerical model and physical model methods taken care of,
the 7L results obtained from each method were compared for various geometrical and
absorptive material configurations. It was shown that the results matched very well,
with the majority of the discrepancies associated with the bulk material property
characterization in the numerical model. Also, the results obtained using current
empirical methods were compared to those obtained with the numerical models, and
shown to be generally comparable. These empirical methods, however, are not able
to handle the wide range of geometrical and environmental configurations that a
numerical method deal with.

Finally, a comprehensive parametric study was conducted where various
geometrical, material, and environmental properties were examined separately to see
how each affected the 7L results obtained in the numerical model. Table 3 outlines a

summary of each of the parameters, and what their effect was.
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Table 3. Summary of Effects of Various Parameters on Transmission Loss
Parameter Effect on Transmission Loss (TL)
Baffle Length As length increases, TL increases. In general changing length results in a
linear change in 7L.
As thickness increases, TL increases, up until the point of maximum
Baffle absorption where no more sound reduction is possible. These resuits are
Thickness frequency dependent with higher frequencies being reduced first, then lower
frequencies. Note that at very low frequencies, a large amount of material is
required for sound absorption.
As baffle spacing increases, TL decreases. At high enough frequencies, the
Baffie . . - )
Spacin spacing allows the sound waves to essentiaily pass un-impeded, which
P 9 Imeans that as the spacing increases, this frequency decreases.
As % open area increases, TL decreases. As in baffle thickness and spacing,
% Open Area [the results are frequency dependent based on the thickness of the material
and the spacing between baffles.
Keeping all other parameters the same (i.e. total baffle volume, and material
Staggered type), staggered baffles will yield higher TL values than the equivalent non-
B:?fgfles staggered orientation. This increase in TL is predominant at higher
frequencies due to the loss of line-of-sight through the silencer. Low
Frequencies simply pass through as they would without the staggering.
As flow resistivity increases, 71 increases up to a maximum point where the
Flow . .
P material starts {o act less as an absorber and more as a reflector. This
Resistivity - PN ;
maximum point is different for each material.
Porosit As porosity decreases, TL decreases, however, small changes in porosity (i.e.
Y 0.1) result in negligeable changes in 7L (2 dB).
TL is not as dependent on structural factor as on resistivity. Only at middie
Structural frequencies does any effect of changing the structural factor appear. Beyond
Factor values of 3, the TL resulis start to exhibit sinusoidal results. The value of
structural factor should idealy be kept under 2.0.
As temperature increases, the TL curve shifts to the right (higher frequencies),
Temperature and the TL drops at frequencies lower than the peak. However, small
P changes in temperature result in negligible changes in 7L (a change of 50
degrees C, results in a TL change of less than 1 dB).
Pressure Large changes in pressure result in negligible changes in TL. A range of 690

mmHG to 770mmHG resulted in a maximum of 1dB change.
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6 Design Considerations

6.1 Introduction

The previous chapters dealt with the fundamental issues concerned with using
a numerical method to characterize an acoustical silencer. Factors such as geometry,
sound absorbing material, and environmental concerns were addressed and quantified.
This chapter deals with some of the other design concerns which will have an effect

on the design process.

6.2 Computational Effort

One of the main concerns with the use of a numerical method is the time
involved in setting up and solving the system of equations required to describe the
system being evaluated. Even with the speed of modern computers, it is very easy to
have a system that may take many hours or days to solve.

The factor that directly affects the number of equations, and therefore the time
required, is the number of elements in the model. Obviously, it can be seen that as
the model grows physically, the number of elements will increase. Another factor
that affects the number of elements is the size of each element. The smaller the
element, the more of them are required to fill the model. Finally, the element type
effects the number of elements based on the number of nodes per element. For
example, more linear elements would be required than quadratic or cubic elements
because the higher order elements contain more nodes. The element size has a direct
relation to the frequency range that can be accurately modeled by the system. In
order to accurately interpolate the sinusoidal nature of sound waves, a minimum of 6
nodes per wavelength are required. With this constraint, it can be seen that as the
wavelength decreases (or in other words, as the frequency increases) the element size
needs to be made smaller to properly solve the system at the small wavelengths (or

high frequencies).
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It is also important to realize the nature of how the equations themselves are
set up in order to appreciate the effect of increasing/decreasing the number of
elements. For example: with a two-dimensional model, cutting the element size in
half (in order to double the maximum frequency attainable) results in an increase of
4-times the number of elements. Since, the equations are in a matrix format, this
makes the matrix 4x4-times larger for an increase of 16-times. Suddenly, the number
of equations that need to be solved has grown dramatically. It would, therefore, be
beneficial to have methods to simplify the model to decrease the number of equations.
While there are potentially many ways in which this can be accomplished, the three

with the greatest impact will be discussed.

6.2.1 2-Dimensional vs. 3-Dimensional

The first and best way to realize a time savings is by using 2-D models instead
of 3-D models, if the geometry permits. For example, with the case of the parallel
baffle silencer model used for the research, the cross section is the same throughout
the entire depth of the model. In a case like this, a simple 2-D cross section numerical
model can be used to predict the same results as the full 3-D model. The advantage to
this is in the number of elements required for the discretization of the area vs. the
volume. As previously discussed, increasing the number of elements increases the
time in an exponential fashion, therefore the jump from 2-D to 3-D has a very large
impact on the time required.

The concern with this method is that it only works if the sectional view is the
same throughout the entire depth. Models of round silencers, or square ducts with
irregular sound absorbing material will not transfer from 3-D to 2-D directly. The
best way to deal with these types of geometries is to take advantage of lines of

symmetry, as discussed in the next section.
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6.2.2 Symmetry

The other time saving method is to exploit any geometrical symmetry’s in the
model. By simply cutting the model in half, as shown in Fig. 69, the time can be cut
in half (approximately).

: Line— 0—1: symmetry :

Figure 69. Planar Symmetry for Single Expansion Chamber

For circular shapes with a plane of axi-symmetry, the three-dimensional tube section
can be modeled as an area and then numerically revolved around an axis to form the
whole volume, as shown in Fig. 70. This can reduce the number of equations down
from those required for a three-dimensional object to those required for a two-

dimensional object (approximately).

) e

Full Model Axi-Symmetric Model

Figure 70. Axi-Symmetry for Three-Dimensional Single Expansion Chamber

In order to verify the use of symmetry in the numerical model, the full 3-D
expansion chamber from §2.5.2 was modeled as a full model, a half model, and an
axi-symmetric model. Figure 71 shows that the full, half, and axi-symmetric models
matched exactly with each other. Utilizing lines of symmetry could be applied to
more complicated geometry's to greatly reduce the time required and to simplify the

model.
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Figure 71. Transmission Loss for Silencer with Full 3-D, Planer Symmetric, and Axi-
Symmetric Numerical Models

With regard to a parallel baffle silencer, the multiple symmetries in the model

can be used to reduce a large problem into a much smaller one. If the silencer is

simply composed of several equally spaced baffles, the system can be approximated

by a single section representation. Fig. 72 shows an example of a parallel baffle

silencer with 2 full baffles and 2 half baffles, and how it can be reduced to a system

with just 2 half baffles.
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Full Section with 2 full and 2 half baffles

Figure 72. Parallel Baffle Symmetry Example
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Various tests were performed with several different configurations of baffle numbers
and reductions to planar symmetric and single section representations, and there was
no difference in the 7L results for the full system or any of the symmetrical reductions
of that system. Fig. 73 shows the results obtained for a full model with 3 full and 2
half baffles, the half model with 1 full and 2 half baffles and the minimum model with
2 half baffles.
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Figure 73. Full Model, Half Model, and Two Half Baffle Model TL Results

The reason why a full baffle can be represented as two half baffles along the
wall is due to the path the sound wave takes while traveling through the baffles. For
the full baffles, as shown in Fig. 74, the wave passes through the entire baffle and its
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energy is reduced along the way. When passing through the half baffles along the
walls, the total path is composed of the passage through the baffle to the wall (which
is modeled as completely reflective) and then the reflected wave passage back
through the baffle into the.open area of the silencer. Thus the total path length is
equal to that of the full baffle, and the amount of energy absorbed will be equal.
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Figure 74. Sound Wave Paths Through Baffles in Silencer

By employing these geometrical symmetries, great time-savings can be
obtained. It is therefore advantageous for any model to take advantage such

symmetry’s before any other time saving technique is applied.

6.2.3 Multiple Models

One other time reduction technique involves dividing the solution scheme into
models with different element sizes. The reason this is beneficial, is that for the lower
frequencies, it is possible to have a much coarser mesh. Due to the nature of human
hearing (based approximately on a percentage scale), most of the frequencies that
need to be calculated for a whole octave or 1/3 octave analysis are at the lower
frequencies (less than 1000 Hz). Using a finer meshed model to calculate these lower
frequencies is unnecessary and will simply be a waste of time.

For example: using 1/3-octaves between 20-8000Hz, there would be a total of 27

center frequencies to be calculated. One can model the geometry with an element
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size that calculates the 20-4000Hz range (for 24 out of the 27 center frequencies), and
then another finer meshed model to get the remaining 3 center frequencies, as shown
in Fig 75. By doing this, the mesh size can be cut in half (resulting in a matrix that is
1/16 the size as that required for the 8000Hz frequency) for 89% of the calculations.
When applied to a particular simple two-dimensional system, a reduction in time of
13-times was achieved (compared to performing all the calculations with the high
density mesh). Of course this time reduction is case specific but similar results

should be attainable in most situations.

Figure 75. Fine and Coarse Mesh Sizes for Similar Geometry

It is this kind of time saving technique that would lend itself well to an
optimization scheme. Due to the fact that additional meshed models are required, the
time will increase. However, as discussed in the previous paragraph, by separating
the solution mto different frequency ranges, great time savings can be achieved.
Depending on the geometry and frequency range of interest having more than 2
different element sizes may result in even faster solution times. On the other hand the
most efficient solution may result from only one element size. Further investigation

is required to determine which would be the best method for solution.
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6.3 Perforated Material

Typically, acoustic silencers which employ the use of sound absorbing
materials also use some sort of perforated liner material (usually, perforated mesh
metal) as a protective cover. This perforated metal is used as a barrier to contain the
absorptive material and keep it from blowing out of the silencer system. Because the
perforated metal is installed in between the sound absorbing material and the open
passage, its acoustical effects are very important. Fortunately, there has been
extensive work done in this field. In his book, Schultz [20] describes the many
acoustical uses and implications for perforated metal material. The proposed value
for rating the acoustic transparency of the perforated material is the transparency

index (77). This index is calculated by the following:

_nd® _0.04P

77 =
1 ma

ta
Where:
n = number of perforations per square inch
d = perforation diameter (in)
t = sheet thickness (in)
a = shortest distance between holes (in)

P = percent (not fractional) open area of sheet.

Once the 77 is calculated, Fig. 76 can be used to determine the frequency dependent
sound attenuation caused by the perforated metal. It is apparent that as the 77
increases, the amount of attenuation by the perforated metal decreases. Also, as the
frequency decreases, the attenuation decreases. The ideal case is to have zero
attenuation, which would indicate a completely acoustically transparent material.
What is important to note from Eq. 38, and Fig. 76, is that it is possible to have two
perforated materials with the same percent open area, and different perforation
orientation (different n,d and a values) which would result in different levels of
acoustic transparency. In general, as the percent open area increases, so does the 77

value, but it is stressed that this is not always the case.

5 (38)
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Figure 76. Perforated Material Attenuation with Various Transparency Index Values

(Obiained from Acoustical Uses for Perforated Materials: Principles and Applications, by Theodore J.
Schultz, Ph.D.[20])
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In order to confirm the use of Eq. (38) and Fig. 76, a tests were conducted in

the physical silencer model with and without perforated material. An installation of
one full baffle and two half baffles of green mineral rock insulation was used with
and without the inclusion of the perforated metal mesh. The metal mesh had the
following geometrical parameters (d = 0.1 in, b = 0.188 in, ¢t = 0.03 in, n = 33
holes/inz, P =1259%, a = 0.088 m). Fig. 77 shows the TL results for the two

configurations tested.

40 T T T T T T T T T T T T
— Without Perforated Metal -

a5l | 7O With Perforated Metal
-5 Difference

L A 1

i i i i i i
1256 200 315 500 800 1250 2000 3150 5000 8000
Frequency (Hz)

Figure 77. TL Results With and Without Perforated Metal Mesh

It can be seen by Fig. 77, that there was essentially no difference between the results
with and without perforated material. The calculated transmission index (using Eq.
38) was 1420. Using Fig. 76, the corresponding attenuation values at some of the

whole octave center frequencies were calculated, as shown in Table 4.



Chapter 6 Design Considerations 126

Table 4. Predicted Perforated Material Attenuation

Frequency (Hz)l 1000 I 2000 I 4000 ‘ 8000

Attenuation (dB) 0 0.5 ‘ 1.5 l 2

Obviously, the predicted attenuation is very low across most of the useful
frequency range. Also, the fact that the attenuation increases at the higher
frequencies, matches the results shown in Fig. 77, where the two curves start to
deviate from each other more at the high frequencies. It can, therefore, be concluded
that by using Eq. (38), and Fig. 76, the effect of the perforated material on the
acoustic performance of the system can be predicted. Note also that this method
could easily be incorporated into a simple program which would accept the initial
variables and produce a chart of attenuation values, similar to Table 4.

The main advantage in knowing that the formulations presented in this section
can be used to predict the performance of the perforated material deals with the
numerical model. For most cases, it is not always necessary to include the perforated
material in the numerical model, since it is easy to add in the effects after the model
has been solved. Including the perforated material increases the time required for the
numerical mesh generation, and requires a finer element size to properly account for
the perforations. This can become a large problem when the size of the perforations
is very small (materials can easily have 3mm — 5mm perforation diameters). The
numerical mesh size required to properly model geometries of this scale is very small

which would result in a very high element count for the model.

6.4 Pressure Drop

One of the most important design considerations is how the silencer is going
to affect the rest of the mechanical system in which it is installed. The biggest
concern deals with the effective pressure drop across the silencer. In almost all
design cases, there are limits set for the total pressure drop that the silencer is allowed
to have. The problem is that the design factors which provide good acoustical

performance also tend to increase the total pressure drop. Because of this, the final
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design is usually a balance between what the acoustical goals are, and what the
mechanical system limitations are. Fortunately, the parallel baffle design typically
results in smaller pressure drops than that of reactive silencers such as expansion
chambers. It is for this reason that parallel baffle silencers are typically chosen for
applications where the total pressure drop is of great concern.

In order to calculate the total pressure drop across the silencer, the geometry and
the fluid flow conditions are required. The following equation, outlined by Beranek,

[16] can be used to calculate the pressure drop:

v? PLK
AI)T = p £ Kentrance+Kexit + L (39)

2 A

Where:
APr = total pressure drop (Pa)
p = density of fluid (kg/m® )
v, = silencer passage velocity (n/s)
Kentrance = entrance loss factor
K. = exit loss factor
K= friction loss factor along baffle length
P = wetted perimeter (m)
A =total open area (m?)

L = total length of baffles (m)

The loss factors are determined from a table of values that has several groups of
geometry types. As shown in Fig. 78, the entrance and exit loss factors depend on the
shape and dimensions of the inlet and outlet sections of the baffles (round, square,
tapered, etc), while the friction loss factor depends on the length of the baffles and the
baffle spacing.
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Figure 78. Entrance, Exit, and Friction Loss Factors for Various Geometries
(Obtained from Noise and Vibration Control Engineering, L. Beranek [16])
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These tables are provided in the book by Beranek [16], and can be found in
almost any fluid mechanics or HVAC design textbook. In addition, a detailed process
for calculating the entrance and exit losses has been presented by Idel’chik {19]. One
of the assumptions made for Eq. (39) is that the flow through the material is
negligible. Based on how much more difficult the path through the material is
compared to the path along the edge and the fact that the pressure is the same on each
side, this assumption is not hard to accept.

The use of Eq. (39) is an iterative process due to the inclusion of the passage
velocity. As the total open area changes, so does the passage velocity, so several
iterations through the formula are required to obtain the minimal pressure drop given
the acoustical design constraints. Work was done with Eq. (39) to see the effects
between entrance, exit, and friction losses, however, each silencer design will have a
unique geometry, so direct comparisons/conclusions cannot be made. Once again, by
using the numerical methods outlined in the previous chapters, and then calculating
the pressure drop, an iterative process could be programmed to produce the optimal

design given the initial constraints for pressure and geometry.

6.5 Conclusions

The considerations presented in this chapter had some relation to the
numerical methods discussed in previous chapters. The time saving techniques
presented can be used to reduce the numerical effort required for solution. For small
single run models, these savings might not have a large impact, but for the larger
geometries and for models in which optimization schemes will require multiple
solution runs, the time savings could be quite large. The greatest impact resulted
from the use of multiple symmetry in full parallel baffle silencers, where it was
proven how the full model could be reduced to a single set of baffles.

It was shown that the acoustic effects of perforated materials (used for
containment of the sound absorbing materials) can be predicted relatively easily by
simple calculations. For most materials, inclusion in the numerical model is not

required, as this could slow down the computational process a great deal. Finaily, the



Chapter 6 Design Considerations 130

pressure drop across the silencer unit was discussed and some formulations were
presented. The calculations themselves were quite simple, and would lend
themselves very well to a small computer program. Due to the iterative nature of the
methods used for pressure drop, the design process of the acoustical performance and
the pressure performance would also lend themselves very well to an optimization

scheme for the total silencer system design.
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7 Conclusions and Future Considerations

7.1 Thesis Contributions

The major information presented in the Thesis involves the comparisons
between the various numerical methods outlined, and the results obtained through
physical testing. Most of the numerical models were based upon physical systems
and factors such as geometry and material properties were kept constant between the
physical and numerical models. This is one of the major contributions of the Thesis
since most of the papers written on the subject do not compare the numerical results
to physically obtained results. Various considerations and idiosyncrasies were
covered and limitations for the various methods were discussed.

It was found that the method best suited for modeling of transmission loss was
Finite Element Method with the 3-point method. This method was the fastest, most
accurate, and easiest to implement. With the above mentioned method for solution, it
was found that purely reactive type silencers could be modeled to essentially match
with what is expected empirically and experimentally. Once absorption was included
in the model, the results were found to match reasonably well. This was attributed to
the methods used to include the bulk material properties into the numerical scheme.
A review of more recent papers revealed some newer techniques for inclusion of
sound absorbing materials, and it is believed that these methods can be included into
the methods presented in the Thesis (for the model as a whole) to obtain an even more
accurate solution.

In addition to the numerical methods presented, a modified 3-point method for
measuring Transmission Loss was presented. This method requires three (3)
measurement points, and enables the test to be conducted with the silencer installed
(which is the greatest advantage resulting from the new method). Previous methods
required that two separate test be conducted; one with the silencer removed and one
with the silencer in place. A comprehensive set of comparisons was performed to

verify the accuracy of the new method, along with thie limitations of use. One of the
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other advantages to the new method is that it follows along with the numerical
solution method. With this, a direct comparison can be made between the physical
and numerical results obtained.

Another major contribution of the Thesis dealt with the issues surrounding the
numerical solution times. Methods for reducing the model size, and increasing the
efficiency of the numerical solution were presented and it was shown that using some
simple techniques can dramatically reduce the computational effort required (and

hence the time required) while maintaining the accuracy of the solution.

7.2 Future Considerations

It has been shown that the numerical model is able to predict the transmission
loss performance of both reactive and absorptive silencers very well. The design
concerns presented in the previous chapter are of great importance to the overall
performance of the silencer system, however, there are other considerations that must
also be addressed if a true, all encompassing, design package is to be obtained. If

higher accuracy is desired, then some of the following concerns need to be addressed.

7.2.1 Insertion Loss Calculation

Throughout the study, the performance parameter that was used was
transmission loss (7L). Ultimately, the insertion loss (/L) values would be desired,
since these numbers are used most commonly by industry. The prediction of IL is
more difficult to obtain than 7L because of the methods required. For the TL
calculations, only the interior of the silencer system was considered, which led to the
use of the Finite Element Method (FEM) and the 3-point measurement method. For
1L calculations, however, the sound pressure levels need to be obtained outside of the
silencer section (at some arbitrary distance from the exhaust). In order to do this
numerically, there are two choices.

The first option is to use the Boundary Element Method (BEM) to model the
extertor surface of the silencer and calculate the internal and external effects at the

same time. Preliminary tests conducted on purely reactive silencers with the BEM
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show that it can calculate 7Z values very well when using the 3-point method.
Extrapolation to the calculation of IL would involve some work to make sure the
correct calculations are being performed. The biggest problem with this method, as
mentioned in §2.4.2, is that the BEM cannot account for bulk acoustical absorption
properties and can only model acoustical impedances at the surface. A method which
can include these bulk properties is desired.

The second option for /L calculations is by using the FEM inside the silencer,
coupled with Infinite Elements [27] outside the silencer. By using this method, the
bulk acoustical material properties can be included in the model, and the Infinite
Elements can be used to calculate the external pressure values. An added feature is

that it would be possible to calculate both the TZ and IL at the same time.

7.2.2 Flow Noise

The most important factor present in practically all silencer systems, which
was not included in the study, is fluid flow. Whether it is from an automobile
exhaust, or from a gas turbine exhaust, the acoustical effects of flow must be
considered. The noise generated by flow can take on many forms. First, the flow at
the silencer exhaust can cause large amounts of noise (called self-generated noise),
which can turn out to be the limiting factor in the overall silencer performance. In
addition, turbulent effects inside the silencer, as the fluid flows over and around the
baffles, can possibly have a substantial impact. Currently, empirical methods (such as
those proposed by Ver [35] ) exist for prediction of flow generated noise.

Future work would include the effects of turbulent flow in the numerical
model, and use the resulting character of the flow to try to predict the addition of
noise to the system. Also, once the issues regarding the calculation of IL have been
addressed, the self-generated noise could be included into the calculation. This would
be the most difficult of the proposed steps for increased accuracy in silencer

performance predictions.
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7.2.3 Break-Out Noise

Another phenomenon that could be included once the /L calculation issue has
been solved, is the inclusion of break-out noise. This is the noise that radiates
through the walls of the silencer and ducting to the outside. Depending on the quality
of construction, this noise can be of great concern to the overall /L performance. In
order to include the break out noise, the wall of the silencer would have to be
modeled as a structure (with structural material properties) and coupled to both the
interior and exterior regions. The model would account for the vibration excitation,
transmission, and noise emission of this structural component. Similar to flow noise,

this phenomena is required if a more accurate prediction of IL is desired.

7.2.4 Absorptive Materials

Much work has already been done to define and measure some of the acoustic
properties that are associated with sound absorbing materials. Based on the results
obtained thus far, it is believed that there is still work to be done in this area. The
modeled results for purely reactive silencers, indicate that the numerical model is able
to account for the geometrical and propagation concerns required for silencer
modeling. The results obtained with the inclusion of sound absorbing materials,
however, suggest that the parameters used to quantify their performance, may not be
enough to obtain accurate results. By further developing the measurements of these
material properties, and possibly including new properties, it is believed that there can
be a better characterization of the material. Fortunately, there has becn recent work in
this area and papers by Peat and Rathi [12], Kirby and Cummings [13], Allard et al.
[14], and Johnson et al. [15] discuss more complicated methods for obtaining and
predicting the bulk properties and including them in the numerical model. It is the
opinion of the author that this would be the final step in obtaining very accurate

numerical representations for the silencers tested in this study.
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7.2.5 Low Frequency Concerns

One final area for study is the examination of very low frequency noise
control. It is often the case with large gas turbine installations, that there is a large
amount of low frequency noise present. Typically, the higher frequency noise is not
very difficult to attenuate, but the lower frequencies can be a large problem. At
similar sound pressure levels, the lower frequency noise contains more energy than
the high frequency noise. This coupled with the fact that low frequencies will be less
impeded over large distances, means that controlling low frequency noise at the
source is both difficult, and of great importance. Work in this area would include an
in-depth look into the design of large-scale silencers with abundant amounts of sound
absorbing material, as well as the inclusion of reactive type elements such as
Helmholtz resonators and expansion chambers. Also, a further look into the bulk
material properties and their inclusion in the numerical model at low frequencies is
required as proposed by Kirby and Cummings [13]. In order to complete the work, a
large-scale model would have to be constructed, with a large sound source to generate
the high levels of low frequency noise required. The work already completed on
broadband silencer modeling could be extended and concentrated on the low
frequency range. One large advantage with dealing with low frequency noise,
compared to higher frequencies, is that the FEM mesh does not need to be as finely
discretized. If only the frequencies up to 200 Hz are required, for example, the
element size would only need to be approximately 28cm, which is much larger than
the 2cm size typically used for the models in this study. This means that much larger

silencers could be modeled at faster rates than are currently done.
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7.2.6 Optimization

One of the main advantages with the use of a numerical method, is the ability
to incorporate an optimization scheme. With the many geometric and material
variables which affect the performance of the silencing system, an optimization
scheme which could sort through several design iterations would be advantageous.
Several methods, such as using genetic algorithms, could be implemented, depending
on the particular circumstances of the design, and which factors are able to be
manipulated. With the use of an optimization scheme, the power and adaptability of
the methods presented in the previous chapters could be harnessed and would prove

much more beneficial.

7.3 Conclusions

With the basic work completed for numerical modeling of acoustical silencers,
there still remains many steps which need to be completed to make the model more
accurate. The first major step discussed was the numerical prediction of /L. This
value is the most desirable by industry and designers. To achieve this, other
considerations such as flow noise, break-out noise, a more in-depth look at sound
absorbing materials, and low frequency noise control must be addressed. Finally,
with all of the various parameters that can be manipulated, some sort of optimization
scheme is desired to aid in the design stage and utilize the numerical methods to their

full potential.
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Appendix A: 2-D Acoustic FEM Derivation

The following details a derivation of a 2-dimensional finite element formulation.
Note that the method presented is the Galerkin method and that there are other
methods which will result in the same final formulation. Also note that the methods
used can be applied to a 3-dimensional formulation as well, First, start with a forced

2-D pressure wave equation:

+C

o* 8? 0*

Now, using a Weighted Residual method (Galerkin), assume:

p={N}"{p.}=R(x,y,0) 41)

where:

W=} ()

{p.t={p®}

The vector, {N}, is known as the mode shape vector for the element used. Note that
the pressure vector has the subscript e. This is intended to show that this formulation

1s used for each element. The Galerkin equation in 2-D can be written as:
[{M}R(x, 3,0 d4 = 0 (42)
A

Now, plugging Eqgs. (41) and (42) into (40) yields:

Je VY (o Jad + [er(ni, } {pdad - [INVY (5. }aa = [iNiF@ar @3)

A A A
Where:
2 2
Nxx=a]\2[, N 261\2[
dx ? By
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Note that Eq. (43) has non-symmetric terms in the integrand. This can be dealt with
by using integration by parts,

— Jvdu (44)

Using Eq. (44) in (43) results in:

[ 0.y pJad], - [ LY (pudd + N, {p.Jad), -

4

43)
e v, (o bda — [{NYNY {p.}aa = [INMF@yar

4 !

Due to inter-element canceling and the application of boundary conditions, the first

and third terms in Eq. (45) disappear. The resulting equation is:

[ Y {pJda + [ NN Y {p Jaa + [(NHNY (3, }ad =~ [(ViF@al

A !

(46)
Now let the forcing function be a harmonic velocity:
F(t)=~jo pc*{vicos(w?) (47
and assume:
wS=1p.eos(@r) , {p.}=-0"{p,Jcos(or) (48)

(where o is in rad/s) and substitute Egs. (47) and (48) into (46):

[ [ Y aa+ [}, }TdA} {p.} - o [INHNY {p.}ad = jop e [(NYpht  (49)

4 i
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Finally, with some manipulation, the more familiar form is derived as:

|i&.J- %] {p.}= {F.} (50)
Where:

[] = [ [ v Y aa+ [, v, }TdA} , (unitless)
[M] = [(WYNY aa , (m?)

{F} = jop [N}yl , (kg/m-s*)

k=wlc, (1/m)

[K] is known as the stiffness matrix, and [M] is known as the mass matrix, while {F}
is known as the forcing vector. Typically Eq. (50) is solved at several frequency
values to obtain a frequency spectrum over the region of interest. In order to solve

Eq. (50), the shape function, {N}, for the element must be known.
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Appendix B: 2-D Acoustic Element Derivation

The following derivation is for a simple 4-node, linear, rectangular element.
The principals presented can be used for many different shapes and configurations of
element type. Also note that there are other techniques available for element
derivations. This method was chosen since it is relatively simple and the steps can

easily be followed.

Assume a 4-node, linear, rectangular element:

(X4,y4) (x3,y3)
@ @
Yy
/L_} X
@
(x1,1) (x2,y2)

Acoustic Finite Flement Ilustration

For the case of an acoustic element, let there only be one degree of freedom per node,

the pressure (p), which can be expressed as a function of the element dimensions:

p=a1+a2x+a3y+a4xy={g}T{a} G
Where:

{g}=

1
x
y a,
xy
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At nodes 1 through 4, the pressure is expressed as:

P =a,ta,x +a3yl + a,x, v,
Py = a4 A%, + a3y, +ax,y,
Py =0 tay% T4y Y;3 T A%, ),

pP,=a +ax, vay, +ta,x,y,
Which can be written more conveniently as:

Dy L x y v |a
Pr| _ L x, y, %0 e,
Ds 1 ox ¥y %y |a
b, L ox, vy x4 (4,

- ’ (52)

(7]

Now the mode shape vector can be calculated by:

Wy = {e [r] (53)

In order to calculate [K] and [M], the vector {N} must be computed for the
element, given the x and y locations of the nodes, and then [K] and [M] can be
computed over the area of the element. For a rectangular element, the limits of
integration are simply the x and y dimensions of the element. A similar operation
takes place for the forcing vector with the exception that the integration is a line
integration between the nodes at which the velocity is applied. Once this has been
done, [K] and [M] are assembled into global matrices encompassing all elements in
the model. When this process is complete, Eq. (50) (without the subscript €’s) can be

solved for the entire model.
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Appendix C: Global Stiffness Matrix Assembly Example

The following example illustrates how 3 elements may be linked together to
form the global stiffness matrix. The numbers in brackets are the (x,y) coordinates,
while the open numbers represent the node numbers. The italicized numbers
represent the element numbers. Note that there are 3 elements, each with 4 nodes, but

4 of the nodes are interconnected, so the resulting global stiffness matrix will be of

the size [K]gxg.

(1,2) 2,2) (3,2) 4,2)
‘4 .3 .6 ? 8

1 2 3
© ! 02 ‘5 & 6
(1,1) 2,1) 3.1 4,1)

Global Element Assembly Illustration

For each of the elements, the [ 7] matrices are expressed as:

1111 121 2 1 313

121 2 1 313 1 41 4
Tl= , Inl= , =
[‘]1224 [2]1326 [3]1428

11 2 2 12 2 4 1 32 6
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Plugging the [T] values into Eq. (53) yields the mode shapes for each element as:

4-2x—-2y+xy 6-2x-3y+xy 8-2x—4y+xy
—242x+y-xy —44+2x+2y—xy —-6+2x+3y—xy
{Nl}z ) {Nz}: ’ {N3}=
1-x—y+xy 2-x-2y+xy 3—-x-3y+xy
—2+x+2y—xy =3+x+3y—-xy —~4+x+4y—xy

Now the [K] matrix from Eq. (50) can be computed for each element:

2 2l A -t 8 -1 2 -3 20 25 1 =37

3 6 3 6 3 6 3 6 3 6 3 6

4 2 A 4 =1 2 A4 =2 =25 8 -3 1

—t 6 3 6 3 _— 6 3 6 3 — 6 3 6 3
[Kl]' s = 2 Al [KZ]_ 2 A4 2 =] [K3]_ 1 -3 8 =25
3 6 3 6 3 6 3 6 3 6 3 6

R R L ) -3 2 -1 8 = =235 020

6 3 6 3 6 3 6 3 6 3 6 3

Finally, the three elements can be assembled into the global stiffness matrix for the

model:
[ 2/3 -1/6 -1/3 -1/6 0 0 0 0
-1/6 10/3 -8/3 -1/3 -7/6 2/3 0 0
-1/3 -8/3 10/3 -1/6 2/3 -7/6 0 0

[K ]= -1/6 -1/3 -1/6 2/3 0 0 0 0

global 0 -7/6 2/3 0 22/3 -19/3 -25/6 11/3
0 2/3 -7/6 0 -19/3 22/3 11/3 =25/6
0 0 0 0 -25/6 11/3  8/3 -13/6
0 0 0 0 11/3 -25/6 -13/6 8/3

The row and column numbers in the global matrix represent the node numbers
in the entire (global) model. For example, at [Kgiopail(1,1y the value is 2/3 which is the
same as [K;](,1) since at node 1, the only element it is in contact with is element 1. At

[Kgioball2,2) the node number is 2, which is in contact with elements 1 and 2. The



Appendix 144
values of 2/3 (from element 1) and 8/3 (from element 2) are added together to get the

10/3 value. A similar process happens for the mass matrix, [M], and the forcing
function {F}. Note that the individual element stiffness matrices as well as the global
stiffness matrix are symmetric. The global matrix may end up being tightly banded if
care is taken when assigning node numbers. This is important when it comes time to
solve the system for the pressure vector {p} because faster solvers can be

implemented.
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Appendix D: Absorptive Material FEM Derivation

The following derivation outlines how the material properties can be included
[5, 36], along with the assumptions involved. To begin with, make use of the

continuity equation:

Q(%‘;) — po div(1)=0 (54)

where:
2 = Porosity
0 = Density change when entering pores
po = Density of fluid (kg/m°)
u(x,t) = Mean velocity of fluid particles (m/s)

The change in density can be related to the acoustic pressure by:

5 = kp Po P (55)
where:

k, = Effective Compressibility of the fluid in the pores = 1/( py ¢*) (ms*/kg)

P = Acoustic pressure (Pa)
Combining Egs. (54) and (55) yields:

aP :
k,Q— = div(u) (56)

For simple harmonic waves the following relation can be shown:

oP
—- = JjoP (57)
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where:

@ = Angular frequency = 27f (rad/s)

Combining Egs. (56) and (57) yields:

(j“’gfjp.—_ div(u)

Po €

Now, using the equation of motion:

pa(%J + Ru — grad(P)zO

where:
p. = Density of sound absorbing material (kg/m°)

R = Flow resistivity of sound absorbing material

Again, for simple harmonic waves, the following can be shown:

Combining Eqgs. (59) and (60) yields:
grad(P) = u(ja)pa +R)
Taking the divergence of Eq. (61) results in the following:

div grad (P) = div[(j p,k, c+R)u]

(38)

(59)

(60)

(61)

(62)
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Finally, Eq. (58) can be combined with Eq. (62) to form:

jRE,PQ

divgrad(P) = K, k2P Q + (63)
Po €
where:
K, = Structural factor = p,/ pg
Now make the following substitutions into Eq. (63):
v, =-£KQ , ¥ =% 0 p_(pp)e
Po€

where the sub 7 and sub R terms refer to incident and reflected waves respectfully. It

can be shown that the following two equations result:

divgrad (P) =Y, P, +Y,P, (64a)
divgrad (P,)=Y,P, +Y,P, (64b)

If it is assumed %_I_’_ =0 at the boundary (normal gradient), then the following
n

Functional can be formed:

F%‘ ] [gmd (Pe)grad ;) + grad (P )grad(q;) + Y, Pyqe + }dv (©5)

Y,Pg, + Y, Pq, +Y,Pq,

where:

g= (q r )ef ®* = adjoint acoustic pressure
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Now let {P} be the response vector of the real system and {g} be the response vector

of the adjoint system. The result is:

(66)

{PR }T[K]{‘IR}'*' {I)I}[K]{ql}+YR {PR }T[M]{qk}+yl {PI}[M]{qR }j]

_1
) ZL Yo AP} Mg, 3+ Y, P Mg}

where:
[K] = The kinetic energy matrix (stiffness matrix)
[M] = The strain energy matrix (mass matrix)
Now by setting {gz} = 0 and F = 0, the following can be formed:
[K1{Pe}+ Ve [MI{R S+ ¥, MR} =0 (672)
Similarly, by setting {g,} = 0 and F = 0, the following can be formed:

(K1} + Yo MNP+ X, [M]{Pe} =0 (67b)

In matrix form, and by substituting for Yz and Y}, the system of equations can be

written as:

" o k, R Q
[&]- & &, Q[M] P [Mm] {{pR}} _ {0} 68
EROu) (] k, o LEY T L
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Making use of the first equation yields:

[[z<1+f"RQ[M1~ szsQ[M]]{p}={0} ©)

where gy has been replaced by p, and k, has been replaced by & and the subscript z has
been removed from the pressure vector. The subscript m can be added to the
stiffness and mass matrix terms, along with the pressure vector to denote that this
formula is intended for the absorbing material. Finally, the forcing function can be
added to the right hand side in place of the zero vector when the system is put into

excitation. The resulting equation is the most familiar form as proposed by Craggs

[6]:

e+ 22, ) xale,) | ()= () a0

where:

x,]= [ [ v Y aa+ [{N}iw, }TdA} , (unitless)
[,] = [{N{{N} da , (m?)

{F,} = Gop+R) [(N}{vd , (kg/m-s*)

k=wlc, (1/m)
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Note that in order to couple the absorptive elements (assemble into the same global

matrix) with the fluid elements, Eq. (70) needs to be pre-multiplied by:

jpo
o+ B) o

This will ensure that both the equality of nodal pressure AND surface velocity are
satisfied [6].

At this point it is important to note all of the assumptions which were made

for the previous derivation. The following is a list of the key assumptions made [36]:

Pores of the material are interconnected in a random but isotropic way

The solid, though porous, is perfectly rigid and incompressible

At very high frequencies the compressibility of the fluid in the pores is
adiabatic, and at low frequencies, it would be isothermal

When fluid flows through a series of constrictions, its effective mass increases
R is constant in all directions

The adjoint system absorbs the energy dissipated by the real system governed
by P and its inclusion ensures that total energy is conserved.

Z—P =0 at the boundary. If this assumption is not made, then more surface
n

integrals are required.

When the air and absorptive material are coupled, it is assumed that there is a
small volume of incompressible fluid at each node point, and that the
dimensions of the volume are small compared with the wavelength.

Therefore, the pressure in the air and material at the node are equal.
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Appendix E: ANSYS Code for Mesh Generation

ftitle,Expansion Chamber Design 2D
‘thig is the code to generate the ANSYS drawing of the silencer model

The following is ANSYS code for a simple 2 dimensional expansion chamber.
This particular model incorporates different element types within the same
geometry so that absorption can be assigned. It also prompts the user for
parameters so that the silencer can be customized. Units in m

bt e e

/PNUM,AREA,1

/prep7 ! Enter the pre-processor
bopt,numb,off

et,1,plane82 !sets element #1 to type plane§2
et,2,plane2 !sets element #2 to type plane2

*ask,slength,Enter the length of the silencer body (meters),3

*ask,sheight,Enter the height of the silencer body (meters),.6

*ask,size1,Enter the element size for silencer (default = 0.03m),.03
*ask,size2,Enter the element size for baffles (default = 0.03m),.03
*ask,blength,Enter the length of the baffles (meters),2.25

*ask,bheight,Enter the height of the baffles (meters),.1

*ask,nbaff,Enter the number of baffle rows (default = 1),2

*ask,Fname,Enter the name of the file you want to create(saves as a .cdb file),'test’

blocaty = (sheight-(nbaff*bheight))/(nbaff + 1) !llocation of the bottom of each baffle
blocatx = (slength - blength)/2 llocation of the start of the baffle

imake the main body

rectng,0,slength,(-sheight/2),(sheight/2}) rarea 1

Icreate the baffles

count = 1

count2 =0

*DO,i, 1,nbaff,1 { do i = 1, nbaff (in steps of one)
sss = (-sheight/2)+(count*blocaty)+(count2*bheight)
ssss = (-sheight/2)+(count*blocaty)+(count2*bheight)+(bheight)
rectng,blocatx,{blocatx+blength),sss,ssss
count = count+1
count2 = count2+1
*ENDDO

!subtract the baffles from the main body to get the main shape
asba,1,2

NUMCMP AREA

count = nbaff

*D0O.,i,1,nbaff-1,1

asba,(count),1

NUMCMP AREA
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count = count-1

*ENDDO

!redraw the baffles

count = 1

count2 =0

*DO,i,1,nbaff1 ¢ do i = 1, nbaff (in steps of one)

sss = (-sheight/2)+(count*blocaty)+{count2*bheight)

ssss = {(-sheight/2)+(count*blocaty)+{count2*bheight)+(bheight)
rectng,blocatx,(blocatx+biength),sss,ssss

count = count+1

count2 = count2+1

*ENDDO

inow we need to glue the areas together
*D0,i,1,nbaff,1

aglue,1,2

NUMCMP,AREA

*ENDDO

Inow we assign the element types and sizes to the areas
asel,s,area,,1 iselects area 1 for future work

aatt,,,1, tassigns attribute of type=l1 to area 1
aesize,1,sizet !sets element size for area 1
asel,u,area, 1 Iunselects area 1

count =2

*DO.,i,1,nbaff,1

asel,s,area,,count Iselects area 'count' for future work

aatt,,,2, lassigns attribute of type=2 to area 'count?
aesize,count,size2 Isets the element size of ‘size2' to area ‘count’
asel,u,area,,count lungelects area ‘count’

count = count+1

*ENDDO

ifinally we can mesh the entire thing
asel,s,area,,1,(nbaff+1) !selects area's 1 through nbaff+l for future work
amesh,all Imeshes the entire silencer and baffles

cdwrite,all,Fname,cdb,

finish ! Finish pre-processing
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Appendix F: SYSNOISE Code for FEM Solution

close nosave return  {code for use with 3 point method)

Option FEM Frequency Fluid Return
import Mesh Format ansys File “filename”.cdb Return
twodimensional return

{the following is a list of the variables for dimensions and boundary)}
{conditions and material properties used in the code the values of these)
{variables need to be changed at this spot only and not at any other point.}

Envirecnment
section VARIABLES dummy = dummy
section VARIABLES x1 = .22 {distance from inlet to point 1}
section VARIABLES x2 = .24 {distance from inlet to point 2}
section VARIABLES px1 = 22 (first measurement point location}
section VARIABLES px2 = .24 {second measurement point location}
section VARIABLES px3 = 2.76 {outlet measurement point location}
section VARIABLES b1 =0 {x location of inlet}
section VARIABLES b2 =3 {x location of outlet}
section VARIABLES name = “name”.thl [name of ocutput table}
section VARIABLES snd = 344.43 {speed of sound in m/s)
section VARIABLES ro = 1.102 {density of the air}
section VARIABLES imped = 379.56 {characteristic impedance}
section VARIABLES c1 = .01824227 {constant used in calculationg}
section VARIABLES ks = 1.3 {structural factor for the material)
section VARIABLES res = 10614 {rflow resistivity of the material}
section VARIABLES por = .799 {porosity for the material)
section VARIABLES lower = 10 {lower freguency range for calculation}
section VARIABLES upper = 2840 {upper frequency range for calculation)
return

Material Fiuid
Sound $snd Rho $ro
Elements all
Return

Set 10 Name "source” faces x=$b1 Return
Boundary Velocity Real 1 imag 0

faces Set 10

Return

Set 20 Name "termination” faces x=$b2 Return
boundary impedance real $imped imag 0

faces set 20

return

{select the element type to assign the absorptive properties to)
set 30 name “absorption” elements type tria6 return

{Sets the absorptive material properties to the absorptive element)
material absorbent
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name "light foam"

sound $snd rho $ro structure-factor $ks porosity $por resistivity $res
elements set 30

return

point $px1 .3 Oreturn {picks points 1, 2, and 3 for the 3-point mechod}
point $px2 .3 0 return
point $px3 .3 0 return

Solve Frequency $lower To $upper LogStep 1.04 Return

postprocess
points all frequency $lower to Supper logstep 1.04
near 2
far 5
quadrature 2 2 1
save results step 1
return

{calculation of TL using 3 point method)
combine
read point 1 pressure return
write function file $pnt1 return
clear
read point 2 pressure return
write function file $pnt2 return
clear
read point 3 pressure return
write function file $pnt3 return
clear
return

combine
read point 1 pressure return
amplitude
frequency
constant real $c1 imag 0
multiply
constant real $x1 imag 0
multiply
multiply
read point 1 pressure return
amplitude
divide
constant real 0 imag -1
mulitply
write table 50 return
expon
read point 1 pressure retumn
multiply
write table 10 return
return

combine
read point 2 pressure return
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amplitude

frequency

constant real $c1 imag 0
multiply

constant real $x2 imag 0
multiply

multiply

read point 2 pressure return
amplitude

divide

constant real 0 imag -1
mulitply

write table 60 return

expon

read point 2 pressure returmn
multiply

write table 20 return

return

combine
read table 50 return
constant real 2 imag 0
mulitply
expon
write table 30 return
return

combine
read table 60 return
constant real 2 imag 0
mulitply
expon
write table 40 return
returmn

combine
read table 10 return
read table 20 return
subtract
read tabie 30 return
read table 40 return
subfract
divide
read point 3 pressure return
divide
amplitude
log10
constant real 20 imag 0
multiply
write tabie 2000 return
write function file $name return
return
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