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Chapter 1 Introduction

1.1 Background

Sound absorbing materials are the most commonly used approach to reduce noise
in vehicles and buildings. Applications include but are not limited to small pumps
for healthcare equipment, engine and passenger compartments in heavy
equipment, and auditoria in buildings. For the most part, porous absorbers are

used because they offer good performance and are inexpensive.

Though there are numerous porous absorbers available commercially, there are
two primary categories: fibers and foams. Examples of sound absorptive fibers
include glass fiber, rockwool, and polyester fiber. Compressed fiber is used a great
deal in ventilation ducts for heating and air conditioning because it offers adequate
heat insulation and is not combustible. It is also commonly used in under hood

applications for the aforementioned reasons and because it is durable.

|

Figure 1.1 A wide variety of sound absorbing materials.



The most widely used sound absorptive foams are polyesters, polyether, and
melamine. Polyester and polyether foams are highly flammable and so
applications are limited. Melamine is acceptable at elevated temperatures but
degrades in humid environments. For these reasons, a cover is commonly placed

over a foam to protect it.

In addition to these traditional absorptive materials, newer materials like micro-
perforated panels and sound absorptive fabrics are being employed in a number
of applications. Though these sound absorptive materials have their place, they
are considerably more expensive than fibers and foams and are used in niche

applications.

Sound absorption occurs when sound energy is converted to heat through either
mechanical damping or viscous dissipation as a sound wave propagates through
a medium. Mechanical damping is important at low frequencies. It is difficult to
model this effect and the resulting sound absorption is low. Viscous dissipation is
the more important mechanism in the middle and high audible frequency ranges.
Dissipation occurs as a result of friction between the oscillating or pulsating air and
the solid matrix. Hence, sound absorption is more effective at higher frequencies

where the acoustic particle velocity is higher.

Zwikker and Koston (1949) began the work on developing a phenomenological
approach to characterize sound absorbing materials in the 1940’s. A decade later,
Biot (1956) developed a theory for the propagation of elastic waves in porous
media that is still largely used today. Several decades later, Johnson et al. (1987),
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Champoux (1991) and Allard (1993) (abbreviated as JCA) used measurable
material properties like porosity, static flow resistivity, tortuosity, viscous
characteristic length and thermal characteristic length to describe the viscous and
thermal effect of the elastic porous material absorption at the macroscopic scale.
The five Biot parameters can be measured directly based on their physical
definitions. However, measurement requires dedicated equipment for each

parameter (Pan and Jackson 2009).

The primary disadvantage of JCA is that the aforementioned properties are difficult
to measure with the exception of the flow resistivity. Flow resistivity is simply Ap /ut
where Ap is the static pressure drop, u is the flow rate, and t is the thickness of
the sound absorber. Mechel (1988) discovered that the sound absorption for
various bulk densities of rock wool when plotted versus the parameter pf/o
(where p is the density of air and f is the frequency) all generally lie on the same
curve. This eventually led to the development of empirical formulas to characterize
the complex wavenumber and characteristic impedance that were based on the
flow resistivity alone. Empirical formulas have been developed by Delaney and
Bazley (1970), Dunn and Davern (1986), Wu (1988), Mechel (1988), Miki (1990)
and Garai and Pompoli (2005). These empirical equations take on the same

algebraic form but their constants differ.

The empirical relationships between the acoustical properties and flow resistivity
are easily utilized because the measurement of flow resistivity is straightforward.
The measurement for flow resistivity is detailed in the ASTM C522 standard (2009).
One possible limitation is that only a small subset of the sound absorbing materials
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commercially available have been used to develop the empirical equations. Some
guestion remains whether the equations are transferable to similar materials from
different manufacturers than those used to originally develop the empirical
equations. Bearing this in mind, several researchers (Braccecesi and Braccialli,
1997, Simon, et al. 2006, Atalla and Panneton, 2005) have recommended
measuring the sound absorption or reflection coefficient in an impedance tube and
then applying a least squares curve fit to minimize the errors between the
measured properties and those calculated using either the phenomenological or
empirical equations (inverse characterization). Sound absorption or reflection

coefficient is measured in an impedance tube according to ASTM E1050 (2012).

A considerable body of work has been conducted related to inverse
characterization using the phenomenological equations (JCA model). Panneton
and Olny (2006) assume the dynamic density, open porosity and static flow
resistivity of the sample are known or measured, and then an analytical solution is
developed from the Johnson et al. (1987) model to determine geometrical
tortuosity and viscous characteristic length. Zielinski (2015) used an inverse
method to characterize sound absorbing rigid frame porous media based on direct
measurement of the surface impedance of the rigid frame porous sample. Atalla
and Panneton (2005) identified the parameters of the JCA model using an
impedance tube to measure the surface impedance of the porous sample. Since
the open porosity and flow resistivity can be determined with acceptable accuracy
using standard techniques, only the tortuosity and viscous and thermal

characteristic length need to be known. A cost function for the surface impedance



based on the three unknown properties is developed and the three unknown
properties are calculated via optimization. Although the phenomenological model
can describe the porous material more accurately, curve fitting to the
phenomenological model is far more complex than the empirical model. In the JCA
model, there are five unknown parameters that need to be identified. Three of the
parameters (porosity, static flow resistivity, and bulk modulus for the solid) are
commonly measured directly since they are easier to obtain in the lab. Following
this the other two parameters can be curve fitted (Panneton and Olny, 2006). Using
the ESI VA-One software, the measured sound reflection coefficient can be input
and the 5 parameters are curve fitted. Curve fitting is conducted in three different
frequency ranges (low, medium, and high) to determine the 5 unknown parameters
(Atalla and Panneton, 2005). Though practicable, it is much easier to curve fit using
the empirical relationships based on flow resistivity since only one variable needs

to be determined.

1.2 Objectives

There are two primary objectives to the research documented in this thesis. The
first is to develop a rudimentary materials database based on curve fitted flow
resistivity which can be used as a tool by noise control engineers in the absence
of other information. Flow resistivity and impedance tube measurements and
associated curve fits are used to develop a database of flow resistivities for a
subset of the materials commonly used in industry. Setting up a rudimentary
materials database can increase the efficiency of noise control engineers since the

acoustic performance of the materials can be determined from the respective flow



resistivities without additional laboratory measurements. Engineers can layer
materials and customize the sound absorber for a particular application. Results
for several commonly used foams and fibers are tabulated in the form a

rudimentary materials database that can be expanded on in the future.

The second and more impactful objective is to study the effect of compression on
sound absorbing materials. The flow resistivity of compressed samples is
procured using the aforementioned curve fitting approach. Once the flow resistivity
is known, an equation relating the flow resistivity to the compression ratio of the
material is established experimentally. The noise control engineer can use this
relationship to determine suitable properties for a compressed sound absorbing
material. These properties can be used to predict the sound absorptive

performance a priori and be utilized or used in numerical simulation models.

1.3 Organization

This thesis is organized in the following manner. Chapter 1 introduces the need for
this research and establishes the two primary objectives: development of 1) a
rudimentary materials database and 2) expressions relating the flow resistivity to

the compression ratio for some common sound absorbing materials.

Chapter 2 surveys the different impedance tube methods for measuring the sound
absorptive properties. In addition, the standard method for determining the flow
resistivity is described. The empirical equations relating the bulk properties to the
flow resistivity are also surveyed. Determination of the sound absorption from the

bulk properties is also described.



In Chapter 3, an introductory materials database is developed based on flow
resistivity. Flow resistivity is obtained by measuring the sound absorption in an
impedance tube and then least square curve fitting to an appropriate empirical
equation. Different processing schemes for performing the curve fit are discussed
and compared. Results are tabulated for a range of fibers and plastic foams. The
flow resistivity from the database is used to predict layered sound absorber

performance.

In Chapter 4, the effect of compression is examined by measuring the sound
absorption and bulk properties of samples as they are gradually compressed.
Relationships between the flow resistivity and compression ratio are developed for

fibers and foams.

Chapter 5 summarizes the work in this thesis. The major contributions are

summarized and possible future work is suggested.



Chapter 2 Bulk Properties Measurement and Prediction

2.1 Introduction

This chapter details the different approaches that can be used to assess the bulk
properties of sound absorbing materials. The bulk properties include the
characteristic impedance (Z.) and complex wave number (k.). Once known, the
sound absorption and surface impedance of any thickness of sound absorber can
be determined. Moreover, the sound absorption and the surface impedance of
layered materials can be identified. The bulk properties can be used directly in
finite and boundary element models. Surface impedance is often used as a
boundary condition to model thin materials and sound absorption is used in

statistical energy analysis models.

The bulk properties may be assessed in a number of different ways. They may be
measured directly using an impedance tube using the setup described in ASTM
E2611 (2010). ASTM E2611 describes the two-load method (Song and Bolton,
2000) though the two-source method (Tao, 2003) uses the same algorithm and
may be used as well. The two-load method is generally preferred due to
measurement ease. For the two-load method two measurements are performed
with different terminations. Other alternatives are the two-cavity method (Utsuno,
1989) which specifies two different cavity depths for the two acoustic loads and the
three-microphone method (Salissou and Panneton, 2010) which requires no
modification of the acoustic load but instead an extra measurement at the end of
the tube. Each of these direct measurement approaches are detailed in the

sections that follow.



Indirect measurement of the bulk properties can be accomplished by measuring
the flow resistivity directly via ASTM C522 (2009). Alternatively, the flow resistivity
can be determined by first measuring the sound absorption using ASTM E1050
(2012) and then using a curve fit to identify an effective flow resistivity based on

one of several empirical models.

Each of the aforementioned measurement approaches and associated algorithms
will be detailed in this section. Transfer matrix theory will be introduced first since
this serves as the basis for much of what follows. After which, direct measurement

approaches will be summarized followed by the indirect approaches.

2.2 Transfer Matrix Method

Acoustic plane wave propagation can be assumed so long as the cross-section
dimension of a circular duct or pipe is less than c/1.71d (Eriksson, 1980), where ¢
is the speed of sound (343 m/s in air) and dis the diameter of the duct or pipe. As
shown in Figure 2.1, the sound pressure can be expressed as the superposition of
a forward traveling and reflected wave in a duct. Accordingly, the total sound

pressure and particle velocity at any point in the duct or pipe can be expressed as:

p(x) = P e /** 4 p_eg/kx (2.1)

and
(0= —F 2.2
wx "~ jkpoc dx (2:2)

respectively where k is the wavenumber, and p, is the air density. The wave

number is expressed as k = w/c where w is the angular frequency. In that case,



the sound pressure and particle velocity on one side of the sample can be related

to that on the other side via a transfer matrix.

)

P, Uq P2, U;
(x =0) (x =1L)

Figure 2.1  Schematic illustrating plane wave propagation in a circular duct or

pipe.

The sound pressure and particle velocity at x = 0 and x = L can be expressed as:

p(O) =p, = P+ + P_ p(L) =pPy = P+€_jkL + P_ejkL
P, — P —jkL _ p kL (2.3)
u(0) = uy = — (L) = 1y = ¥ Fe
o€ PoC

After some simplification, the equations can be expressed in a form:

P\ _ [T11 T12] P2
{ul}_ Ty1 Ty {uz} (2.4)
relating the sound pressure and particle velocity on one side to the other. By

manipulating Equation 2.3, the transfer matrix for a straight duct is expressed as:

cos(kL) jpocsin(kL)

{1’2}: jsir;(lzL) cos(kl) {Zz} (2.5)
0
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where p,;,u; and p,, u, are the respective sound pressures and particle velocities

on either side of the sample, and L is the length of the duct or pipe.

Plane wave theory can be extended to describe the acoustic performance of
porous materials in the duct or pipe. The relationship between the sound pressure

and particle velocity can be expressed as:

p1 = P cos(k.l) +u, jZ,. sin(k.l) (2.6)
and
sin(k.l
s = o e |, cos(hel) @)
c

where Z, is the characteristic impedance, k. is the complex wavenumber and [ is

the thickness of the porous material. Then the transfer matrix will be:

cos(k.l) jZ.sin(k.l)

p1 .
= k.l
{u1} j—sm( D cos(k,l) |2 (2.8)
Z;
l KeoZ¢
R e BB
ST
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Figure 2.2  Porous material in the duct or pipe.

The sound absorption can be calculated in the following way. If we assume plane

wave propagation and that the sound absorber is backed by a rigid wall, the particle
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velocity on the right side of the sample will be zero. From Equation 2.8, it can be

seen that the impedance can be expressed as:

p1 Ty
Z =—=—=—Z_.coth(k.l) 2.9
ul T21 C c ( )

A reflection coefficient, which is complex, is defined as:

Z — poC
= 2.10
Z + pocC ( )
and the normal incidence sound absorption is expressed as:
a=1-|R|? (2.11)

The transmission loss, which characterizes how easily sound propagates through
a material if it is used as a barrier, is also of interest. The transmission loss is
defined as the difference between the incident and transmitted power (assuming

an anechoic termination) in decibels (dB). Figure 2.3 illustrates the metric.

Medium

v
=

Figure 2.3  lllustration of transmission loss.

The transmission loss can be expressed as:
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Wi
TL = 1Olog10Wt (2.12)

where W; is the incident sound power, W, is the reflected sound power and W; is
the transmitted sound power. If the transfer matrix for a material of given thickness
is known, the transmission loss (Song and Bolton, 2001, Wallin et al., 2010) can

be expressed as:

T2

: (2.13)

T
TL = 201logo |Tyy + —= + pocTyy +
PoC

2.2.1 Mass Layer Transfer Impedance

Foil and mylar covers are often used to cover sound absorbing materials. These
covers improve the low frequency performance but also prevent the materials from
getting soaked with oil or other fluids. A thin cover can be modeled as a simple
mass. Hence, it can be assumed that the particle velocity is constant on both sides
of the cover. The pressure drop from one side to the other is largely dependent

on the mass of the sample.
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Foill

P1 p2

Melamine Foam

a) b)
Figure 2.4  a) Foil cover on the melamine foam. b) Foil cover in a circular duct

or pipe.
From equilibrium, it can be seen that:

jomuS = p; —p, (2.14)

and a transfer impedance can be expressed as:

7, =2 ;pz = jomS (2.15)

where w = 2nf is the angular frequency, m is the mass of the foil and S is the
surface area of the foil. The transfer matrix for the mass layer can be expressed

as.
[T] = (1) thr (2.16)

where Z,, is as defined in Equation (2.15).
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2.2.2 Multi-layer Absorber Sound Absorption Coefficient Prediction

Once the flow resistivity for a material is known, the sound absorption or
impedance can be determined for any thickness. In addition, the sound absorption
of layered materials can be calculated. A schematic of a layered sound absorber

is shown in Figure 2.5.

air || ...

T\

Mass Layer 1 Layer 2 Layer3 Perforate LayerN

S S S

Figure 2.5 Schematic of a layered sound absorber.

The thickness of each layer is easily varied by just varying [ in Equation 2.8. The
transfer matrix for the individual elements can be multiplied together in order to

determine the transfer matrix from the front to the rear of the sample. Hence,

Teotarl = [FTITS) 1] = [0 122 @17)

where [T;] are the individual transfer matrices for the different sound absorbing
material layers assuming there are N layers. The impedance can be determined
using Equation 2.9. Once the impedance is known, the sound reflection coefficient

(R) and sound absorption (a) can be determined by Equations 2.10 and 2.11.
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2.3 Instrumentation

Regardless of the measurement approach, the measurement process consists of
two parts: data acquisition and data processing. Data acquisition requires an
impedance tube equipped with microphones, data acquisition system (DAQ), and
computer. There are a number of commercial systems available. The system used
for the research in this thesis is the Spectronics impedance tube and the Siemens
SCADAS data acquisition system with Siemens Test.Lab software. The
microphones used are PCB 1/2-inch microphones (377B11). After the data is

acquired, Matlab was used to process the measurement data.

2.3.1 ASTM E1050 Two-Microphone Method

The two-microphone method is used for determining the sound absorption,
reflection coefficient, and surface impedance of a sample. Though it is not used
for direct determination of the bulk properties, it is covered first because it is the
simplest measurement approach and it will be referred to later on. Figure 2.6
shows the measurement setup for the two microphone method. The schematic
shows the impedance tube containing the sound absorptive material specimen and
microphones upstream of the sample. Figure 2.7 shows a photograph of a typical

impedance tube.
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Microphone
1My 2

Sound Source ‘ Sample Piston

> X
|x=0

Figure 2.6  Schematic diagram of two-microphone method apparatus.

-

Computer

=

P ™
Impedance Tube

Figure 2.7  Photograph of a typical impedance tube.

The test sample is placed at one end of the impedance tube with a piston pushed
flush against the sample. The sound source, a compression driver loudspeaker
(JBL 2426H) is at the other and there is no gap between the sample and the piston.
A broadband random or white noise signal is applied to the speaker and the

transfer function between the two microphones is measured.
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Figure 4.3  Comparison of sound absorption for 24 mm thick melamine with

and without the wire screen.

Figure 4.4  Comparison of predicted and measured sound absorption for 40

mm thick polyester fiber under different compression.
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curve fit is also indicated on the plots as well. Table 4.1 shows the linear equations

for each material.

Table 4.1 Equations for the flow resistivity as a function of compression ratio.

Material Equation
Glass Wool o = 13500n, — 6470
Polyester Fiber o =6990n, — 5080
Melamine Foam o = 25300n, — 20900
40000
E
% 30000
©
2
E 20000
0
0
Q
e
= 10000
)
T8
0
1.00 1.50 2.00 2.50

Compression Ratio

Figure 4.10 Plot of the flow resistivity versus the compression ratio for 50.8 mm

glass wool. The linear curve fit is indicated by the dashed line.
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Compression Ratio

Figure 4.11 Plot of the flow resistivity versus the compression ratio for 40 mm

polyester fiber. The linear curve fit is indicated by the dashed line.

80000

20000

Flow Resistivity (rayls/m)
Y (o))
o o
o o
o o
o o

1.00 1.50 2.00 2.50 3.00
Compression Ratio

Figure 4.12 Plot of the flow resistivity versus the compression ratio for 24 mm

melamine foam. The linear curve fit is indicated by the dashed line.
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45 Conclusions

An approach has been suggested for characterization of compressed materials.
The sound absorption of the compressed sample is measured. A flow resistivity is
then selected that produces the best fit prediction to the measured sound
absorption. The approach was applied and worked well for both fiber and foam
samples. It was shown that linear equations could be developed that relate the

flow resistivity to the compression ratio.

The approach developed is advantageous because it only requires an impedance
tube. However, the properties of materials that are compressed during production
may be different. The developed approach can be easily applied in industry.
Future work will examine the use of the approach to determine the sound

absorption of compressed layered materials.
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Chapter 5 Conclusion and Future Work

5.1 Summary

The main objectives of the research documented in this thesis were to 1) develop
a rudimentary materials database based on directly and indirectly measured flow
resistivities and 2) develop a simple procedure for determining the sound
absorption of compressed materials. In both studies, the flow resistivities for the
various sound absorbers were determined using an indirect method. The sound
absorption was first measured in an impedance tube according to the two-
microphone method standardized in ASTM E1050 (2012) and then curve fit using
various material dependent empirical models to determine the flow resistivity. The
frequency domain was sampled in various ways to insure the best fit. First, it was
sampled in narrow (10 Hz increments) and 1/12 octave bands. Then, the curve fit
was also performed on both a linear and logarithmic scale. It is recommended that
a logarithmic scale with 1/12" octave frequencies be used. After settling on a
procedure, the flow resistivity of 10 common sound absorptive materials was

measured and a rudimentary sound absorptive materials database was developed.

The second part of this research was more extensive and looked at the effect of
compression on fibers and foams. The flow resistivity was measured for
compressed materials in the same manner as before. Samples (two fiber and two
foam absorbers) were compressed and the sound absorption was measured.
From which, the flow resistivity was determined via curve fit. From the

measurements, a relationship between flow resistivity and the compression ratio

60



was established. This relationship can then be used to predict the sound

absorption of compressed layered materials.
The primary contributions of this work are as follows. It was demonstrated that:

1. The choice of empirical model for sound absorption does not have a major
impact especially if the curve fitting procedure is used.

2. Some improvement is noted in the lower frequency curve fit if the data is
sampled in 1/12" octave bands and if a log scale is used for determining
the squared error to be minimized.

3. A wire mesh can be used for compressing materials and it was
demonstrated that the wire mesh will not affect the sound absorption
measurement.

4. The three-microphone method is especially helpful for determining the bulk
properties for compressed materials.

5. Equations relating the flow resistivity to the compression ratio can be
developed. Equations of this type can be especially helpful for assessing
the properties of compressed layered materials.

6. The flow resistivity approaches discussed in this thesis are sufficient for
most engineering applications though perhaps not as accurate as

approaches which use phenomenological equations.

5.2 Recommendation

It is recommended that the following studies be performed. Future work should

include:
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1. Performing similar tests on a number of other sound absorbing materials to
increase the number of samples in the database.

2. Comparing similar samples from different manufacturers to gage how
different manufacturing processes affect the properties of sound absorbers
when uncompressed and compressed.

3. Include the effects of glue and mass layers in compressed sound absorptive
materials to prove that such complicated material lay-ups can be simulated

using transfer matrix approaches.
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