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complex speed of sound and density can be expressed in terms of the complex

wavenumbers and characteristic impedance as

r_ @ (3.7)
c = kc
and
,_ kez (3.8)
p= w
Configuration 1 Microphones
Loudspeaker 1 { 2{ Sample 3/ 4
\

Impedance tube

—
w
N

Configuration 2

Figure 3.3 Schematic diagram of two source method apparatus.

Though not often used, a similar two-source method (Tao, 2003) can also be used
to find the bulk properties. Measurements are made with the source in two
configurations. The source is placed on the left end of the impedance tube and
then it is placed on the right end of the tube (See Figure 3.3). If the sample is
placed symmetrically between the two microphones and the material can be
assumed isotropic, the measurement need only be made once. The algorithm is
identical to the two-load method except loads d and h now refer to source

configurations 4 and b.
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3.2.2. The Two Cavity Method

Alternatively, the bulk properties can be ascertained by measuring the normal
incidence impedance for two different cavity lengths (Utsuno,1989) using ASTM
E1050. Figure 3.4 shows a schematic of the measurement setup. The primary
advantage of this approach is that measurements are not required behind the
sample. Normally, there is higher signal to noise for a microphone that is placed

between the source and the sample so the measured data should be better-quality.
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Figure 3.4 Schematic diagram of two cavity method apparatus.

The characteristic impedance can be calculated using

(3.9)

N 2121(Z; — 23) — 2,2,(21 — 27)
c (22 —z3) — (21 — 71)

Where 7, — —jpccot(kl) and Z, =—jpcCot(kL) . The complex wavenumber is

determined using

1 (21 +2.)(z; — 2¢) (3.10)
GG
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3.2.3. The Modified Three Microphone Method

The three microphone method was originally developed by Iwase et al. (1998) to
measure the bulk properties. Salissou and Panneton (2010) improved the method
by positioning the microphones upstream and not flush against the sample and
used measured transfer functions in the algorithm. The test setup is similar to the
two-microphone method (ASTM, 1998) except a third microphone is placed at the
rear of the sample as shown in Figure 3.5. The advantage of the method is that a

single load is sufficient.
The justification by Salissou and Panneton for the method follows. Sound pressure
at any point of the tube can be expressed as:

p(x) = Ae™/** 4 Belkx (3.11)

It follows that the transfer function between points 1 and 2 can be expressed as:

_ P(xp)  Ae/ft 4 Be M (3.12)
127 P(xy) ~ Aeik(s+L) 4 Be—ik(s+L)
ekl 4 ReJkL
= eJk(s+L) 4 Re—Jk(s+L)

Where R is the reflection coefficient.

Loudspeaker

Figure 3.5 Schematic diagram of three microphone method apparatus.

Solving for R :

25



Jks _
R=2F Hy, o2kL

H,, —e~Jks

(3.13)

And the specific boundary impedance (Z;) of the sample can be expressed as:

, L+R (3.14)
s = 01_R

The transfer function between point 0 and point 3 can be expressed as:

@3 _pBp@) p2), e+ Re I (3.15)

foa =00 = p@p@) p@ BT 1+R

The four-pole transfer matrix of the sample is given as:

()| Costhed  jZesinthed) ") (3.16)

uoy ~ |jsin(k.d) /Z.  cos(k.d)

If we assume the termination is rigid, u; will be equal to zero and the surface

impedance can be expressed as:

Py cos(k.d) (3.17)
Zy=—=——"———=—jZ.cot(k.d
S uy jsin(k.d) /Z, jZccot(ked)
The transfer function between points 0 and 3 is
P 1 3.18
- Hos (549

P,  cos(k.d)
Setting Equations 3.15 and 3.18 equal to each other, one obtains:

u e/kL + ReJkL u 1 (3.19)
%7 14R 237 cos(k.d)

Thus, the complex wave number can be calculated using
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1 _1< 1+R )23 (3.20)

ke ==cos™ |—————
© d eJkL + Re~JkL

Setting equations 3.14 and 3.17 equal to one another,

1+R .
Zs=Zy—p == —jZ.cot(k.d) (3.21)

and the characteristic impedance is:

R tan(k.d) (3.22)

3.3. Measurement of Flow Resistivity

Over 40 years ago, Delaney and Bazley (1970) developed empirical formulas
which related the bulk properties to the flow resistivity of a material. In similar work,
they found that the sound absorption curves of different densities of rock wool
collapsed on themselves when plotted versus the non-dimensional frequency

parameter fo/ o . In the intervening years, additional models were developed for

fibers (Mechel, 2002) and plastic foams (Wu, 1988).

Sample A T A @
(thicknesst) [,

1

u
(velocity)

Vacuum source

Figure 3.6 Schematic showing flow resistance measurement setup.
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Determining the flow resistivity is comparatively less expensive than measurement
using an impedance tube. Moreover, the measurement is comparatively easy. The
measurement process has been standardized in ASTM C522. A schematic
showing the testing apparatus is shown in Figure 3.6. And the testing apparatus at
the University of Kentucky is shown in Figure 3.7. The static pressure drop (Ap)
across a sample is measured along with the flow velocity (u). The flow resistivity

can be expressed as

5= 2P (3.23)
ut

where t is the thickness of the sample.

Figure 3.7 Flow resistance measurement apparatus.

Note that the quality of the estimated bulk properties depends on the measurement
itself but also on the validity of the semi-empirical equation used. Many newer
types of foam have flow resistivities in excess of 50,000 Rayls/m which are much
higher than those used to develop the semi-empirical equations in the first place.
Moreover, ASTM C522 indicates that the measurement procedure is intended for
flow resistances below 10,000 Rayls. However, flow resistances beyond this limit

are often measured. In spite of these limitations, the method is inexpensive and
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simple, and provides sound absorption values that are acceptable to engineering

accuracy for many industrial applications.

The semi-empirical equations are written in terms of the non-dimensional
frequency parameter (X = fp/o). Mechel (1988) improved the Delaney and
Bazley (1970) model for fibers. The bulk properties are expressed as

For X < 0.025
k./k = (1 +0.136Xx70641) —j0.322X‘°-502
(3.24a)
z./z = (1 + 0.081X79699) — j0.191Xx0-556 (3.24b)
For X > 0.025
k./k =(1+0.103X7°9716) — j0.322Xx70:663
(3.24¢)
z./z = (1+ 0.0563X70725) — j0.127X 0655 (3.24d)

The limits for Mechel’s model are 0.002 < X < 0.5 though the model is sometimes

used beyond this range in practice.

Wu (1988) developed the similar model for plastic foams that follows.

ke/k = (14 0.188X79554) — j0.163X 0592
(3.25a)

z./z = (1 + 0.209X~05%8) — j0.105X ~0-607 (3.25h)

The limits for Wu’s model are 0.01 < X < 0.83 with 2,900 < o < 24,300.
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3.4 Curve Fitting Methods
3.4.1 Curve Fitting to Determine Flow Resistivity

Simédn et al. (2006) proposed using the measured absorption to determine the flow
resistivity. The absorption is first measured using ASTM E-1050. Then, the flow
resistivity is varied in the empirical equations (Equations 3.25a and 3.25b) until the
least squares error is minimized. In so doing, a flow resistivity can be selected so
that the sound absorption will best match the measurement. After that, the bulk
properties can be determined using the empirical models of Mechel or Wu which
were introduced previously. This method is attractive for a few reasons. First, there
are several commercially available impedance tubes that are easy to use and
sound absorption can be easily obtained. Moreover, this approach guarantees
that the sound absorption will at least be correct at one thickness. On the other
hand, the method again assumes that the empirical model is appropriate for the

material measured.
3.4.2 Curve Fitting to Determine Biot Parameters

Similarly, the Johnson-Champoux-Allard (Allard, 2009) theoretical model can be
used for the curve fit. The inputs to the model are the 5 Biot parameters (flow
resistivity, porosity, tortuosity, thermal characteristic length, and viscous
characteristic length). While flow resistivity is relatively easy to measure, the other
4 Biot parameters are difficult to measure and are only occasionally measured in
industry. Pan and Jackson (Pan and Jackson, 2009) reviewed the methods for

determining these parameters.

As an alternative, the Biot parameters can be estimated from the measured
sound absorption coefficient. This procedure is used in the ESI Foam-X (ESI,
2007) software. The algorithm breaks the sound absorption into three frequency
regimes (low, middle, and high) shown in Figure 3.8. The frequency regimes and

the corresponding Biot parameters determined for each range are as follows.

Low Frequencies — Flow resistivity, porosity, and thermal characteristic length.
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Middle Frequencies — Flow resistivity, viscous characteristic length, and tortuosity.

High Frequencies — Porosity, thermal characteristic length, and viscous

characteristic length.
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Figure 3.8 Frequency zones of a typical sound absorption coefficient.

3.5 Summary

This chapter surveys several approaches to determine the bulk properties
(complex wavenumber and characteristic impedance) for sound absorbing
materials. These approaches can be broken down into two classes; 1) direct and

2) indirect approaches. Details of each method were introduced.
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CHAPTER 4 BULK PROPERTIES RESULTS AND COMPARISON

4.1 Direct Measurement Results

Three direct measurement approaches (two load, two cavity and three microphone
method) to measure the bulk properties of porous materials were introduced in the
previous chapter. In the following sections, results between the three approaches

are compared for melamine foam and glass fiber.
4.1.1 Determination of Sound Absorption and Transmission Loss

Once the characteristic impedance and complex wave number have been

determined, the transfer matrix can be expressed as

{Pl} v B] _ [ cos(k.d) jZ.sin(k.d) {Pz} 4.1)
u)  Lc Dl |jsin(k.d)/Z, cos(k.d) |lu,

The sound absorption coefficient can be found in the following way. Assume a
rigid termination so that u, = 0. In that case, the normal incidence impedance
can be expressed as

A zccos(k.d) (4.2)

2 =07 Tsinll.d)

The reflection coefficient and sound absorption coefficient can be wrote as

_Z-1 (4.3)
R_Z+1
and
a=1-|R|? (4.4)

respectively. In addition, the transmission loss can be expressed directly in

terms of the transfer matrix terms as
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B D (4.5)
TL = 20l A+—+C =
0g10 |4 + o + Cpc + >

4.1.2 Results for Foam

The characteristic impedance and complex wave number determined using the
three direct measurement approaches is shown in Figures 4.1 and 4.2 for a 1 inch
thick 0.6 Ibs/ft2 melamine foam. Figure 4.1 shows the real and imaginary
characteristic impedance. Results between the three approaches agree above 800
Hz though there are some differences below 800 Hz. Figure 4.2 shows similar
results for the complex wave number. Results agree over the entire frequency

range.
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Figure 4.1 Direct measurement results of characteristic impedance for 1 inch 0.6

Ibs/ft> melamine foam.
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Figure 4.2 Direct measurement results of complex wave number for 1 inch 0.6
Ibs/ft> melamine foam.

The characteristic impedance and complex wave number were then used to
calculate the sound absorption coefficient using Equations 4.1 through 4.4. The
transmission loss was calculated using Equations 4.1 and 4.5. Results are
compared for sound absorption and transmission loss in Figures 4.3 and 4.4

respectively.
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Figure 4.3 Direct measurement results of absorption coefficient for 1 inch 0.6

Ibs/ft> melamine foam.
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Figure 4.4 Direct measurement results of transmission loss for 1 inch 0.6 lbs/ft®

melamine foam.
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As shown in Figure 4.3, the sound absorption coefficient compares well above
1200 Hz and the three microphone method is smoother than the other two
approaches. The three methods are also compared to the directly measured sound
absorption coefficient for a 1 inch thick sample using ASTM E1050 with good
agreement. The result shows that the three microphone method compares more
closely with ASTM E1050 than the other methods. However, it is recognized that
these are results for a single sample of a particular material so no general

conclusions can be made.

Figure 4.4 shows similar comparisons for transmission loss. The two load
method (ASTM E2611, 2009) is the approach that is commonly used to measure
transmission loss directly. It can be seen that both the two cavity and three
microphone results agree well though the three microphone results are a little
smoother. However, the three microphone results are a little high above 2500 Hz

which is due to differences in the imaginary part of the complex wave number.

4.1.3 Results for Fiber

A similar set of measurements was performed on a 1 inch thick 1 Ibs/ft® glass fiber.
Figures 4.5 and 4.6 show the characteristic impedance and complex wave number
measured using the direct measurement approaches. The characteristic
impedance compares well above 800 Hz though there are some differences at low
frequencies. The complex wave number compares well over the entire frequency

range.
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