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Abstract

Porous metal is a suitable candidate for acoustic liner in the jet engine as it can attenuate sound in
wide frequency band and endure high pressure and high temperature environment. Many researches
have been conducted various to study the sound attenuation by porous material under normal incident
sound wave in the absence of flow. However, air flow and oblique incident sound wave exist in inside
the nacelle of jet engine. Therefore, the sound attenuation by porous with the presence of air flow and
under oblique incident sound wave that is similar to the condition inside the jet engine should be
investigated.

The first step of this study was the characterization of the microstructure of two types of porous
metal, sintered fiber and foam. The microstructure characterization is essential because the
microstructure of the porous material affects the acoustic phenomena. In the second step, the flow
resistivity of the porous sample was investigated. Flow resistivity, that represents the resistance on the
fluid to flow through a porous material, could be related to viscous loss mechanism the sound
attenuation inside the porous material. Furthermore, acoustic models also usually require the flow
resistivity as one of the input parameters. In the next step, the sound attenuation of the porous metal
under normal incident sound waves in the absence of flow was investigated. This step helps to
understand the mechanism of sound attenuation inside porous metals as many acoustic models are
available for this condition. Finally, the sound attenuation of porous material was investigated inside a
flow duct under two conditions, in the absence of air flow and in the presence of air flow. The
impedance under normal incident sound wave inside the impedance tube and under oblique incident
sound wave inside the flow duct in the absence of flow was compared. If the impedance obtained
from the impedance tube and the flow duct is similar, the porous material might acted as locally
reactive. The impedance in the flow duct then can be predicted from relatively simple impedance tube
setup and the acoustic model for porous material under normal incident sound wave. Then, the effect
of the air flow on the sound attenuation of the porous metal was observed.

The microstructure affects the sound attenuation inside the porous metal. Two mechanisms of
sound attenuation inside the porous metal were observed: viscous loss and resonance. Viscous 10ss is
the sound attenuation mechanism inside the sintered fiber samples whereas the resonance is the
dominant mechanism of sound attenuation inside the foam samples with low reticulation rate. The
foam material with high reticulation rate has an acoustic characteristic similar to the sintered fiber
material, i.e. viscous loss is dominant while the resonance is insignificant. Furthermore, it was
observed that there is an optimum range of flow resistivity to obtain the best sound attenuation in the
impedance tube. Furthermore, when there is no air flow in the flow duct, the impedance of the
sintered fiber samples and the foam samples with porosity = 81% is similar to that in the impedance
tube. Thus these samples acted in similar way with the locally reactive acoustic liner such as
resonators. Conversely, the impedance of the foam samples with porosity = 85% was different from



that in the impedance tube. This sample has a low flow resistivity so that the attenuation so that the
attenuation inside the sample occurred in both normal and parallel direction such as in non-locally
reactive material. Furthermore, the interaction between the air flow and sound wave was shown to
affect the sound attenuation inside the flow duct. It was also observed that the velocity profile only
significantly affect the impedance of some porous samples.
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CHAPTER 1

Introduction to the Use of Porous Metal for

Jet Engine Noise Attenuation

In this chapter preface of the thesis and the background of this research are provided.

Furthermore, the flow of the discussion in this study is briefly explained.

1.1 Airplane Noise

Noise emitted from airplanes might disturb the surrounding environment, especially in the
airport area. Therefore, regulation was made to limit aircraft noise in the airport area [1].
Regulation required that the noise emitted from the aircraft to be measured at three locations
as illustrated in Fig. 1.1. The accumulative of the noise measured at the three locations should
be below the limit value. The noise limits are varied depend on the size of the aircraft as
shown in Fig. 1.2. Figure 1.2 also shows the progression of the noise limit over time. The
noise limit itself was first adopted in 1972 indicated as the Chapter 2 in Fig. 1.2. The increase
of bypass ratio of the engine improved the fuel efficiency and lowered the emitted noise of
the jet engine. Thus, the noise limit was lower in 1977 indicated as Chapter 3. As the noise
reduction technology developed, the noise limit was reduced by 10 dB, in 2001 i.e. indicated
as chapter 4 in Fig. 1.2. The latest regulation enacted in 2013 labeled as chapter 14 required
further reduction of aircraft noise, 7 EPN dB from chapter 4 limit in total of 3 measuring
points. Furthermore, the latest regulation also requires that noise reduction not less than 1
EPN dB must be conducted at each measuring points. The latest regulation should be applied

in 2017 for large size aircraft and in 2020 for medium size aircraft. This noise limit became



more stringent over time in order to keep the noise in the airport area in a safe noise level due
to the increase of the number of aircraft operating worldwide. Thus, further reduction
attempts of airplane noise are essential to comply with the regulation.

Jet engine is one of the main sources of airplane noise. Jet engine noise can be originated
from fan, combustor, compressor, and jet. Honeycomb liner is widely used for the nacelle
mainly to reduce fan noise. Because honeycomb liner is one type of resonator, it has a peak
noise absorption in a narrow range of frequency [2], [3]. Furthermore, honeycomb liner is not
suitable for use in high temperature and high pressure environment. In addition, as the size of
the nacelles is getting shorter, the location for acoustic liner might shift to the higher
temperature and pressure sections [4], [5]. Therefore, a new acoustic liner that resists high
temperature and high pressure might be required. One potential candidate for the future
acoustic liner is porous material. Metal or ceramic based porous material might operate in
high temperature and high pressure environment. Thus, porous material based acoustic liner
can be used even in a harsher environment such as inside the combustion chambers or the
exhaust of low-pressure turbines. Furthermore, unlike honeycomb liner, porous material can

also reduce noise in wide frequency range.
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Fly over

Figure 1.1 The Noise Measurement Location in the Airport Area Required by Regulation



330.0 1
320.0 1
310.0 1 @é@&’

300.0 o Chapter 2 &@e

Chapter 2

290.0 4

EPNdB

280.0 ~
270.0 +
260.0 -
250.0 o

240.0 4

230.0 T T 1
1.0 10.0 100.0 1000

MTOM (tonnes)
Figure 1.2 The Progression of the International Civil Aviation Organization (ICAO)
Noise Standard

1.2 Porous Material for Sound Attenuation

When sound wave propagated through porous material, some mechanism might occur
that will cause the attenuation of the sound wave [6], [7]. Therefore, porous material is
commonly used as sound absorber in room and buildings for decades. Porous material for
buildings application usually made of materials that cannot stand harsh environment e.g. fiber
glass, foams, and wools. However, currently, porous material can be made from metals and
ceramics that can resist harsh environment. Thus, the application of porous material as noise
absorber can expand to a harsher working environment such a in the gas turbine of jet engine
or a power plant [8]-[12].

The porous material made of ceramic and metal is potential for the future acoustic liner
inside jet engines, especially in high temperature and high pressure sections. However, in
order to use porous material based acoustic liner in the jet engine, several steps should be
conducted as illustrated in Fig. 1.3. Starting from the device idea, basic research should be
conducted to understand the sound attenuation mechanism by porous material. Furthermore,
unlike the room and building application, there is air flow inside the jet engine. Therefore, the

effect of this air flow to the sound attenuation of porous material should be identified. Then

3



the sound attenuation by porous material under high temperature and high pressure should be
investigated. The understanding of the sound attenuation mechanism obtained from the basic
research can be used as a basis to design the acoustic liner. A small scale prototype then will
be manufactured and tested using small jet engine. If the performance is satisfying, the real
scale model should be manufactured and tested inside a real jet engine. If the acoustic liner
passes the real-scale test, finally the device can be applied to operating airplanes. This

research covers the basic research of the design process.

Basic Design Sub-scale Real-scale Practical

Device Idea
Research Process Test Test Use

Figure 1.3 The steps to design porous material based acoustic liner for jet engines

1.3 Problem formulation and aim of research

Even though porous material is well-known as a good sound absorber, the mechanism
of sound attenuation by porous material is still not well understood yet. Porous material
may have various microstructure e.g. fibrous, foam, and granular. Each structure of
porous material might cause a different sound attenuation mechanism. In the real
application, the porous liner will be attached on the surface of the jet engine duct.
Furthermore, the air flow existed inside the jet engine. This air flow might affect the
sound attenuation mechanism.

One important parameter represents the acoustic characteristic of material is acoustic
impedance. Impedance indicates the ratio between pressure and velocity at a point or a

surface. The knowledge on impedance of the porous material can help to better



understand and predict the mechanism of sound attenuation of the porous material. Thus,
the impedance value is essential in order to effectively design acoustic liner for the jet
engine. The improvement of impedance eduction process of a liner inside a duct is still on
going to obtain the accurate impedance of acoustic liner, even for the resonator type. Thus
accurate impedance eduction of porous material is even more important. However, the air
flow was shown to affect the impedance of the liner. Thus, the understanding of the effect
of the air speed on the impedance of the porous material is important to design an
effective liner to perform the best at the condition specific for the jet engine.

The acoustic properties of porous material under normal incident sound wave can be
obtained relatively easily using an impedance tube. By using this method, the attenuation
mechanism inside the porous structure can also be understood and predicted using
available acoustic models for porous material. The condition inside a duct, however, is
more complicated. Instead of normal incident sound wave, the sound wave propagated in
parallel direction with the surface of the porous material. Furthermore, if there is air flow
inside the duct, the attenuation mechanism inside the duct will be more complicated. The
attenuation mechanism inside the flow duct might be affected by interaction between the
air flow, sound wave, and porous structure. The interaction between the porous structure
and the sound wave might be cause similar mechanism to the impedance tube condition
whereas the other two factors would cause some differences between the acoustic
properties inside the impedance tube and the duct. However, if direct relation between the
acoustic properties inside the impedance tube and the flow duct can be identified, the
mechanism of sound attenuation in the flow duct can be understood based on the

impedance tube results.



Some problems could be identified related to the investigation of the sound

attenuation by porous material for jet engine acoustic liner:

1.

2.

4.

5.

How is the sound attenuation mechanism inside the porous sample?

What is the effect of structure and other parameter on the sound attenuation
mechanism inside the porous sample?

How is the sound attenuation mechanism in the flow duct?

Does the sound attenuation in the FD related to IT?

What is the effect of air flow on the sound attenuation by porous material?

This report is aimed to answer the above questions.

1.4 Content of this thesis

In this study, we are investigating the sound attenuation mechanism of the porous metal.

We expect that this research can provide a basis to design an acoustic liner of jet engines. The

step of the investigation is provided as follows.

1) Microstructure Characterization of Porous Metal

As the first step, we characterize the microstructure of the porous sample.

Microstructure related parameters, i.e. pore size and pore throat size, were

measured. These parameters are important for further analysis of the porous metal

in the next steps. The actual porosity of the sample was measured by using

volume based method obtained from the mass of the samples. The observation of

the samples surface was conducted to measure the pore size and pore opening size

of the foam samples. As observation of the samples surface of the sintered fiber

sample was failed to enable the measurement of the fiber diameter, X-Ray

Computerized Tomography (CT) Scanning was conducted. The X-Ray CT Scan

could provide an insight to the microstructure of the sintered fiber samples.



2)

3)

4)

Flow through Porous Metal

The parameter characterizing the resistance encountered by fluid flow through a
porous material is usually referred as flow resistivity. This parameter is widely
considered to relate with the acoustic energy loss, when sound wave propagated
through the porous material. Furthermore, the derivation of acoustic models for
porous material usually includes flow resistivity as the input parameter. Therefore,
in this step, we measured the flow resistivity of the porous samples and analyze
the flow resistivity relation with the structure of the porous samples.

Sound Attenuation under Normal Incident Soundwaves on Porous Metal

We then investigated the acoustic properties of the porous material under normal
incident sound waves. The normal incident sound waves assumption is simple so
that there are many acoustic models available for this condition. The acoustic
properties obtained from the measurements and the acoustic model might indicate
the sound attenuation mechanism inside the porous material. Furthermore, the
effect of the structure on the sound attenuation mechanism could be understood.
Sound Attenuation by Porous Material under Grazing Flow

For the acoustic liner application, the porous material will be attached in the wall
inside the nacelles. Thus, the acoustic properties of acoustic liner are usually
measured inside a flow duct setup. In this research, the sound attenuation by
porous samples was also investigated inside a flow duct. The porous sample was
attached in the wall of the flow duct in which air flow was generated. The acoustic
properties of the samples under this condition were then compared to that of the
samples under normal incident sound wave. The effect of the air flow on the

sound attenuation by porous material in the flow duct was then analyzed.
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CHAPTER 2

Microstructure Characterization of Porous Metal

In this chapter, the microstructure of the porous metal samples used in this study was
characterized. The characterization methods include the volume based porosity measurements,
photograph analysis, and X-Ray Computerized Tomography (CT) Scanning. This step is
important to obtain essential parameters and basic information for further analysis in next

chapters.

2.1 Introduction

Porous materials have been used by human for a long time. The natural porous materials
were initially used by human such as for thermal insulation, acoustic insulation, and filtration.
Furthermore, early investigation on the structure of the porous material might have started
from analysis of rocks or sands in geology. The application of the geological study on porous
materials was varied from the oil extraction to the ground water flow. However, currently, the
advances of technology have enabled the production of synthetic porous material from
various base materials, ranging from plastics, metals, to ceramics. The application of porous
material has also expanded to a broader scope, such as the geothermal energy harvesting,
packed bed reactor, and fuel cell. The type of the base material and its structure might affect
the phenomena occur inside the porous material. Therefore, the investigation on the porous
structure is essential for the prediction of the performance of the material.

The structure of porous material can be categorized as foam, fibrous, packed sphere. Each
category might have further variation on the details of the microstructure. As an example, the

foam material might consist of interconnected pore or closed pore[1], [2]. Furthermore, the



foam material with interconnected pore might have a different degree of interconnectivity,
represented by the number of pore throat inside one pore, the size of the pore throat, and the
number of neighboring pores[3]. This variation of microstructure of foam material might
affect its performance in the application [2]-[4]. Therefore, the microstructure of the porous
material have to characterized before further analysis.

One widely used parameter to characterize the microstructure of porous material is the
porosity. Porosity is the ratio of the void volume to the void-solid volume. The porosity
measurement can be conducted using various methods [1]. However, porosity cannot clearly
indicate which structure the porous material has. Even for the case of foam material, porosity
cannot determine the interconnectivity of the pores. Therefore, the visual analysis of the
porous material should be conducted so that the structure can be identified. Furthermore, the
dimension of the microstructure should be measured, e.g. the fiber diameter in the case of
fibrous material or sphere diameter in the case of packed sphere. This microstructure
dimension might affect the performance of the porous material.

Even though the structure observation is essential in the study related to porous material,
the procedure is not easy. Direct visual observation might be conducted of the surface of
porous material. However, observation on the surface of the samples might not be able to
represent accurately the structure inside the samples. Therefore, in the past, a method was
developed to analyzed sequences of thin sections of porous material [5], [6]. The image of the
surface of a rock was first taken using Scanning Electron Microscope (SEM). Then the
surface was polished to reduce 1 um of thickness. After polishing, the SEM images of the
surface was taken again. The polishing and SEM examination were conducted repeatedly to
obtained sequential images of the porous material. However, this method is time consuming
and destructive to the samples. Currently, the availability of computerized tomography (CT)

scanning enables non-destructive observation of the inside of porous material [7]. The CT
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scan can provide sequential images of the porous material. Thus, the local characteristic and
inhomogeneity inside the porous material can be observed. Furthermore, the sequential
images can be combined and then used for analyzing the 3D structure of the material.

A major difficulty in the porous material structure analysis is that a porous material might
have inhomogeneous microstructure. The pores inside of block of foam material might vary
in diameter and a block of fibrous material might have an area where the fibers are denser.
The easiest analysis method is to use the averaged of the measured dimension and to assume
the material is homogenous. If those assumptions failed to provide a correct analysis, the
dimension might be considered as a distribution function.

In this chapter, the characterization of porous samples is reported. We first measured the
actual porosity of the porous samples. Then visual observation of the surface of the porous
samples was conducted to measure the dimension of the structure of the samples.

Furthermore, X-Ray CT scan was also used for investigating the microstructure of the sample.

2.2 Porous Metal Sample

In this project, we used two types of porous metal: sintered fiber and foam. Both
materials were made of stainless steel, SUS316L. The sintered fiber and foam samples were
purchased from Nikko Techno, Ltd. and Nagamine Co., Ltd., respectively. Table 2.1 list the
samples used in this project. The cross-section of the fibers is rectangular, area of which is
equal to the area of a circle with a diameter of 0.03 mm as stated by the manufacturer. The
porosity of sintered fiber samples was varied between 65%~80%. Meanwhile, the stated
porosity of foam samples was 84%~94% and the pore size varied with the porosity.

The samples were prepared in two forms: cylinder and slab. The cylindrical samples were
about 25 mm in diameter and 30 mm in thickness whereas the slab samples were 280 mm in

length, 60 mm in width, and 30 mm in thickness as illustrated in Fig. 2.1. The actual
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dimension of each sample might differ by £1 mm. The cylindrical samples were used for the
microstructure characterization (Chapter 2) , the flow resistivity test (Chapter 3), and the
impedance tube test (Chapter 4), whereas the slab samples were used specifically for the flow
duct test (Chapter 5). Every sample was inserted in a casing liner to fit the sample slot in the
impedance tube and flow duct setup. The foam samples have a stainless steel casing provided
by the manufacturer. On the contrary, the casing for the sintered fiber samples was made of
polymer using 3D printer. The casings for the foam samples are fixed whereas the casings for

the sintered fiber samples are detachable.

60 mm
A4
30 mm 30 mm
Figure 2.1. Dimension of the cylindrical and slab samples.
Table 2.1 Available porous metal samples.
Sample Cylindrical Slab sample
sample
Sintered Fiber
1st batch 1 @) O
2 @) X
3 @) )
2nd Batch 1 O X
2 @) X
3 @) X
4 @) X
5 @) X
6 @) X
7 —normal @) X
fiber
Foam
MF-80A 0 0]
MF-40 0 X
MF-20 @) )
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é = 65% é=T78% = 80%

¢ =82%
Normal

(b)

4 = 85% 4 = 96%
(©)
Figure 2.2. The photographs of the surface of the (a) sintered fiber with planar fiber, (b)
sintered fiber with normal fiber and (c) foam samples with varied porosity.

¢ =81%

2.3 Characterization Method and Results

2.3.1 Volume based Porosity Measurement

The porosity measurement was conducted on all of the cylindrical samples. The

measurement was based on void to total volume ratio. First, the total volume, V, was assumed
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as the volume of the cylinder consists of the void and solid parts, V = Vypiq + Vsoria- The
actual thickness and diameter of the cylindrical samples are measured using a caliper and
listed in Table 2.2. The actual total volume of the samples was calculated from these
measured values. Second, the actual mass of the samples, M, was measured and listed in
Table 2.2. Third, the solid volume, Vs, can be obtained using equation Vs = M /pgys, Where
psus 1S the density of the SUS316L. Finally, the porosity of the samples was calculated by
using eg. (2.1)

V-M/
¢ — VPSUS (21)

The measured porosity of the samples was also provided in Table 2.2. The porosity range of
the fiber samples was from 65% to about 84% whereas the range of the cellular foam was
from 81% to 96%.

Table 2.2 Actual dimension and porosity of the samples.

Sample t Dyr |4 M Vs Stated | Measured
(mm) | (mm) (mm?d) (9) (mm?®) | Porosity | Porosity
Sintered Fiber
1st 1 30.25 | 24.80 | 14612.30 |40.97 [5121.30 |~65% | 64.95%
batch 2 29.15 | 24.75 | 14024.22 |24.81 |3101.36 | ~80% | 77.88%
3 29.7 | 24.8 14346.62 | 23.02 |2877.99 |~80% | 79.94%
2nd 1 30.27 | 25.02 | 14882.54 | 20.02 |2503.12 |~80% | 83.18%
Batch 2 30.21 | 25.01 | 14841.16 | 19.62 |2452.30 |~80% | 83.48%
3 30.22 | 25.01 | 14846.08 | 19.53 |2441.63 |~80% | 83.55%
4 30.23 | 25.01 | 14850.99 | 19.19 |2399.39 | ~80% | 83.84%
5 30.24 | 25.02 | 14867.79 |20.54 |2567.18 | ~80% |82.73%
6 30.14 | 25.01 | 14806.78 | 18.67 |2333.20 |~80% | 84.24%
7 —normal | 30.16 | 25.00 | 14804.76 | 20.90 |2612.24 |~80% | 82.35%
Foam

MF-80A | 30.80 | 25.00 | 15118.91 | 22.56 | 2820.15 | 84% 81.34%

MF-40 30.25 | 25.00 | 14848.93 | 18.04 | 2255.22 | 90% 84.81%

MF-20 29.23 | 25.00 | 14348.24 |4.61 575.71 94% 95.99%

14




2.3.2 Geometric Dimension Analysis
The photographs of the surface of the samples were taken and shown in Fig 2.2. From

visual observation, the structure of the surface of the sintered fiber samples was similar,
except for the sample with normal fiber orientation. Furthermore, the diameter of the fiber
cannot be measured from the figure as the resolution of the photos is low. On the contrary,
the variation of the structure of the foam samples could be seen from visual observation of
the photos as the pore size and the pore throat size varied. The pore size and the pore throat
size were large enough for measurement using the photographed images. The method to
estimate the pore size and pore throat size of the foam sample with ¢ = 96% is explained
below.

In Fig. 2.3 (a), blue squares were drawn to identify one pore. The pore size was then
obtained as the average of the height and width of this square. The size of the squares can be
estimated by comparing it to the known diameter of the sample, D,r. Meanwhile, in Fig. 2.3
(b), red squares were drawn to identify one pore opening, i.e. the hole connecting the pore to
a neighboring pore. Similarly, the pore throat size was obtained as the average of the height
and width of the red square. For every sample, 10 pores and pore throats were measured.
Finally, the pore size and pore throat size of each sample was the average of 10 measured

values. The pore size and the pore throat size are listed in table 2.3

(b)

Figure 2.3. Example of (a) pore size and (b) pore throat measurement of foam sample with ¢

= 96%.
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Table 2.3 Pore size and pore throat size of the foam samples.

Sample Code | ¢ Pore size | Pore throat Pore throat -
size Pore size ratio
MF-80A 81% 0.40+0.04 | 0.154+0.01 0.39
MF-40 85% 0.60+0.06 | 0.2740.02 0.45
MF-20 96% 1.35+0.20 | 0.74+0.11 0.55

Table 2.4 The samples for CT Scan.

Sample Batch ) Sample Number of Distance
Length Images between images
(mm) (mm)

Sample A | First 79.94% 29.7 1476 0.02

Sample B | Second | 83.18% 30.27 1502 0.02

2.3.3 X-Ray Computerized Tomography (CT) Scanning

X-Ray CT Scanning was conducted to obtain information on the microstructure inside the
samples because observation from photographed images of the surface sample could not
provide many information on the structure. The scanning was conducted on the cylindrical
samples. The CT scan could be performed on the sintered fiber samples as the casing is made
of polymer. In contrast, the CT scan cannot be done on the foam sample because the X-Ray

cannot pass through the stainless steel casing.

X-ray |

source

mm] (10 times magn’ g%fn

7 ? Rotation table
Flat panel

. : detector
Inside of Carl Zeiss METROTOM 1500 iy

Pixel size=200 [um]

Figure 2.4. The setting inside of the CT Scan device.
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The X-Ray CT Scanning was conducted on two of the sintered fiber samples, the sample
with ¢ = 80% from the first batch referred as A and sample no. 1 with ¢ = 83% from the
second batch referred as B as stated in Table 2.4. The scanning process used Carl Zeiss
METROTOM 1500 device. The scanning time was 5 hours for each sample under condition
200kV and no pre-filter. The voxel size was 20.53 um. The setting of the sample inside the

scanning device is shown in Fig. 2.4.

Images A-0565 to A-0567

Images A-0663 to A-0665

Images A-0798 to A-0800
Figure 2.5 Sequential images from CT Scanning of sintered fiber of samples A, ¢ = 80%.
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Images B-0539 to B-0541

Images B-0568 to B-0570

Images B-0664 to B-0666
Figure 2.6 Sequential images from CT Scanning of sintered fiber of sample B, ¢ = 83%.

Some of the sequential images from the CT scan of the sample A and B are shown in
Fig. 2.5 and Fig. 2.6, respectively. Fig. 2.5 shows that the microstructure of the sample A
is nearly isotropic in 2D and relatively homogenous. In the other hand, Fig. 2.6 shows
that the sample B has clusters of gathered fibers indicating that the microstructure is

inhomogeneous.
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2.4 Discussion

The actual porosity of the foam samples is different from the stated porosity provided by
the manufacturer. The stated porosity might represent the porosity of larger size of the bulk
material. As our sample is quite small, the porosity might be different from the bulk porosity.
The actual porosity would be used for the analysis in the next chapters.

The raw images from CT Scanning of the sintered fiber samples indicated that the
homogeneity of the material might differs from one production batch to another. The material
from the old batch was relatively homogenous and 2D isotropic while the new batch has
some clustered fiber indicating inhomogeneity. This difference cannot be identified easily
using direct visual observation. Furthermore, the raw images from the CT- Scanning could be
processed into binary, black and white images, as explained in the appendix 2A.

The fiber diameter stated by the manufacturer would be used in further analysis whereas
the measured pore size and pore throat size would be used for analysis in next chapters. The
actual size of the fiber forming the sintered fibers samples could not be measured. The
resolution of the photographs is not high enough to accommodate the measurement of the
diameter of the fiber. Meanwhile, the pore size and pore throat size of the foam material was
measured from the photographed images. The pore size and pore throat size varied as the
porosity varied. Furthermore, the ratio of the pore and pore throat size also varied. Thus,
parametric analysis using the samples was not possible as there is no fixed parameter.
Furthermore, the value of the pore size and pore throat size of the foam samples might be not
accurate as the measurement only used 2D image of the surface of the samples. Thus, the
pore size and pore throat size measured here was only an estimation value for further analysis
in next chapters. A more accurate measurement of the microstructure of both sintered fiber
and foam material can be done by analysis of the 3D body processed from CT Scanning.

Furthermore, higher resolution CT-Scan image can be obtain by using smaller specimens,
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V; < 1 cm3. However, care should be taken as the specimen become smaller; it might cause
larger deviation from the bulk properties.

From the visual observation, foam samples used in this project has highly interconnected
cells. However, the structure of each sample might have a different degree of
interconnectivity. One parameter to represent the degree of interconnectivity of a porous
material is the reticulation rate. A foam material with a high-reticulation rate has a high
opening ratio and consists of reticulated solid frame. Thus, there are hardly any solid walls to
separate the pores. In contrast, in foam material with low reticulation rate, each pore was
surrounded by solid wall separating it to the neighboring pores. The separating walls might
have opening to interconnect each pore, but the opening ratio is less that of the sample with
high reticulation rate. From the characterization methods conducted in this chapter, the
reticulation rate of the foam samples cannot be determined. Unlike the foam material, the
void channel inside the sintered fiber material was formed by the gap between the fibers.

Thus, the air channel might not be in the form of cells but more like interconnected ducts.

2.5 Conclusion

The actual porosity of the samples has been measured and this value will be used for
analysis in the next chapters. The pore size and pore throat size of the foam samples was also
estimated and they would be used for model analysis in the next chapters. The
characterization process indicated that the homogeneity of the microstructure of porous
material might varied between one batches of production to another. This difference of
microstructure inside the material cannot be detected under direct visual observation.
Moreover, the shape of the void inside the sintered fiber sample was different from the foam
material. The void inside fiber samples resembles interconnected channel whereas the void

inside the foam sample resembles interconnected cell.
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APPENDIX 2

X-Ray Computerized Tomography (CT) Image Processing

The raw data from the CT Scanning was processed using FIJI imageJ software, with

a Macro program. ImageJ software has options to directly convert the raw CT images to

black and white images. However, due to the low resolution of the sintered fiber images,

the direct conversion cannot be done. Thus, the images were processed manually using

some steps:

1.

2.

Define the circular frame of the sample.

Crop the sample.

Clear the image outside the circle.

Define the threshold value to convert into binary image (black and white).
Calculate the 2D porosity in one image by comparing the black and total pixels
inside the circle.

The overall porosity (3D) was the averaged value of the 2D of images porosity.
Compare the calculated 3D porosity with the known volume based porosity.

If the difference between the calculated 3D porosity and the known volume based

porosity was higher than 0.05, the thresholding value was revised.

The processing steps are also presented in block diagram in Fig. A2.1. The example

of image processing step of A-0500 of sample A are provided in Fig. A2.2. However it is

important to note that the 2D porosity deviate widely to the mean 3D porosity near the

two surface of the sample as illustrated in Figure A2.3. Therefore, we disregard the

analysis near the surface of the samples as illustrated in Figure A2.4. For sample A, the

analysis was conducted from image no. 150 to 1349 as indicated in Fig. The 3D porosity

from image processing and the volume based porosity as the reference are listed in Table
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A2.1. These sequences of black and white images then can be constructed into 3D body.
The examples of 3D body of the samples obtained from ImageJ are shown in Figure A2.5
and A2.6. The 3D data of the sample then can be used for further analysis such as actual

fiber measurement, pore size, pore throat size, and even for numerical simulation.
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Figure A2.1. Block diagram of Image processing.
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Figure A2.2. Examples of image processing of CT Scanning images of sample A Image A-
0500.
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Figure A2.3. Illustration of variation of the 2D porosity along the sample length, for sample
A image A-0000 to A-1476 with threshold 0 to 31700.
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Figure A2.4. lllustration of variation of the 2D porosity along the sample length, for sample
A image A-0150 to A-1349 with threshold 0 to 31700.

Table A2.1. Porosity of the samples from two measurement methods

Sample From volume ratio | From Image processing Low High
(%) (%) Threshold | Threshold

Sample A 79.94 79.901+2.6 0 31700

Sample B 83.18 83.194+3.21 0 29540
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Figure A2.6. 3D structure of sample B from image sequence A-0550 to A-0549.
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CHAPTER 3

Flow Resistivity of Porous Metal

In this chapter, the flow resistivity of the porous samples is reported. Flow resistivity
represents the resistance encountered by fluid flow through a porous material. Furthermore,
this parameter is widely considered to be related to the sound propagation through porous

materials.

3.1 Introduction
The study of fluid flow through porous material is closely related to the work by D’arcy
in 1856. D’arcy conducted experiments to observe the flow of water through sand. From this

experimental data, he established the D’arcy equation as follows.

_ _ kpAP
q==- 3.1)

where g is the velocity flux inside the tube, kj, is the permeability of the medium, AP is the
pressure drop, [ is the thickness of the sample, and n is the dynamic viscosity of the fluid.
Equation 3.1 is analogous to Ohm's law in the field of electrical network so that the
permeability can be considered as the conductance of the fluid possessed by porous material.
Furthermore, in D’arcy theory, the fluid is assumed to flow inside a capillary channel inside
the porous material. Therefore, this theory is also referred as capillary model. This theory has
been improved by Kozeny and Carman to predict the permeability of porous material. In
addition, this theory was further modified for a specific structure [1].

Another model of the flow through porous material is based on drag force. In this model,
the fluid was considered to flow over an immersed body. Therefore, the drag force based

models are usually directly developed to a certain microstructure [2], [3]. Iberall developed a
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drag models are to estimate the permeability of a random distribution of circular cylindrical
fibers [2]. Iberall stated that drag force analysis of fibrous material can be conducted when
the space between fibers and the length of individual fiber are larger than the fiber diameter.
This assumption indicated that the disturbance due to the adjacent fibers on the flow around a
particular fiber is low. Thus, this drag model to calculate the permeability of fibrous sample
might be suitable for material with porosity varied from 50% up to 98%.

The permeability of porous material is usually used for the study related to geological
application such as groundwater flow. However, in the acoustic application, the characteristic
of the fluid flowing through porous material is also important. Instead of permeability, the
flow resistivity is the parameter used in acoustic field. Flow resistivity represents the
resistance encountered by fluid flow through a porous material. The flow resistivity can be

calculated using equation 3.2.
0o=— (3.2)

where AP is the pressure drop, g is the velocity flux inside the tube, and [ is the thickness of
the sample. Therefore, the flow resistivity can be considered as the reciprocal of the
permeability. Using electrical network analogy, the permeability might be considered as the
conductance whereas the flow resistivity is the resistance.

Bies and Hansen. stated that the information on flow resistivity of porous material is
enough to predict its acoustic properties [4]. Furthermore, flow resistivity become one of the
main input parameters for acoustic models for porous material [5]-[7]. Kuczmarski et al.
even illustrated using electrical network analogy that flow resistivity represents the resistance
in DC current, whereas acoustic impedance represents electrical impedance in AC current.

Considering the importance of flow resistivity for the prediction of sound attenuation of
porous material, the flow resistivity of the samples was measured and discussed in this

chapter. The effect of the porous structure on the flow resistivity was also investigated.
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Furthermore, the accuracy of a drag model flow resistivity for fibrous material was verified.
The information on the flow resistivity of the samples will provide a basis for acoustic

analysis in the next chapter.

3.2 Experimental Methods
3.2.1 Sample
Flow resistivity measurement was conducted on the cylindrical porous samples. The
samples consist of three foam samples and ten sintered fiber samples. The lists of the
samples are given in table 3.1 and 3.2.

Table 3.1 The properties of sintered fiber samples

Batch | Sample | Fiber ¢ Fiber diameter
No. Orientation (mm)
1% 1 Planar 64.95% | 0.03
2 Planar 77.88% | 0.03
3 Planar 79.94% | 0.03
2nd 1 Planar 83.18% | 0.03
2 Planar 83.48% | 0.03
3 Planar 83.55% | 0.03
4 Planar 83.84% | 0.03
5 Planar 82.73% | 0.03
6 Planar 84.24% | 0.03
7 Normal 82.35% | 0.03
Table 3.2 The properties of foam samples
Sample | Fiber Pore size | Pore throat | Pore throat — ¢
diameter | (mm) Size (mm) pore ratio
(mm)
MF-80A | - 0.40+0.04 | 0.15+0.01 | 0.39 81.34%
MF-40 |- 0.60+0.06 | 0.27+0.02 | 0.45 84.81%
MF-20 |- 1.35+0.20 | 0.7440.11 | 0.55 95.99%
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Fig. 3.1. (@) Scheme and (b) photograph of the flow resistivity measurement setup.

3.2.2 Experimental Setup

Flow resistivity of the porous metal was measured using a setup consists of a stainless
steel pipe, a compressor, a flow meter, a pressure differential sensor, and National
Instrument data acquisition device (NI-DAQ) as shown in Fig. 3.1. The inner diameter of
the pipe is 23 mm and the total length is 650 mm. The sample was inserted in the slot
where the sample surface is at a distance of 440 mm from the start of the pipe. A
compressor was attached to the inlet of the tube to generate air flow inside the pipe. A
flow meter was installed between the compressor and the pipe to measure the flow rate of
the air. Furthermore, there is a converter to facilitate the difference between the outlet
pipe diameter of the flow meter and stainless steel pipe diameter. A pressure differential
sensor was attached to measure pressure drop of the air flow through the porous sample.

Each probe of the sensors was attached at location 65 mm from the sample.
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Three pressure differential sensors were used because the pressure drop range of each
sample differs. Each of the sensors has a different pressure range reading - 100 kPa to 100
kPa, -500 kPa to 500 kPa, and -2500 kPa to 2500 kPa, all of which were Setra model 264.
The sensor with pressure range - 100 kPa to 100 kPa was used for foam sample with ¢ =
96%. The sensor with pressure range - 500 kPa to 500 kPa was used for the rest of the
foam samples. The sensor with the widest pressure range was used for all the fibrous
samples as they caused much higher pressure drop than the foam samples.

The flow meter used in this study was KOFLOC Model 8500 MC/MM with flow rate
range 10SCCM up to 20SLM or about 0.000167 x 10 m?¥s to 0.333333% 103 m%s. This
flow rate corresponds to air velocity within the range of 0.0004 m/s to 0.8023 m/s. The
flow rate of the air from the compressor was changed by tighten or loosen the gate valve
of the compressor. The flow rate was displayed in the screen of the flow meter. The flow
rate range for each samples was also different depend on the maximum pressure drop that
can be read by the pressure sensor.

The flow meter and the pressure differential sensor were connected to National
Instrument Data Acquisition Device, NI-cDAQ-9174 containing NI 9215. The data were
recorded using LabView Signal Express. The sampling rate for the measurement was
1000 samples/s. For each value of flow rate, the data was recorded for 3 s. The final
values of the flow rate and the pressure were the average of the 3 s of data. The flow

resistivity then can be calculated by using equation (3.2).
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3.3 Mathematical Model for Flow Resistivity

To complement their acoustic model, Sides et al. derived an equation to calculate the flow
resistivity of fibrous material based on drag force model [7]. This equation simplified the
fibrous structure to be stacked cylinder structure illustrated in Fig. 3.2 (a). The actual
structure of our sintered fiber is also shown in Fig. 3.2 (b). The flow resistivity per unit

thickness of fibrous sample under perpendicular steady air flow is given by

_ 4n(1-¢) 1
T ¢re ln<3.7n¢o

rpr

3.3)

+2(1-¢){3———
) ol

3.7n¢
n rpr>
where 7 is the viscosity of the air, v is the velocity of air near the fiber, e is the dilatation of

the solid, r is the fiber diameter, and py is the density of the air. The velocity chosen for the

calculation was 0.003 m/s.

(a) (b)

Fig. 3.2 (a) Stacked cylinders structure assumption used by Sides et al and (b) the actual
surface of the fibrous sample with ¢ = 80%

3.4 Results and Discussion
3.4.1 Pressure Drop
Figure 3.3 (a) shows the pressure drop of the sintered fiber sample with ¢ = 80%,
from the 1% batch, obtained by two pressure differential sensors, sensor 1 with +2500 kPa
range and sensor 2 with £500 kPa range. The sensor with pressure range with £100 kPa

was not used for the sample with ¢ = 80% because the velocity range that can be read by
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this sensor is narrow and low. In the experiment, the steady flow rate can be measured as
low as 0.5 SLM or 0.0083 x10° m®s that corresponds to velocity 0.02 m®/s. The flow
rate below this value is difficult to be achieved using the compressor. The pressure drop
read by the two sensor matches as shown in Fig. 3.3 (a). Further analysis was conducted
using the sensor with £2500 kPa range as it provided data in wider velocity range.

The pressure drop of each sample was measured in two directions as illustrated in Fig.
3.4. Figure 3.3 (b) shows that the measurement in the two direction of the sintered fiber
sample with ¢ = 80% from the 1% batch, yield to similar results. Fig. 3.3 (b) shows that
the pressure drop of the sample increased exponentially as the velocity increases.
However, for the analysis this pressure drop results can be considered as linear in low
velocity range. For the sample with ¢ = 80%, the velocity limit of linear range was 0.3
m/s whereas above this velocity limit the pressure drop increase was not linear. The
pressure drop that will be used for the flow resistivity calculation is the ones within the

linear range. The limit of linear pressure drop varied for each sample.

Sintered fiber, ¢ = 80% Sintered fiber, ¢ = 80%
2500 2500
sensor 1 i i é
sensor 2 linear non-linear
— 2000 — 2000
© ©
a o
& 1500 } S 1500 }
p . —
() (a)
g g
= 1000 F 5 1000 F
wv (%]
wv (%]
é_'i' E e 1st direction
S00 F sl 2nd direction
0 0 2
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Velocity (m/s) Velocity (m/s)
(@) (b)

Fig. 3.3. The pressure drop of sintered fiber sample from the 1st batch with ¢ = 80%,
obtained from (a) two pressure differential sensors, sensor 1 (2500 kPa) and sensor 2
(£500 kPa) and (b) measurement of the sample in two direction using sensor 1
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Fig. 3.4. The two directions of the sample placement for the flow resistivity measurement.
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Fig. 3.5. The pressure drop of sintered fiber sample with ¢ = 80% and the foam sample ¢ =
81%

The comparison of the pressure drop of the sintered fiber sample with ¢ = 80% from
the 1s batch and the foam samples with ¢ = 81% is shown in Fig. 3.5. The y axis of Fig.
3.51is only up to 500 Pa, which is narrower than Fig. 3.3. It should be noted that the limit
for linear pressure drop of the foam sample was observed at lower velocity, 0.15 m3/s.
The pressure drop data are shown in narrow pressure drop range to highlight the
differences between the two samples. The pressure drop of the foam sample is lower than
that of the fiber sample. Even though the porosity of both samples is similar, as
previously stated in chapter 2, the shape of the void channel inside the foam is different
from that of sintered fiber. The void inside the foam material was formed by
interconnected cell whereas the void of sintered fiber material was formed by
interconnected gap between the fibers. The channel dimension of the foam sample with ¢

= 81% ranges around the pore throat diameter and the pore size, 0.15 mm and 0.40 mm,
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respectively. On the contrary, the void channel diameter of the sintered fiber material
could not be measured from the structure characterization. The high pressure drop of the
sintered fiber sample might be caused by a smaller size of void channel and the high
tortuosity of the structure. Therefore, air flow experienced more obstruction to flow and
more viscous loss occurred inside the sintered fiber sample.

The pressure drop of the sintered fiber samples from the 2" batch with planar and
normal fiber orientation is shown in Fig. 3.6. The porosity is almost the same i.e. ¢ =
82.73% and ¢ = 82.35%, respectively. However, Fig. 3.6 shows that when air flow
through the sample normal fiber, the pressure drop is lower than the planar sample. This
is because the air channels inside the normal sample were formed between the fibers that
are parallel to the air direction. Therefore, these channels are relatively straight
connecting both surfaces of the porous sample. Conversely, inside the planar sample, the
fibers are perpendicular to the air direction. Thus, the planar fibers created more severe
obstruction for the air flow. Furthermore, the placement of the fibers on each layer might
create torturous channels inside the planar sample. More viscous loss occurred inside the
torturous channel than that inside the straight channel. As a result the pressure drop inside
the planar sample is higher than in normal sample. The pressure drop results of the other

samples are provided in Appendix.
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Fig. 3.7. The flow resistivity of sintered fiber sample with ¢ = 80% from the 1st batch,
obtained from measurement of the sample in two direction using sensor 1

3.4.2 Flow Resistivity
The flow resistivity of sintered fiber sample with ¢ = 80% from the 1% batch is shown
in Fig 3.7. The flow resistivity calculated from two direction measurement matched well.
Furthermore, the flow resistivity was constant within the linear pressure drop range, 0 m/s

up to 0.3 m/s. In higher velocity, the flow resistivity started to increase. The flow
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resistivity value used for further calculation and analysis in the next chapter was the
average of the flow resistivity values within the linear range.

The flow resistivity of the sintered fiber, from the 1% and 2" batch, and the foam
samples are shown in Fig 3.8. It is shown that the flow resistivity of the sintered fiber
samples from the 1% batch was lower than the samples from the 2" batch. The higher
flow resistivity of the samples from the 2" batch might be caused by the inhomogeneity
such as the cluster of gathered fibers revealed in chapter 2. On the other hand, the foam
samples have much lower flow resistivity. This is because the channel size inside the
foam samples might be larger than that in the sintered fiber samples. The lowest flow
resistivity was that of the sample with ¢ = 96%. This sample has the largest pore size and
pore throat size of all the foam samples. Thus, the air can flow through this sample easily
with low obstruction.

Since the pressure drop of the sintered fiber sample with normal fiber orientation is
lower than that of the planar fiber sample, the flow resistivity of the normal fiber sample
is also lower than that of the planar sample. The flow resistivity values of all the samples

are listed in Table 3.3 and 3.4.
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Fig. 3.8. The flow resistivity map of the sintered fiber and foam samples
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Table 3.3 The measured flow resistivity of the sintered fiber samples

Batch | Sample | Fiber ¢ Fiber diameter | Flow Resistivity
No. Orientation (mm) (Pasm?)
18 1 Planar 64.95% | 0.03 469942
2 Planar 77.88% | 0.03 151914
3 Planar 79.94% | 0.03 113140
2nd 1 Planar 83.18% | 0.03 156504
2 Planar 83.48% | 0.03 151964
3 Planar 83.55% | 0.03 148347
4 Planar 83.84% | 0.03 148327
5 Planar 82.73% | 0.03 162846
6 Planar 84.24% | 0.03 142929
7 Normal 82.35% | 0.03 87696
Table 3.4 The flow measured flow resistivity of the foam samples
Sample | Fiber Pore size | Pore throat | Pore throat — ¢ Flow Resistivity
diameter | (mm) Size (mm) pore ratio (Pas m?)
(mm)
MF-80A | - 0.40+0.04 | 0.15+0.01 | 0.39 81.34% 21603
MF-40 | - 0.60+0.06 | 0.27+0.02 | 0.45 84.81% 3411
MF-20 |- 1.35+0.20 | 0.7440.11 | 0.55 95.99% 606
500000
fo -e-actual
= 400000 }
E -e-model prediction
[
o
~— 300000 }
3
=
-2 200000 |
Q
o
2 \
© 100000 }
L
0 . .
60 70 80 90

Porosity (%)

Fig. 3.9. The measured and calculated flow resistivity of the sintered fiber

The flow resistivity calculated using drag based model for the old sintered fiber

samples is shown in Fig. 3.9. The calculated flow resistivity were lower than the
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measured flow resistivity of the sintered fiber samples. Therefore, the drag force analysis
might not be appropriate for the sintered fiber sample because the structure is more
similar to a material with capillary channels, instead of the stacked cylinders. Thus, the
capillary based analysis might yield to a better flow resistivity prediction of the sintered
fiber samples. In the paper written by Sides et al., they used drag based model to predict
the flow resistivity of their fibrous samples but did not compare it to the actual values [7].
However, the predicted flow resistivity, which was then used in their acoustic model
analysis, was able to provide an accurate prediction of the acoustic properties of Rocksil
mineral wool. Therefore, for some type of fibrous materials such as mineral wool, the
drag based model might be used for the flow resistivity prediction, whereas capillary
model might be more appropriate for the other types of fibrous material such as our
metallic sintered fibers. Thus, the fibrous material might have different structures, i.e.
different diameter and different channel size that will affect the flow resistivity of the

material.

3.5 Conclusion

The structure of the porous material affects the flow resistivity of porous samples. The

foam samples have larger void channel dimensions than that of the sintered fiber samples. As

a result, the foam samples yield to flow resistivity up to 3 orders of magnitude lower than of

the sintered fiber samples. Furthermore, inhomogeneity in sintered fiber materials might

increase the total flow resistivity.
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CHAPTER 4

Normal Incident Soundwaves on Porous Metal

In this chapter, the acoustic attenuation mechanism under normal incident wave of the
sintered fiber and foam stainless steel were investigated using an impedance tube setup.
Further analysis using acoustic model to better understand the sound attenuation mechanisms
inside the porous metal was conducted. Furthermore, the parameter to affect the sound

attenuation characteristic was discussed.

4.1 Introduction

When sound wave propagated through porous material, some attenuation mechanism
might occur i.e. viscous loss, acoustic damping, fiber scattering, and resonance effects in the
air cavity [1]-[3]. There are variations on the microstructure porous material, such as fibrous,
cellular, or granular structures. Each of these microstructures might yield to a different
attenuation characteristic. Furthermore, the material of the porous structure related to
mechanical properties i.e. the stiffness of the solid frame might also affect the sound
attenuation mechanism. For flexible porous material, the incident acoustic energy might
deform the flexible solid frame. In contrast, for stiff material, the solid frame does not deform
so that the acoustic energy was converted into heat by viscous loss and dissipated. In
designing porous material based acoustic liner for the nacelle of jet engine, elevated
temperature and pressure in the jet engine requires the use of material that can withstand this
adverse environment [4], [5]. Therefore, in this project we used metal porous material made

of stainless steel. Furthermore, by considering the future prospect of the porous material
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availability in the market, the porous metal samples used in this project were purchased from
manufacturer. Two type of porous metal were chosen: sintered fiber and foam.

To understand the acoustic characteristic of porous material, some acoustic models have
been developed. These models usually assume normal incident sound waves without air flow
to simplify the analyses. Thus, these models well represent the condition in an impedance
tube setup. The acoustic models for porous materials can be classified into three categories.
The first category is for the empirical models that are built directly using experimental
acoustic data of porous material from the impedance tube. The most well-known empirical
model was developed by Delany and Bazley [6]. This model also has been improved by Miki
and Komatsu [7], [8]. The second category is for models that use effective medium
approaches whereby the porous material was considered as an effective fluid with some
characteristic properties: effective density and an effective bulk modulus [9], [10]. The
impedance and the propagation constant of the porous material then can be calculated using
the effective density and the effective bulk modulus. The last category pertains to models that
were theoretically derived based on the analysis of sound wave interaction with the structure
of the porous material [11]-[14]. Acoustic models in the third category were usually used for
the prediction of sound attenuation by specific microstructures.

The parameters to affect the sound attenuation might be different for each type of material
microstructure. Furthermore, the parameters directly related to the structure of the material
varied for different types of porous material. For the sintered fiber material, the geometric
parameter is only the fiber diameter. In this study, the fiber diameter is constant, thus, the
effect of the fiber diameter on the acoustic properties cannot be verified from experiments.
For the foam material, the geometric parameters comprise of the pore size, pore throat, and
pore throat — pore ratio. This parameter might significantly affect the sound attenuation

characteristic of foam material as stated by Lu et al. [11].
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By considering the difficulties to directly measure the geometric parameter and relate it to
the acoustic properties of porous material, some general parameters related to structure of
material are used in analysis. General parameters usually used for characterizing porous
material are porosity, flow resistivity, tortuosity, and reticulation rate. First parameter is the
porosity, which indicates the ratio of the void volume to the total volume of porous material
but does not provide information of the dimension and characteristic of the structure, such as
the size of the void and the connectivity of the void. Second, flow resistivity is a parameter
that widely considered being a proper parameter to predict the acoustic properties of porous
material as it represents the resistance faced by fluid to flow through the porous material. As
stated in chapter 3, flow resistivity can be calculated from the pressure drop of the fluid when
it flows through the material. Thus, this parameter is related to viscous loss of the fluid. Next
parameter, tortuosity represent the ratio between the length of the channel connecting two
points in the front surface and back surface to the closest distance between the two surface.
Lastly, Doutres et al. stated that the reticulation rate also affects the sound attenuation in
foam materials [15]. Reticulation rate of foam material indicates the connectivity of the pores.
Material with low reticulation rate contains pores each of which separated by well-defined
wall. Conversely, material with high reticulation rate has not so well-defined solid wall
separating the pores and the solid part os in the reticulated structure. In this project we are
able to measure the actual porosity and flow resistivity of the porous samples but not the
tortuosity and the reticulation rate.

In this chapter, we investigated the acoustic characteristic of two types of porous metal,
sintered fiber and foam, under normal incident sound wave. The validity of available acoustic
model to predict the acoustic properties of the sample is verified. The experimental results
and model calculation was then analyzed to identify the sound attenuation mechanism inside

porous material. The effect of the microstructure on the sound attenuation mechanism was
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also investigated. Furthermore, the parameters to affect the sound attenuation mechanism

were also discussed.

4.2 Experimental Methods

4.2.1 Sample

The samples used in the impedance tube measurement are the same cylindrical

samples used in flow resistivity measurements in Chapter 3 and structure characterization

in Chapter 2. The diameter of the sample is about 25 mm and the thickness of the sample

is about 30 mm. The samples used in the impedance tube measurement are listed in Table

4.1. Each sample was made of stainless steel. The fiber diameter of sintered fiber samples

is 0.03 mm. The details of the structure dimension of the samples have been reported in

chapter 2. The pore size and pore throat size of the foam sample varied as the porosity

varied. The properties of the samples are shown in table 4.1. and 4.2.

Table 4.1 The properties of sintered fiber samples

Batch | Sample | Fiber ¢ Fiber diameter | Flow Resistivity
No. Orientation (mm) (Pasm?)
1st 1 Planar 64.95% | 0.03 469942
2 Planar 77.88% | 0.03 151914
3 Planar 79.94% | 0.03 113140
2nd 1 Planar 83.18% | 0.03 156504
2 Planar 83.48% | 0.03 151964
3 Planar 83.55% | 0.03 148347
4 Planar 83.84% | 0.03 148327
5 Planar 82.73% | 0.03 162846
6 Planar 84.24% | 0.03 142929
7 Normal 82.35% | 0.03 87696
Table 4.2 The properties of foam samples
Sample | Fiber Pore size | Pore throat | Pore throat — ¢ Flow Resistivity
diameter | (mm) Size (mm) pore ratio (Pasm?)
(mm)
MF-80A | - 0.40+0.04 | 0.15+0.01 |0.39 81.34% 21603
MF-40 | - 0.60+0.06 | 0.27+0.02 | 0.45 84.81% 3411
MF-20 |- 1.35+0.20 | 0.7440.11 | 0.55 95.99% 606
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4.2.2 Impedance Tube Setup

(@ NLDAQ 1

Personal
Computer

Microphone Microphone Thermocouple
1

Incident wave

<————

—— 10
Reflected wave

Power Amplifier

Figure 4.1. The (a) scheme and (b) photographs of the impedance tube setup

72 mm

50 mm

Xy

Figure 4.2. The location of microphone 1 and 2
The acoustic properties of the porous sample under normal incident soundwave were
measured using an impedance tube with two microphone methods. The setup was
designed according to 1SO 10534-2. The setup consisted of a stainless steel tube, a
speaker, power amplifier, two microphones, a thermocouple, and a National Instrument
data acquisition device, NI-cDAQ 9174 as shown in Fig.4.1. The inner diameter of the
tube was 25 mm and its total length is 335 mm. The porous sample was inserted to the

sample slot in one end of the tube whereas a speaker was connected to opposite end as the
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sound wave generator. The speaker was connected to an amplifier which then connected
to the NI-DAQ 9263 and a PC. Two microphones were installed distances of 72 mm and
50 mm from the sample surface as illustrated in Fig. 4.2. The two microphones were
connected to NI-DAQ 9234. A thermocouple was used to measure the air temperature
inside the tube. The thermocouple was connected to NI-DAQ 9211. The frequency
obtainable by the tube is limited by the diameter of the tube and the distance between the

microphones as indicated by eq. (4.1) and (4.2)

__0.586¢,

fup - (4-1)

drr

0.052 < f. < 0.45-2 (4.2)
112 ll

2

which resulted in to 772 Hz < f,.< 6954 Hz. The frequency range shown in this report is
limited between 800 Hz < f;< 6800 Hz.

Two LabView programs were used for the experiments. The first program generated
white noise signal to the power amplifier. Power amplifier was connected to the speaker
and initiate white noise inside the tube. Power magnification was conducted by turning
the knob of the amplifier. The sound level of the white noise is kept 40 dB at maximum.
The white noise then propagated toward the samples. Some of the incident wave on the
sample surface was absorbed and the rest was reflected. The microphone 1 and 2
measured the pressure of the incident waves and reflected waves at the two locations.
This pressure was recorded and processed by the second Labview program.

The acoustic properties of the samples, i.e. the normalized surface impedance, Z, the
reflectance, R, Sound Absorption Coefficient, SAC, were calculated by using following
steps. The pressure measured at the location of microphone 1 and 2 are given by

P1 = P1; + 1y = A @) 4 4 llottha) (4.39)

P2 = Pai + Doy = A (0TI 4 4, l(@THhx) (4.3b)
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where @ is the angular frequency, k is the wave number, A; and A, are the pressure
amplitudes of incident waves and reflected waves respectively. The transfer functions, Hj,

Ha, and Hi; are given by

H, = Pai _ ,ik(x1-x2) (4.4)
D1

I—I2 — Par _ e_ik(xl_xZ) (45)
Dir

e—ikx2 4 gikxa (%)

_ P2 _ i
Hp=02=— &
P1 e—ka1+eka1(_A )

L

(4.6)

in this study, the Hi, was obtained from Hiz = FFTcross12 / FFTpower11, Where the FFTcross12
is the fast Fourier transform (FFT) cross spectrum of pressure between Microphones 1
and 2 and FFTpower11 is the FFT power spectrum of pressure of Microphone 1. This Hi,
was calculated by the second LabView Program for each frequency, from 800 Hz to 6800
Hz with interval of 10. These transfer functions were used to calculate the reflectance, R,
the sound absorption coefficient, SAC, and the normalized surface impedance, z, of the
sample by using Egs. (4.7)—(4.9). Normalized surface impedance z is the ratio of surface
impedance, Z;, to characteristic impedance of air, Zo (=poco, Where p, is the density of air

and ¢, is the speed of sound), which is referred as impedance in further analysis.

R =Zr = Hutth o -2ik(x) (4.7)
Aj  Hz—Hpp
Z 1+R
Z = Z_; = ﬁ (48)
SAC =1—|R|? (4.9)

4.2.3 Validation of the Impedance Tube
Validation of the impedance tube setup was conducted without any sample, i.e. the
hardwall condition. The magnitude of transfer function obtained from the hardwall
condition is shown in Fig. 4.3 (a) and (b) whereas the phase is shown in Fig. 4.4 (a) and

(b). The magnitude of the transfer function have some peaks value related to standing
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wave observed at the location of microphone 1 as the reference point, as shown in Fig.
4.3 (a). Because the location of Microphone 1 is x = 72 mm (location of the hard wall is x
=0), when 1/4 4, 3/4 1, and 5/4 ). (A: wave length) are equal to 72 mm, the frequencies of
the sound wave at ¢ = 340 m/s should be f = 1181, 3542 and 5903 Hz, respectively. As
comparison the transfer function using microphone 2 as the reference point, H,; =
FFT¢ross21/ FFThower22, Shows peak at different frequencies. The calculated frequencies
of standing wave for both microphone 1 and 2 as the reference points are listed in Table

4.3 and 4.4. This frequencies match with the peak frequencies from the measurements.
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Figure 4.3. Magnitude of the transfer functions of (a) Hi2 and (b) Hz1 (JH12| and |Hz1|) in
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Table 4.3 Frequency of standing wave when xi set as the reference (H1):

f(Hz) | x¢(m) | c(ml/s)
1/4An 1181 0.072 340
3/4n 3542 | 0.072 340
5/4\ 5903 | 0.072 340
7/4N 8264 | 0.072 340

Table 4.4 Frequency of standing wave when Xz set as the reference (H21):

f(Hz) | xa(m) | c(m/s)
1/4\ 1700 0.05 340
3/4n 5100 0.05 340
5/4\ 8500 0.05 340
7/4h | 11900 | 0.05 340




The SAC of hardwall condition obtained using H;, and H,; are shown in fig.
4.5 (a) and (b). The ideal SAC of the hardwall condition should be zero as all of the
incident waves should be reflected back by the hardwall and the impedance of the
hardwall become infinity. However, in the actual system many deviation from the
ideal case could occur inside an impedance tube as stated by Niresh et al. in ref. [16].
In our system, the hardwall SAC could be maintained below 0.2. The SAC tend to
increase as the frequency increase, but a trough occurs around 6000 Hz. The reason
behind this trough is not really well understood, but it might be related to the
characteristic of the impedance tube or the phase difference of the microphones.
Spikes of SAC were observed from both curves at the same frequency with the
frequencies of the magnitude peak of the transfer functions. Therefore, these SAC
spikes observed in hardwall condition are caused by standing wave occurred in

reference of the location of the reference microphone.

4.3 Acoustic Model for Porous Material
The acoustic properties of the porous samples under normal incident soundwave were
analyzed using some available models. The accuracy of the acoustic model to predict the

acoustic properties were verified. Three acoustic models were used in this study:

4.3.1 Delany-Bazley [6]
Delany and Bazley used experimental acoustic data of glass fiber and mineral wools
from the impedance tube to build two empirical equations to calculate the characteristic

impedance and propagation constant of fibrous materials. The equations are given by

—-0.754 —-0.732
Z, = poCo {1 +0.0497 (£) —10.0758 (£) } (4.10)

k= 03{0.160 (5)_0'618 +i [1 +0.109 (5)_0'618]} (4.11)

0
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The main input parameter of the equations is only the flow resistivity. Thus, this model is
relatively simple and straight forward. The surface impedance of the fibrous sample with
thickness, I, was then calculated using equation (4.12)

Z,pg = Z. coth(kl) (4.12)
For further discussion is this report, we used the normalized impedance i.e. the ratio
between the surface impedance and the characteristic impedance of air, Z = Z;/Z,.
Equation (4.8) then can be modified to calculate the reflectance, R, using known

impedance to be

_z-1
T Z+1

R (4.13)

The SAC can be calculated using equation (4.9). In this project, we would like to verify

the use of this model not only for our sintered fiber samples but also the foam samples.

4.3.2 Sides [17]

In this model, Sides et al. assumed fibrous material as stacked cylinders structure as
shown in Fig. 4.7. They then built an acoustic model for the stacked cylinders based on
the Biot theory [18]-[20]. Biot developed a theory for wave propagation in fluid saturated
porous elastic material. The calculation requires four elastic coefficients that are usually
obtained from measurements. However, the Biot theory does not include the detail of the
porous structure i.e. it assumes that the medium is homogeneous and its porosity is
uniform throughout. Thus, Sides et al. theoretically derived equations to calculate the four

elastic coefficients for the stacked cylinder structure. The steps are provided below.

53



Z

y

Figure 4.7. Stacked cylinders structure assumption used by Sides et al.
The dissipation inside a cylindrical pore for Poiseuille flow is given by
d,, = 8mnoF (1) (4.14)
where 7, is the viscosity of air and F(u)is a correction for the deviation from Poiseuille

flow.

_ _t[_wfit(uyi)
Fu) = -3 [1—2 PRGN (4.15)

where i = agyJwp,/nand T(uyfj) = J1(1/5)/Jo(uy/fi). J1 and J, are Bessel functions of first
and zero order and a,, is the radius of the effective pore. The dissipation of a single pore per unit

area is given by

¢d
dy, = 2% = _8’7‘2’;(“) = bF(n) (4.16)

ma?
where b = 8n¢/a3 . The pore radius were calculated using the value of flow
resistivity, a¢, by using equation (4.17).

a§ = 8n/pos (4.17)
By substituting the stress-strain relations isotropic medium, Kinetic energy and dissipation
functions into Lagrange’s equations, then taking the divergence, the governing equations
of the dilatational waves propagation inside fluid saturated porous elastic material can be

obtained.

72(Pe + Q&) = 3 (pre) + BF (0 3 (e — &) (4.18)
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2
V2(Qe + Re) = 55 (p2e) = bF (1) 5 (e — ) (4.19)
From tedious derivation, four of Biot elastic coefficient, N, Q, A, R following equations

can be obtained.

_ _Eb
N = vy (4.20)
Q=0-P)Ks (4.21)
2Ny (1-¢)?
A=t (4.22)

Where E, is the Young’s Modulus and v, is the Poisson ratio. The bulk modulus was

then calculated using equation (4.24).

2(y=1) Ja(w/7)
Ky =vRos |14+ 22D (424)

Where P, is the equilibrium pressure and y is the ratio of the specific heats of the fluid,
Yy =Cp/Cy.

The governing equation of wave propagation, equations (4.18) and (4.19) then can be
solved using a method proposed by Biot. A periodic solution is assumed and the two
dilatations are written as

e = q e~ (@t=kx) (4.25)
€ = afe—j(wt—kx) (4.26)
k is a propagation constant. By solving the substitution of equation (4.25) and (4.26) to

the governing equations, we can obtain.

A+2N+R)]1/2

(A+2N)R

K = +[ 2+ iwbF (i) ( (4.27)

Further derivation will provide the equation to calculate the characteristic impedance of

fibrous material.
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c (U¢

(4.28)
The surface impedance of the fibrous sample with thickness, I, was then calculated using
equation (4.29)

Z,pg = Z, coth(—jk'l) (4.29)

Unlike the Delany - Bazley model, Sides model is more elaborate and requires tedious
calculation. Furthermore, the input parameters of this model includes the mechanical
properties, thermal properties, physical properties and geometry related properties. In this
study, Sides model was used for sintered fiber material.

433 Lu[11]

Lu et al. modeled foam material as cellular structure as shown in Fig. 4.8. For the
acoustic analysis, this structure was further simplified as multi layers of perforated plates.
Each of the perforated layers was analyzed using method made by Maa [21]. The
impedance of a perforated plate and an air gap behind is the summation of the impedance
of the orifice and the air gap. The impedance of the air inside the cell can be calculated as
follows.

Zy = —ipycy cot(wD /cy) (4.30)
where D is the thickness of the air gap. The impedance of the orifice can be calculated as

follows.

zo = 2 {1+ 7732 + JBd/at,} + iwpoty{1 + 1/3/9 + B2/2 + 0.85d/t,}(4.31)
where t, is the thickness of the plate, d is the diameter of the orifice, and g is the

acoustic Reynold number that can be calculated by using equation (4.32).

_d [wp
,3_2\/7 (4.32)
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It should be noted that Eq. (4.31) is valid for 1 < g < 10, thus, it is limited to a certain
range of pore throat diameter and a range of frequency. The equation might fail for
smaller pore throat diameter or lower frequency and larger smaller pore throat or higher
frequency.

It is important to note that only some parts of sound waves incident on the open
orifice area and the attenuated by the orifice and the air gap. The sound wave incident on

the plate was reflected back. Thus the impedance of the orifice is corrected by divide

equation (4.32) with open area ratio, a, = d?/D,>.

Zo =22 [T+ B2/32 + [Bd/4t, | +“22{1+1/,/9+ f2/2 + 0.85d/t, }(4.33)

a,d?

The impedance of the system consists of one perforated plate and an air gap is given by
Zilayer =Zq t Z5 (4.34)
To apply Maa analysis methods on the foam model i.e. cellular cells, the unknown
geometric parameters were estimated using known pore size, pore throat size and porosity.
In the first stage of simplified structure, the cell is in hexagonal shape. The volume of this
cell can be calculated by 3v/3D?D/8. The depth of the hexagonal cell, D, was then
estimated from the spherical volume of the pore with diameter D to obtain D = 0.806D.
Next, to calculate the thickness of the plates, t,, surrounding the cell calculation was
made by using the known porosity value. The porosity of the cellular structure can be

estimated as

[3DD+2(3V3D?/8)—-8(md?/2)|(tp/2)

p=1- 3V3D2D/8 (4.35)
The plate thickness t,, then can be calculated using equation (4.36)
(1-¢)D
P ™ 355-6(d/D)? (4.36)
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To estimate the open area ratio a, = d2/D.%, the hexagonal cell was modeled as
cylindrical cell of equal cross-sectional area, with diameter equals to D, = 0.909D.
Finally, total impedance of multilayers of perforated plates could be calculated by using
parallel circuit analysis of impedance of the orifice and the air cavity as shown in
illustrated in Fig. 4.9. The equation to calculate the impedance of a foam material with

thickness, L, is given by

1
Zg="Zg +1 T (4.37)
Zfl Za2+1+;1
It T 1
Iz "'+ZaN+ZfN

where N represents the number of perforated plates that can be obtained by rounding

down the result of I/(D + t,,).
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Figure 4.8. Modelling of foam material as multilayer perforated plates.
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Figure 4.9. Analysis of the multilayer perforated plates as the parallel circuit of orifice

impedance and air cavity impedance.
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4.4 Results and Discussion

4.4.1 Measured Sound Absorption Properties
The acoustic properties obtained from impedance tube measurement setup are
provided below. The results presented here are processed from transfer function using

microphone 1 as the reference point (H;,).

A. Sintered fiber vs foam

Figure 4.10 shows the SAC and the impedance of the sintered fiber sample with ¢
= 80% and foam sample with ¢ = 81%. This figure indicates that there is some
differences in sound attenuation inside sintered fiber sample and foam sample even
though the porosity is similar.

The SAC of the sintered fiber increased along the increase of frequency. The fiber
material was stainless steel that can be considered as rigid. Therefore, the relative
velocity of air particle oscillating inside the void of the material and the zero velocity
of the air at the fiber surface caused friction loss and viscous loss. Thus the kinetic
energy of the air particle dissipated into heat to the fiber. The increase of the sound
attenuation as the increase of the frequency was because at higher frequency the
wavelength of the sound wave was shorter. Thus, the wavelength becomes equal to
the length of the sample. Furthermore, two SAC spikes occurs at f = 2600 Hz and f =
5400 Hz while a shallow through occurs around f = 5500 Hz. Cumming stated that
porous material with high flow resistivity are susceptible to measurement error such
as due to air gaps around the sample [22]. Thus, the SAC spikes occurred for the
sintered fiber might be attributed to the high flow resistivity value of the sintered fiber
sample. Meanwhile, the reason of the through occurs around f = 5500 Hz is not
identified. This trough is similar to trough occurred at 6000 Hz in hardwall condition.

However, the sharp SAC due to the reference microphone spikes observed in
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Hardwall condition around 1200 Hz, 3500 Hz, and 5900 Hz did not occur in the
measurement of the sintered fiber sample.

On the other hand, the foam sample with ¢ = 81% provide a different trend of
SAC. The SAC curve consists of peaks and troughs occur at some frequencies. The
prominent peaks indicate that this foam sample acted like a resonator. The highest
peak reached 1 at f = 1800 Hz. The trough around 6000 Hz and SAC spikes observed
at hardwall condition did not occur. Furthermore, there is no SAC spikes occurs due
to measurement error in sintered fiber sample case. Furthermore,

Further analysis of the impedance also reveal different acoustic attenuation
characteristic of the two samples. Figure 4.10 (c) and (d) show the resistance, Re(z),
of the sintered fiber sample and the cellular foam sample, respectively. The resistance
of the sintered fiber sample with ¢ = 80% decreases at low frequency range and tend
to be constant at higher frequency. On the other hand, the resistance of the foam
sample with ¢ = 81% has a peak at 3500 Hz. Figure 4.10 (e) and (f) show the
reactance, Im(z), of the sintered fiber sample and the cellular foam sample,
respectively. The reactance of the sintered fiber sample was in negative values that
exponentially approaches zero toward higher frequency range. Meanwhile, the
reactance of the foam sample shows some zero cross point. Furthermore, the SAC

peak occurs at the zero cross reactance point which is a characteristic of resonators.
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Figure 4.10. The SAC and Impedance of sintered fiber sample with ¢ = 80% vs. foam

samples with ¢ = 81%.
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B. Variation of porosity

Figure 4.11 shows the SAC of sintered fiber samples from the 1st batch with
varied porosity. The SAC of hardwall condition is also included in Fig. 4.11. The
SAC curve of every sintered fiber samples has a similar trend that is logarithmic
increase toward higher frequency. Therefore, the sound attenuation mechanism was
the same for every sintered fiber sample that is caused by viscous loss. Furthermore,
the SAC curves are higher for the sample with higher porosity. Figure 4.11 also shows
that an SAC trough around 5000 Hz for every sintered fiber sample that might be the
characteristic of the hardwall. Similar to the sintered fiber sample with ¢ = 80%, SAC
spikes also occur for the sample with ¢ = 78%, in slightly different frequencies, f =
2400 Hz and f = 5600 Hz. These spikes might also be caused by air gaps around the
sample. In contrast, SAC spikes were not observed for the sample with ¢ = 65%. This
sample might be well fitted into the slot.

Figure 4.12 shows the SAC of cellular foam samples with different porosity. The
trend of SAC curve was different especially for the sample with ¢ = 96%. The SAC
curves of the samples with ¢ = 81% and ¢ = 85% have prominent peaks and troughs,
indicating the effect of resonance inside the cellular foam sample. On the contrary, the
SAC trend of the sample with ¢ = 96% is more similar to the SAC trend of the
sintered fiber sample that an SAC trough occurs around 5500 Hz. However, this
trough is deeper than that observed for sintered fiber samples. The overall SAC curve
of the sample with ¢ = 96% is the lowest out of the cellular foam samples.

The SAC spikes at 1200 Hz, 3500 Hz, and 5900 Hz in hardwall condition was
not observed in the measurement results of all the porous samples. However, the
trough around 6000 Hz occurred in the measurement of all the sintered fiber samples

and the foam sample with ¢ = 96%.
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C. Validation of the acoustic properties of fiber samples

In chapter 2, the X-Ray scan results indicated that the microstructure of sintered
fiber samples from different batches was not uniform. The samples from the first
batch have a homogenous structure whereas the second batch samples have a non-
homogeneous structure. Therefore, the flow resistivity of the samples from different
batches was in a different range as reported in chapter 3. In this chapter we show the
difference of acoustic properties of the sintered fiber sample due to inhomogeneity of
the microstructure. Figure 4.13 shows the SAC of the samples form the 1st batch with
¢ = 65% and ¢ = 80% and the samples from the 2nd batch porosity of which is
ranging from 82% to 84%. The trend of SAC is the same for all the samples. This

indicates that even there is some inhomogeneity inside the samples from new batch,
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the sound attenuation characteristic is still the same with sample with another batch,
i.e. by viscous loss. A trough occurred around 5000 Hz for every sample. Furthermore,
some SAC spikes were also observed for every sample from the 2" batch.
Furthermore, Fig. 4.13 shows that the SAC of the samples from the 2" batch is
lower than the sample from the 1% batch with ¢ = 80% even though the porosity of the
2" patch sample is higher. Analysis of the sintered fiber samples from the 1% batch
shows that higher porosity yields to a lower the flow resistivity. This low flow
resistivity yields to a higher SAC. However, due to the inhomogeneity inside the 2"
batch samples, e.g. gathered fiber, the flow resistivity become higher. Thus, it is more
difficult for air to flow through the samples from the 2" batch. Likewise, it is more
difficult for the sound waves to propagate into the new samples so that sound
attenuation was lower. Moreover, it is shown that the sample with the highest porosity
in the 2" batch, sample 6 with ¢ = 84.24% did not provide the highest SAC among
the new samples. The SAC curve of sample 6, ¢ = 84.24%, coincides with sample 4, ¢
= 83.84%. The highest SAC curve was attained by sample 3 with ¢ = 83.55%. Thus,
the degree of inhomogeneity microstructure might vary even within samples from the

2nd batch.
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Figure 4.13. Sound absorption coefficient of sintered fiber samples from the 2" batch with
old sample with ¢ = 65%, ¢ = 80% and hardwall SAC as comparison
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There is one sample from the 2nd batch that have a different fiber orientation i.e.
the fiber direction is normal to the sample surface. As reported in chapter 3, this
normal fiber sample has significantly lower flow resistivity than the other new
samples with similar porosity as reported in chapter 3. The gap between these fibers
forms a straight channel connecting the front surface and the back surface of the
sample. Therefore, air can flow easier through the normal sample. For the acoustic
measurement, this normal sample provided a better SAC curve than the other sample
with planar fiber as shown in Fig. 4.14. This improved SAC might be closely related e
to the lower flow resistivity of the normal sample that the sound wave can propagate
further into the sample. However, the SAC curve of the normal sample has the same
trend with the other sintered fiber samples. Thus, the sound attenuation inside sintered
fiber samples is the same disregarding the orientation of the fibers. Thus, the sound

attenuation inside all of the sintered fiber samples is caused by the viscous loss.

4.4.2 Accuracy of Model Prediction

Based on the analysis of the 1st batch of sample results, the DB and Sides model
yielded to similar predictions of the SAC and impedance. The DB and Sides model were
able to provide a good prediction of SAC and impedance of the sintered fiber sample as
shown in Fig. 4.11, except the trough around 5000 Hz. Thus, the Sides model might be
used for the prediction of acoustic properties of fibrous material with porosity as low as
65%, even though the model was developed to be valid only for materials with high
porosity, ¢ > 90% [17]. The Sides model is more elaborate as it was developed from the
Biot theory. This model also considers the elasticity of the solid fiber material. However,

the samples was made of stainless steel, thus, the fiber can be regarded as rigid. Therefore,
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the consideration of the material of the fiber in the analysis might not improve the results.
By way of contrast, the DB model is simple and straightforward.

Figure 4.14, shows that both DB model and Sides model failed to predict the acoustic
properties of the samples from 2nd batch with planar fiber. As shown in fig 4.14, the
discrepancies between the predicted and actual resistance of the planar sample was large,
but not for reactance. The reason is that the sample was in homogenous and anisotropic.
Thus, analysis using isotropic assumption in both Sides model and DB model was failed.
Conversely, both models provided a more accurate SAC and impedance prediction for the
sample with normal fiber orientation. The inhomogeneity inside the material i.e. the
gathered fiber might not affect the void channel in normal condition very much. It is
indicated that the Sides model and DB model can be valid for the sintered fiber material
with normal fiber orientation.

The Lu model accurately predicted the acoustic properties of the foam sample with ¢
= 81% and ¢ = 85% as shown in Figs. 4.10 (b), (d), (f) and 4.12. Slight shift of the SAC
peak frequency might be caused by the inaccuracy of the pore size and pore throat size of
the samples because the two parameters were obtained from estimations as explained in
chapter 2. However, this estimated pore size and pore throat size was shown to predict
good overall predicted acoustic properties, especially for the sample with ¢ = 81%. The
analysis using Lu model also successfully predicts the resistance peak around f = 3500 Hz
and the zero cross points of reactance measured from experiments. This further proof that
resonance inside these samples is prominent because the Lu model was developed based
analysis of resonance in perforated plates. In contrast, the DB model could predict the
maximum SAC value of the cellular foam material, but failed to predict the fluctuation of
the SAC curve and over-predicted the SAC value at high frequency. The DB model also

failed to predict the zero cross point of reactance.
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A different results was obtained for the foam sample with ¢ = 96%. The Lu model
under predicted the SAC of the sample. The reason was because the § parameter of the
sample with ¢ = 96%, calculated from equation 4.32, does not lie within the valid range
for Lu model i.e. 1 to 10. The g of each foam sample between 800 Hz and 6800 Hz is
shown in Figure 4.15. The foam sample with ¢ = 96% has g larger than 10 at f >
1800 Hz. However, at f < 1800 Hz, even though the 8 was inside the applicable range
of Lu model, the model also failed to give an accurate SAC prediction. The parameter
only includes d, pore throat size, that represent the structural dimension of the foam. This
parameter might be not enough to characterize the sound attenuation mechanism occurs
inside the material. In contrast, the DB model provided a good prediction of the SAC
curve for the cellular foam sample with ¢ = 96%, except the trough around 5000 Hz. Thus,
resonance might not occur inside this sample and the structure of this sample might not be
correctly assumed as multilayer of perforated plates in Lu analysis. This different
mechanism cannot be determined only based on the pore throat size of the foam material
as considered in S.

Figure 4.16 shows the averaged SAC within 800 Hz up to 6800 Hz of every sample
obtained from experiments and model calculation as a function of flow resistivity. The
relation between the flow resistivity and the averaged SAC will be discussed further in
4.43. The triangle points represent the foam samples whereas the square points represent
the sintered fiber samples. The averaged SAC of the fiber sample with higher flow
resistivity and lower porosity was accurately predicted by the Sides model even though
this model was developed for sample with high porosity close to 1. Meanwhile, the DB
model overestimated the averaged SAC of all the samples, not only the sintered fiber
samples but also the foam samples. For the foam sample with ¢ = 81% and ¢ = 85%, the

B of which was within 1 to 10, the averaged SAC obtained from experiments coincides
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with the Lu prediction. In contrast, the actual averaged SAC of the sample with ¢ = 96%
was 3 times larger than the Lu prediction. As previously mentioned, the beta parameter
for this sample is out of the valid range for the Lu model. Thus, Lu model cannot be used
to predict the acoustic properties of this sample. For this sample, the DB model also failed

to predict the averaged SAC.
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4.4.3 Effect of Flow Resistivity on the Acoustic Properties

The relation between flow resistivity and the acoustic properties of porous metal was
then investigated. Flow resistivity is considered to be a good parameter for the prediction
of the acoustic properties of porous materials [23]. Figure 4.16 shows that the averaged
SAC for foam and fibrous samples is a function of flow resistivity. In this figure we only
include the sintered fiber from the 1st batch as the structure is relatively isotropic and
homogenous. As the flow resistivity increased to 2 x 10* Pa s m?2, the SACae increased
until the averaged SAC reach 0.87. The foam samples lies within this low flow resistivity
range. As the flow resistivity increase, the averaged SAC decrease. The sintered fiber
samples lies in this range.

The SACae obtained from Delany — Bazley and Sides model for various flow
resistivity values is shown in Fig. 4.17. In Fig. 4.17, the SACave Obtained from the Delany
— Bazley model is plotted within a flow resistivity range, 2000 Pa s m to 80000 Pa s m"

2 which is the range of the flow resistivity of fibrous material they used to build the model.
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For the Sides model, the flow resistivity was varied for some constant value of porosity
ranging from 65% to 95%. Every curve of SACaw in Fig. 4.17 indicates the same trend
with Fig. 4.16. The SACave increased as the flow resistivity increased until a maximum
point. After the peak, the SACave decreased as the flow resistivity increase further. The
peak of SACave shifted slightly for every porosity values. The SACave curve of DB model
coincide with the Sides model curve with ¢ = 95%. The Sides model based SACave curve
become lower as the porosity decreased.

Low flow resistivity indicates that the sound wave could easily propagate through the
porous material. Thus, the sound wave sustains small attenuation inside the porous
material. As a result, the sound attenuation coefficient is low when the flow resistivity
low. As the flow resistivity increase, the resistance for the sound propagation inside the
material increase. Hence, the sound wave sustained more attenuation. However, further
increase of the flow resistivity provides higher resistance for sound propagation inside the
material. This condition can be interpreted in the following ways. One interpretation is
that the sound wave cannot penetrate far into the porous material, and thus the attenuation
occurs only near the surface of the porous material. The other is that the flow resistivity
of the porous material is so high that the incident sound wave is reflected on the surface
without being attenuated.

Furthermore, the comparison of the SAC of normal and planar samples in Fig. 4.14

shows that the normal sample with ¢ = 87696 Pa s m™ yielded to a higher SAC curve

than the planar sample with o = 162846 Pa s m. This flow resistivity value of 80000 Pa

s m2 is located around the optimum range of flow resistivity indicated in Fig. 4.16. Thus,
the relation between SAC and the flow resistivity in the case of inhomogeneous material

might be approached in a similar way to the homogeneous material.
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The relation between flow resistivity and averaged SAC shown in Fig. 4.16 and Fig.
4.17 could be useful for rough estimation on the performance of porous sound absorbers.
For the type of material used in this research, the flow resistivity from 20000 Pa s m? to
40000 Pa s m2 will provide the best SAC. However, the mechanism of sound wave
attenuation in porous materials could depend on the types of porous structure and the
sound wave frequency. The flow resistivity could not predict this SAC distribution of
each porous material in wide range of frequency. Furthermore, by Lu et al. stated that the
flow resistivity correlation with the porosity and the pore size of foam material is poor
[11]. Furthermore, the flow resistivity obtained from the pressure drop of fluid flow is
related to the viscous loss effect. Thus, flow resistivity could accurately predict the SAC
of porous material inside where only viscous and friction loss are the main sound
attenuation mechanism. Thus, flow resistivity based DB empirical model cannot be used

for foam material prediction.

4.4.4 Sound Attenuation Mechanism inside Porous Material

The measured acoustic properties of the foam samples indicated that variation of
structure inside the material could lead to different mechanism of sound propagation.
Visual based characterization reported in chapter 2 indicates that the pores inside every
foam sample are interconnected. However, the reticulation rate might be varied. Thus, the
sound attenuation varied for the foam samples as Doutres et al. stated that the foam
sample with high reticulation rate acted more similar to fibrous material [15].

The acoustic properties of the sample with ¢ = 81% and ¢ = 85% indicated that the
pore inside the material acted as resonator. Thus, it can be interpreted that these sample
has low reticulation rate so that the each pores could be regarded as independent cells that

act as sound resonator. Conversely, the acoustic properties of the sample of the foam
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sample with ¢ = 96% does not indicate the significant effect of resonance. The SAC of
this sample has the same characteristics with the fibrous samples. Thus this foam sample
might have high reticulation rate. Thus, the viscous loss was the dominant mechanism of
sound attenuation inside the foam samples with ¢ = 96%.

In the case of fibrous material, the sound attenuation characteristic was the same for
every sample, even for the fibrous sample with homogenous structure, samples with
inhomogeneous structure, and the sample with normal fiber orientation. The void channel
inside the fibrous samples was formed between the fibers. Thus, the channel was in the
form of interconnected ducts. When the sound wave propagates in the void channels, it
causes air particles to oscillate. Because the metal fibers are rigid, the relative velocity of
an air particle to the metal fiber causes the loss of kinetic energy of the air particle,
resulting in the heat dissipation and the sound attenuation. The mechanism is similar to
the sound attenuation inside the foam sample with high reticulation rate. However, the
sound attenuation inside this foam sample was lower than the sintered fiber samples
because the pore size and channel dimension are larger and the surface area of the solid is
smaller than those of the fibrous sample. As a results, the viscous loss was lower than
those of the fibrous sample.

Direct comparison of the SAC curve between the foam sample with ¢ = 81% and the
fibrous sample with ¢ = 80% could provide design guideline for sound absorbers. Even
the mass and porosity of both samples is similar, the experimental result suggest that the
foam sample with ¢ = 81% performed better than the fibrous sample with ¢ = 80% for a
specific weight limitation. Furthermore, the foam sample with ¢ = 81% performed the
best among the all samples because it attained the highest SAC (SAC = 1) and provided

the highest SAC curve in the entire frequency range.
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4.5 Conclusion

In this study, the viscous loss and resonance was observed as the sound attenuation
mechanism inside porous material. The sound attenuation due to resonance was
prominent inside the foam material consists of pores separated by wall which resembling
aggregated cells. However, the foam material which consisted of reticulated structure
cannot accommodate the resonance inside the pores as each pore was highly connected.
Conversely, sound attenuation due to viscous loss occurred inside such foam materials.
The sound attenuation inside the sintered fiber material was due to viscous loss for both
planar and normal fiber orientation. Viscous loss was also the main sound attenuation
mechanism both in homogenous and inhomogeneous material.

Regarding modeling, the DB model, which considered only flow resistivity in the
calculation, provided accurate predictions for the acoustic properties of fiber samples with
homogenous structure and the foam material with high porosity. The relatively simple DB
model also provided a similar prediction with the Sides model, even though the Sides
model is more elaborate in the calculation. However, both the model failed to provide an
accurate prediction for the fiber samples with inhomogeneous structure. Therefore, DB
model is preferable for fast analysis of the sintered fiber material with homogenous
structure. The DB model also could provide an estimation of the maximum SAC range
for the foam sample but failed to predict the peaks and trough. On the other hand, the
acoustic properties of the foam sample with cellular structure can be accurately predicted
using acoustic model for cellular material developed by Lu et al.

The relation between flow resistivity and averaged SAC was also investigated. The
averaged SAC increased as the flow resistivity increased until it attaining a maximum
value, and then started to decrease as the flow resistivity further increase. Flow resistivity

was closely related to viscous loss occurs as the air flow through porous material structure.
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Thus, the flow resistivity could be used for the accurate analysis of sound attenuation
inside porous material if the viscous loss is the dominant mechanism. Flow resistivity,
however, cannot be used for the acoustic analysis of porous sample with resonance as the
dominant sound attenuation mechanism.

Furthermore, porous material with similar porosity value might yield to a different
sound attenuation characteristic. The porosity does not provide detailed information on
the structure. Thus information on porosity only cannot be used for predicting the
acoustic properties of porous material. However, this condition could serve as a guideline
for design process. For a limited mass for porous material and a given material, the
structure of the porous material can be chosen to satisfy the desired sound attenuation

profile.
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CHAPTER 5

Sound Attenuation by Porous Metal inside a Flow Duct

In this chapter, the sound attenuation of the porous material was investigated inside a
flow duct. The sample was inserted in the wall of the duct and there air flow could be
generated inside the duct. These experiments represent better the condition inside the jet
engine. The acoustic properties of the porous sample from impedance tube experiments and
from flow duct in the absence of air flow were compared. Then, the effect of the air flow and

air speed to the sound attenuation was investigated.

5.1 Introduction

The sound attenuation characteristic by porous metal under normal incident sound waves
was reported in chapter 4. It was reported that the structure of the porous metal affect the
sound attenuation performance. The foam sample with ¢ = 80% provided the best sound
attenuation in the Impedance tube (IT). However, unlike the IT, in the actual application, the
porous liner will be attached in the wall of the duct of the combustor or the exhaust duct of
the low pressure turbine. Furthermore, air flow existed inside the jet engine. Therefore, there
might be complex interplay between the sound wave, air flow, and the structure of porous
metal. As a consequence, the sound attenuation by porous metal inside the actual jet engine
might be different from the IT case.

Some researchers have also investigated the sound attenuation performances of porous
materials for aircraft noise reduction. Nordin et al. [1] investigated the acoustic performance
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of hybrid nickel foam and perforated metal structure inside a high-temperature duct to
represent the conditions inside the hot stream areas of jet engines. Sutliff et al. [2], [3]
investigated the performance of cobalt foam which was used as an acoustic liner positioned
above the rotor to reduce fan noise. In 2018, Knobloch et al. [4] investigated the performance
of ceramic fiber materials to reduce the noise from auxiliary power units (APUs). These
researchers have successfully demonstrated that the porous metals could yield to the
reduction of sound pressure level of the noise. Thus, porous material is potential for acoustic
liners in jet engine. However, from these researches, the noise reduction mechanisms,
especially, the interplay between the porous structure, sound wave propagation, and fluid
flow for noise reduction have not been understood yet. The understanding of this interplay is
critically important to predict the sound absorption properties of porous metals in jet engine
and to design porous-metal-based acoustic liners. Thus, a more fundamental research to
investigate the sound attenuation by porous metal in the presence of flow should be
conducted inside a flow duct.

A flow duct (FD) setup is widely used to characterize the sound attenuation of Helmholtz
resonator based acoustic liners [5]-[7]. Helmholtz resonator liner consisted of perforated
layer backed by air cavity inside a cell. The cell is usually in the shape of hexagonal, i.e.
honeycomb liner, or square [8]. The resonance characteristic of this device makes it effective
to reduce noise in a narrow range of frequency. Therefore, this type of liner is widely used to
reduce fan noise. However, even though the sound attenuation ability of the resonator based
acoustic liner is well known, the basic knowledge of the impedance of the liner is not well
understood yet.

Currently, there is no standard for the FD setup for measuring acoustic properties of
acoustic liners. Each research groups in the world is using different size of FD and different

impedance eduction methods [6], [7], [9]-[12]. These different FD dimension and eduction
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methods might lead to different results. Furthermore, the improvements of impedance
eduction methods is still being developed to obtain the impedance of the resonator liner [13]—
[18]. Moreover, some researcher is trying to visualize the condition inside FD by several
method such as Particle image velocimetry (PI1V) or frequency modulated Doppler global
velocimetry (FM-DGV) [19], [20]. Some numerical simulation was conducted to further
understand the mechanism of the sound attenuation due to a resonator liner [21], [22].

The porous liner might have a different sound attenuation mechanism from the resonator
liner. Resonator acoustic liners with cells act as locally reacting liner, that the impedance is
the same in the FD and IT. In contrast, porous material might act as either locally reactive or
non-locally reactive [23]-[25]. The acoustic properties inside the IT could be compared to
that inside FD. If the FD results are similar to the IT results, then it could be interpreted that
the sample acts similarly to a locally reactive liner. Furthermore, the acoustic measurement of
porous metal inside FD might help to understand the sound attenuation mechanism by porous
material in the presence of air flow.

In the case of the resonator acoustic liner, the sound attenuation mechanism was further
investigated by using numerical simulation. Tam et al. conducted numerical simulation to
study the cause of acoustic energy dissipation without grazing flow [26]. They found that at
low Sound Pressure Level (SPL) the sound attenuation of resonator liner is by viscous loss
due oscillatory boundary layer around the opening of the resonator. At higher SPL, the
dissipation was due to vortex shedding. On the other hand, simulation conducted by Enomoto
et al. [22] showed that when the air speed inside the flow duct is low, 0 Ma and 0.1 Ma, the
acoustic energy dissipation was due to viscous loss on the neck of the resonator. This shows
the mechanism of how a resonators cause sound dissipation. However, at higher air speed, 0.2
Ma and 0.3 Ma the energy dissipation was due to vortex generated on the downstream corner

of the resonator opening. This paper also indicated that the acoustic liner might also produce
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additional sound. Another paper by Tam et al. also indicated the same phenomena that the
resonator liner could generate self-noise [21]. However, in the case of porous material the
sound attenuation mechanism, especially under grazing flow, should be verified.

In this research, the acoustic properties of the porous metal were measured inside a flow
duct with a rectangular cross-section. The porous sample was attached on one of the walls of
the flow duct. The air speed inside the flow duct was varied from 0 Ma up to 0.3 Ma. The
Reflection, Transmission, and Sound attenuation coefficient was calculated using the
scattering matrix method. Furthermore, the impedance of the sample was educed using a
method based on the Pridmore - Brown equation. These methods were usually used for
locally reacting liner, i.e. the resonator types. The sound attenuation characteristics of the
porous metal samples inside the FD without flow were compared to IT results. Then, the

effect of air speed on the sound attenuation by the porous samples was observed.

5.2 Experimental Methods
5.2.1 Sample
The slab samples were used for the acoustic properties measurement inside the flow
duct. The slab samples were 280 mm in length, 60 mm in width, and 30 mm in thickness
as illustrated in Fig. 5.1 and shown in Fig. 5.2. Two sintered fiber samples and two foam
samples were used as listed in Table 5.1. The sintered fiber samples for the FD were from

the first batch. Furthermore, every sample was made of stainless steel.
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Figure 5.1. Dimension of the cylindrical and slab samples.

Figure 5.2. Photographs of some slab samples

Table 5.1 The properties of cylindrical samples

Sample | Fiber diameter | Pore size Pore Opening | Porosity
(mm) (mm) Size (mm)

Sintered Fiber

1 0.03 - - 65%

2 0.03 - - 80%

Foam

MF-80A | - 0.40+0.04 0.15+0.01 | 81%

MF-40 | - 0.60+0.06 0.2740.02 | 85%

The acoustic properties of the porous sample with grazing flow were measured in a
flow duct setup shown in Fig. 5.3 (a) and (b). The flow duct has a rectangular cross
section with dimension 60 mm x 80 mm as shown in the inset of Fig. 5.3 (a). The duct
consisted of three sections: upstream, sample, and downstream. The porous sample was
inserted in the slot available in one side of the duct wall illustrated in the inset of Fig. 5.3

(a). The test section length is 300 mm and the effective length of the sample windows is

5.2.2 Flow Duct Setup
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280 mm. The height of the sample window is 60 mm. At both end of the duct, an
anechoic termination was attached to reduce external noise in the duct.

The air flow was generated using a compressor attached in the inlet of the duct before
the anechoic termination. The flow rate of the air was maintained and controlled using a
regulatory valve. The maximum air flow velocity obtainable in the duct is 0.3 Ma
measured in the center of the duct. The air speed for the experiment was varied to be OMa,
0.1 Ma, 0.2 Ma, and 0.3 Ma.

Two speakers were used in the setup, speaker A in the upstream section and speaker B
in the downstream. The use of two speakers is required for the acoustic properties
calculation. Furthermore, microphones were installed to record the pressure inside the
flow duct in every sections of the FD: in the upper surface of the upstream section, in the
upper surface of the downstream sections, and the side surface opposite of the sample
surface. The seven microphones installed in both the upstream and downstream section as
shown in Fig. 5.3 (a). Data from these microphones was used for the data processing as
explained below. Furthermore, additional 16 microphones were installed on the opposite
wall of the sample surface to detect the decrease of the pressure amplitude along the
sample section. These face to face microphones are explained in more detail in the

appendix.
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Figure 5.3. The scheme (top) and photograph (bottom) of the flow duct setup.

Sound generation by the speaker was accomplished by generating a single frequency
sine wave using LabView. The signal was then inputted to the amplifier connected to the
speaker. Power magnification of the amplifier was done by turning the knob of the
amplifier. The f range of the FD is from 250 Hz to 2000 Hz, with interval 50 Hz between
each measurement. For each frequency, the soundwave was generated by speaker A and
speaker B alternately. The data from the microphones were recorded by using the
National Instrument Data Acquisition System and a PC. The pressure drop data and
environmental conditions were collected using PLATFORM GL 700 manufactured by

GRAPHTECH. The details of the flow duct setup is also provided in Ref. [27], [28].
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The reflection, transmission, and sound attenuation coefficient was calculated using
scattering matric method[5]. Pressure data from the microphones were processed to
obtain the pressure function, Eq. (5.9) — Eq. (5.12) at each duct section.

P1a(X) = pla() + Pra(x) = Afpe /¥ + A e/ i¥atx <x (5.1)

P2a(%) = P3a (%) + pza(¥) = Afge ¥ + Az eli atx 2 x,  (5.2)

p1p(X) = iy (X) + P, (0) = Afye KX + Ap /KX atx <%, (5.3)

P25 (%) = p3p(x) + p2p(x) = A;be_jk;x + Agbejkz_x atx =x, (5.4)
where the subscripts 1 and 2 denote the upstream and downstream sections, respectively,
and the subscripts a and b indicated the speaker for the sound generation. The superscripts
“+” and “-“ denote the forward and reverse mode, respectively. Forward mode refers to
condition where the sound wave propagated in the same direction as that of the air flow.
Conversely, Reverse mode is the condition when the sound wave propagated in the
opposite direction to the air flow. By considering the reflection and transmission of the
sound wave at the edge of the sample, (x = xi and X), the following relations can be

satisfied.

pl_a(xl) p;a(xr) _ pfa(xl) pZ_a(xr) rt ¢t
p1p(x1) p;b(xr)]_[pfb(xl) pz‘b(xr)] [t_ r_] (5.5)

where r* is the amplitude ratio of the incident wave to the reflection wave, and t* is the
amplitude ratio of the incident wave to the transmission wave of the (+) forward and (-)

reverse modes, respectively. From Eq. (5.15), r* and t* can be expressed as follows.

T'+ t+ _ pil-a(xl) pz_a(xr) - pl_a(xl) p;a(xr)
[t‘ r‘]_[pfb(xz) pz‘b(xr)] [pfb(xxz) P2, (x) 6)

The reflection, R*, transmission, T*, and Sound absorption coefficient, SAC, of the
sample, were calculated based on Egs. (5.17)—(5.19).

RE = |r¥)? (5.7)



Tt = |t]? (5.8)

(1F¥M)?

+ 1 _
SAC= =1 ((1iM)2

T* + R¥) (5.9)

where M = U / c. M is the averaged Mach number of the air flow, and U is the averaged
flow velocity.

The normalized surface impedance of the sample was then then educed using
Pridmore-Brown equation based method [6], [7]. The sound was considered to propagate
in a two-dimensional channel, where the flow velocity U lies in the x-direction and is a
function of y only. Thus, the pressure of the sound wave is given by

p = F(y)e/@h®) (5.10)
where ky is the complex wavenumber of the sound wave in the sample section (Eq. (24))
and F(y) is the pressure amplitude of the sound wave as a function of y. The F(y) can be

obtained by solving 2D Pridmore—Brown equation [29] given below.

d?F | 2x(dM/dy) dF 2 2 2
o T o gy R —kM)? = KPYF =0 (5.11)
where ko = w / ¢ and x = kx / ko. The boundary condition at the hard wall sample, which is

the opposite side of the sample surface, is given by

dF
o = 0aty=0 (5.12)

whereas the boundary condition at the sample surface is given by the Ingard—Myers’s

equation [30], [31].

aF _ _JjkeF 4 _ 29t v =

ol . (1—-—xkM)“aty =w (5.13)
where z is the normalized surface impedance of the sample. In order to solve the
Pridmore-Brown equation, the wavenumber ky is required. The wavenumber ky in the

sample section was obtained from the calculated transmissivity t* by using equation in [7]

kg = 2]y ;U] (5.14)
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where | is the length of the sample. Furthermore, the velocity profile, dM/dy, was varied
to be uniform flow profile and shear flow profile. The velocity profile was measurement

results of five resonator liners and hardwall, and is provided in Appendix.

5.3 Results and Discussion
The results and discussion will be divided into two main parts: the sound attenuation

in the case of no air flow and in the case of air flow.
5.3.1 Acoustic Properties Acoustic Properties of the porous sample in FD when M =0

A. Pressure of the sound wave inside the FD
Figure 5.4 (a) and (b) show the complex pressure amplitude, Re (P) and Im (P), of

the soundwave with f = 500 Hz extracted from the microphones in the case of sintered
fiber sample with ¢ = 80% generated by speaker A and speaker B, respectively. The
complex pressure component were extracted to forward and reverse direction and
shown in Fig. 5.4. Furthermore, the complex pressure, Re (P) and Im (P), of the
soundwave with f = 500 Hz by speaker A in the complex plane is shown in Fig. 5.6.
The pressure magnitude and the phase of the complex pressure of the same wave is
given in Fig. 5.7. Figure 5.4, 5.5, 5.6, and 5.7 show the reduction of pressure
amplitude of the sound wave inside the sample section due to the sintered fiber
sample.

The pressure values at the edge of the sample section that is used for the
calculation of the scattering matrix, given in equation (5.16), are marked as larger
circles in Figure 5.5. By solving the scattering matrix, the reflectivity ratio, r*, and the
transmittivity ratio, t* can be obtained. Then, by using equation (5.17) to (5.19) the
reflection coefficient, R* transmission coefficient, T* and sound absorption

coefficient, SAC™ can be calculated.
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Figure 5.4 Complex pressure amplitude of the soundwave with f = 500 Hz in the case of
sintered fiber sample with ¢ = 80% generated by (a) speaker A and (b) speaker B
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Figure 5.5 Forward and reverse complex pressure amplitude of the soundwave with f = 500
Hz in the case of sintered fiber sample with ¢ = 80% generated by (a) speaker A and (b)
speaker B
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Figure 5.6 Complex pressure amplitude of the Forward soundwave with f = 500 Hz in the
case of sintered fiber sample with ¢ = 80% generated by speaker A in (a) complex plane and
(b) complex plane as the function of x.
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speaker A
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B. Reflectance, Transmittance, and Sound Attenuation Coefficient
The reflectance in the FD setup has a different physical meaning from the reflectance

in the IT. The reflectance in the FD represents the sound wave reflection at the edge of
the sample section, not the reflection on the surface of the sample. This reflection is due
to the mismatch between impedance in the sample section and the upstream section in the
case of the forward mode (or the downstream section in the case of the reverse mode).
The mismatch between the sample and the upstream or downstream section should be low,
so that the reflectance measured were low especially for the sintered fiber sample as
shown in Fig.5.8. In the case of foam samples, the reflection coefficient curve was
fluctuating even in the absence of air flow. The peaks in the curves occurred at different
frequencies for each samples. The fluctuation is the most severe for the sample with ¢ =
85%.

Furthermore, in the FD some part of the sound wave was transmitted after
propagating through the sample section as shown in Fig. 5.9. Thus, in the FD setup, the
difference between the total incident wave ratio and the summation of the reflection and
transmission coefficient could be interpreted as the acoustic energy dissipated to the
porous sample, referred as Sound Absorption Coefficient (SAC). As previously
mentioned, the reflection coefficient was about zero for all the samples; thus, the sound

wave propagated inside the flow duct was mainly attenuated or transmitted.
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Figure 5.8. The reflection coefficient of the porous sample from flow duct experiment of the
sintered fiber sample with (a) ¢ = 65% and (b) ¢ = 80% and foam sample with (c) ¢ = 81%
and (d) ¢ = 85%
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Figure 5.9. The transmission coefficient of the porous sample from flow duct experiment of
the sintered fiber sample with (a) ¢ = 65% and (b) ¢ = 80% and foam sample with (c) ¢ =
81% and (d) ¢ = 85%

The SAC obtained from the FD is shown in Fig. 5.10. The SAC in forward and
reverse mode of the porous sample with the same properties obtained from impedance
tube experiments are provided also in Fig. 5.11. The trend of SAC curve of the sintered
fiber sample and the foam sample with ¢ = 81% obtained from FD experiment is similar
with the SAC curve measured in the IT. For the sintered fiber samples, the SAC increased
logarithmically along the frequency. In the case of the foam sample with ¢ = 81%, the
SAC in the FD also has a peak at 1600 Hz, slightly at lower frequency than the peak in

the IT. The foam sample with ¢ = 85% shows the most different results. In the FD the

SAC was improved a lot. The SAC curve increase was steeper and the overall SAC was
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higher than in the IT. However, it is difficult to compare directly the SAC in the FD and
SAC in the IT because the SAC is extrinsic parameter that is related to the size of the
sample. The samples for the IT experiments are much smaller than those for the FD
experiments. Thus the similarity of the SAC in the FD and IT for the sintered fiber

sample and the foam sample with ¢ = 81% might be accidental.
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Figure 5.10. The sound absorption coefficient as a function of frequency, f, for the (a)
sintered fiber sample with ¢ = 65%, (b) sintered fiber sample with ¢ = 80%, (c) foam sample
with ¢ = 81%, and (d) foam sample with ¢ = 85%, obtained from the flow duct experiments.
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Figure 5.11. The sound absorption coefficient as a function of frequency, f, obtained from
the impedance tube for the (a) sintered fiber sample with ¢ = 65%, and ¢ = 80%, and (b)
foam sample with ¢ = 81%, and ¢ = 85%.

It should be noted that the flow duct system should be symmetric in x axis. Thus, in
the case of no air flow, the R, T, and SAC in the forward and reverse mode should be the
same. However, for the sintered fiber sample with ¢ = 65% and the foam sample with ¢ =
85%, the T and SAC in forward mode differed from the reverse mode. These samples

might be less uniform than the other two samples.

C. Impedance
The surface impedance indicates the ratio between the acoustic pressure and acoustic

velocity on the surface of the porous sample. In this research the surface impedance of the
sample was educed using Pridmore - Brown equation based method. The Pridmore -
Brown based impedance eduction method was usually used for locally reactive acoustic
liner such as in the case of resonator type liner. Thus, that the impedance is uniform along
the sample surface. The porous sample, on the other hand, might act as locally reactive or
non-locally reactive depends on its structure. Thus, the actual impedance especially of
some of porous material might be varied along the surface. However, in this research we

use the Pridmore Brown equation to all of the samples. The educed impedance in the FD
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when M = 0 was compared to the impedance measured in the IT. For the locally reactive

liner, the impedance in the FD with no air flow and IT should be the same.
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Figure 5.12. The surface impedance as a function of frequency, f, for the (a) sintered
fiber sample with ¢ = 65%, (b) sintered fiber sample with ¢ = 80%, (c) foam sample with
¢ = 81%, and (d) foam sample with ¢ = 85%, obtained from the flow duct experiments.
The corresponding results obtained from the IT experiments are also plotted.
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Figure 5.12 shows the surface impedance of the porous sample in the case of M = 0.
The impedance of the corresponding porous sample in the IT within the frequency range
is also provided. In the case of the sintered fiber sample and the foam sample with ¢ =
81%, the impedance in the FD has a similar trend with that in the IT. On the other hand,
the IT and FD impedance is different for the foam sample with ¢ = 85%. The |Re(z)| and
[Im(z)| values obtained from the FD experiments at M = 0 are larger than those obtained
from the IT experiments. Due to the low flow resistivity of this sample, in the FD the
sound wave might propagate in x and y direction in the FD. In the IT the sound wave
could penetrated far into the sample, but was reflected by the hard wall so that the
resistance is close to zero whereas and the reactance is smaller than the corresponding

values elicited in the FD experiments.

D. Surface wave and locally reactivity
The difference between the SAC and impedance of the foam sample in the IT and FD

with M = 0 should be caused by the difference in direction of the sound wave to the
sample surface. Figure 5.13 shows the normalized complex axial wavenumber of the
sound wave in the sample section, x = ky/k, as a function of frequency, f, for the porous
samples. The Re(kx/k) represents the physical wave number inside the sample section
whereas the Im(kx/k) represents the change of the pressure amplitude of the sound wave.
For the most of the samples, Re(kx/k) > 1 and Im(kx/k) < O in most part of the entire
frequency range. In the case of the foam sample with ¢ = 81%, however, the Re(x) < 1 at

f>1700 Hz.
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Figure 5.13. Axial wave number of the porous sample from flow of the sintered fiber sample
with (a) ¢ = 65% and (b) ¢ = 80% and foam sample with (c) ¢ = 81% and (d) ¢ = 85%
The negative value of the imaginary wave number indicates that the pressure
amplitude of the sound wave decreased along the sample section. It could be seen from
the raw pressure data obtained in the sample section in Fig. 5.5. At M = 0, the Re(x) is
larger than 1, meaning that more waves in the sample section than in the upstream and
downstream. The k and kx should follow the dispersion relation
k? = k2 + k2 (5.24)
As Re(kx/k) > 1 and Im(kx/k) < 0, there should be sound wave propagate in y direction in

order to satisfy the dispersion relation. On the other hand, the cut-off frequency of the (m,
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n) mode in the sound wave propagation in the y and z directions (in the width and height

directions of the rectangular duct) is given by [31]

ORI =

The shape of the cross-section of the duct has a rectangular shape with a width (w) of 80
mm and a height (h) of 60 mm, that correspond to the cut-off frequency of (1, 0) and (0,1)
modes at ¢ = 340 m st is f; , = 2833 Hz and f,; = 2125 Hz. The frequency range of
the data from the FD is 250 Hz to 2000 Hz, which is below the cutoff frequency. Thus,
the sound wave inside the duct should be propagating in x direction whereas no sound
wave propagated in other directions. Considering this fact, there should be sound wave
propagated in y direction but only near the surface of the samples. This wave could be
referred as a surface wave that acts in similar manner with an evanescent wave.

The above discussion is based on the assumption that the porous metal sample can be
regarded as a locally reactive surface such as Helmholtz resonator type acoustic liners. In
the case of resonator, the local reactivity indicated that the sound wave was attenuated by
each of resonator cells and each cells doesn’t affect the neighboring cells. For them
literature, porous materials generally could act as either locally reactive or non-locally
reactive [23]-[25]. Brandao et al. [23] reported that a porous material of which flow
resistivity is higher than 30,000 Pa s m acts as local reactivity surface if the distance
from the sound source is greater than or equal to 0.3 m, i.e. the sound wave can be
considered as a plane wave. The flow resistivity of two foam samples used in this study is
lower than 30,000 Pa s m?, while that of two sintered fiber samples is higher than
100,000 Pa s m. According to the report by Brandao et al. [23], the sintered fiber sample

can be regarded as a locally reactive surface, but the foam sample can be regarded as a
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non-locally reactive surface. However, the current results indicated that the foam sample
with ¢ = 81%might also acted in similar way to locally reactive liner. By contrast, for the
foam sample with ¢ = 85%, it should be inherently difficult to obtain the surface
impedance even at M = 0. The low flow resistivity of this sample might enable the sound
wave to be attenuated in normal and parallel direction of the sample surface. In contrast,
in the other samples, the high flow resistivity limited the sound wave to propagate only in

normal direction.

5.3.2 Effects of Air Flow on the Sound Wave Attenuation inside the Flow Duct

A. Sound Attenuation Coefficient
Figure 5.14 shows the effect of air speed on the SAC of the porous sample. Generally,

the increase of air speed shifted the SAC curve to a higher frequency in the forward mode.
In contrast, the air flow shifted the SAC curve to a lower frequency in the reverse mode.
The simple explanation is that the air flow changes the effective sound speed so that the
frequency of the sound wave shifted. In the forward more, the air flow increased the
effective air speed whereas the in the reverse mode, it reduced the air speed. This
phenomenon shows the interaction between the air flow and the sound wave only, without
considering the effect of the sample structure.

The foam samples however indicated more complicated phenomena than the sintered
fiber samples. Unlike the other samples, in the case of the foam sample with ¢ = 85%, the
effect of the air speed on the SAC in forward mode is insignificant. Furthermore, in the
reverse mode, the increase of air speed reduces the SAC in high frequency. In the case of
the foam sample with ¢ = 81%, the increase of air speed in the forward mode did not
change the SAC. Thus, the SAC results for the foam samples in high frequency indicate

another effect in addition the interaction between the air flow and sound wave.
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It is also important to note that previously Tam and Enomoto, mentioned that
interaction between air flow and the acoustic liner structure might generate sound. Thus,
there is also possibility that the attenuation of the sound wave inside the sample section of
the FD might be accompanied by sound wave generation too. However, in this report, the

sound generation inside the sample is not considered..
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Figure 5.14. The effect of air speed on the sound absorption coefficient in the forward and
reverse modes, as a function of frequency, f, for the (a) sintered fiber sample with ¢ = 65%,
(b) sintered fiber sample with ¢ = 80%, (c) foam sample with ¢ = 81%, and (d) foam sample

with ¢ = 85%, obtained from the flow duct experiments.
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B. Axial wave number
Figure 5.15 and 5.26 show the effect of air speed on the axial wave number inside the

sample section for the sintered fiber samples and the foam samples in forward and reverse
mode, respectively. The effect of the air speed on the Re (kx/k) are the same for every
sample. In the forward mode, the increase of air speed cause Re (kx/k) to decrease. Thus,
the wave number was reduced as the air speed increase that might cause lower attenuation
by the sample. On the other hand, in the reverse mode, the increase of the air speed causes
the Re (kx/K) to increase. Thus, when the air speed increased in the reverse mode, there
were more waves inside the sample section that might cause more attenuation by the
sample. The Re(kx/k) represents the number of sound wave per unit length inside the
sample section. Thus, the change of the wave number, Re(kx/k), inside the sample section
might be related only to the interaction between the air speed on the effective sound speed.
Furthermore, it is also shown that the shift of the Re (kx/k) curve due to the change of the
air speed is the same for all the samples in each modes.

The effect of air speed on the Im(kx/Kk) was shown to be different for the samples and
cannot be interpreted so simply. In the forward mode, the air speed does not affect the
Im(kx/k) significantly. On the other hand, in the reverse mode, the increase of air speed
caused the Im(kx/k) curve become lower. Thus, the attenuation was improved as the air
speed increased. However, this improvement was varied for every sample. In the case of
foam sample with ¢ = 81%, at low frequency, the increase of air speed reduced the
Im(kx/k). However, when M = 0.3, the Im(kx/k) become flatter indicating that there
might be an opposite effect growing as the frequency increase. When f > 1600 Hz, this
effect canceld the reduction of Im(kx/k) due to air speed so that the Im(kx/k) curve

become independent of the air speed. This agrees well with the corresponding SAC of
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this sample that at high frequency, the SAC become independent of the air speed in

reverse mode.
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Figure 5.15. The effect of air speed on axial wave as a function of frequency, f, for the
of sintered fiber sample with (a) ¢ = 65% and (b) ¢ = 80% and the foam sample with (c) ¢
= 81% and (d) ¢=85% in the forward mode
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Figure 5.16. The effect of air speed on axial wave as a function of frequency, f, for the
of sintered fiber sample with (a) ¢ = 65% and (b) ¢ = 80% and the foam sample with (c) ¢
= 81% and (d) ¢=85% in the reverse mode

For the foam sample with ¢ = 85%, when f > 1600 Hz, the effect of air speed on the
Im(kx/k) became the opposite. At high frequency, the increase of air speed causes the
Im(kx/k) curve to increase. Thus, the attenuation become lower as the air speed increased
as indicated by the SAC in figure 5.18. The Im(kx/K) might be related not only the
interaction between the air flow and sound wave, but also the sample structure. The
structure of the sample might affect the boundary layer in the surface of the sample and

affect the attenuation.
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C. Impedance
The SAC results show that at low frequency, the air flow effect might be due to

interaction between the air flow and sound speed. However, the results at higher
frequency, especially in the case of foam samples, indicate the significance of other
effects that might include other effect, for example the boundary layer. The boundary
layer might relate the air flow and porous structure. Furthermore, the boundary layer
might interact with the sound wave and affect the sound attenuation by the porous sample.
The effect of air speed on the attenuation coefficient, Im(kx/k), also might not only be
related to the interaction between the air flow and sound wave, but also the boundary
layer. Both the SAC and axial wave number, kx, were obtained from the scattering matrix
that does not include the boundary layer on the calculation but the effect of boundary
layer might still be observed. On the other hand, in the impedance eduction process, in the
other hand, the boundary layer effect could be considered by changing the velocity profile.

Figure 5.17, 5.18, 5.19 and 5.20 show the impedance of the samples educed using non
uniform velocity profile and shear velocity profile for solving the Pridmore Brown
equation. When the uniform velocity profile was assumed as uniform, dM/dy = 0 in the
impedance eduction process, the boundary layer is neglected. Thus the impedance might
only consider that the air flow affects only the sound speed and the interplay between the
air flow and the sound wave whereas the flow boundary layer is not considered. On the
other hand, when shear the uniform velocity profile was assumed as uniform, dM/dy # O,
the boundary layer inside the duct was considered. The velocity profile was the average
of flow profile measurement in the case of hardwall and five types of resonator liners, and
is provided in appendix 5.2. The velocity profile might not be accurate for the porous

sample, but it might show the effect of the boundary layer for the impedance eduction
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process. The impedance obtained using the uniform and non-uniform velocity profile

could be compared to observe the effect of the boundary layer.
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Figure 5.17. The impedance, Re(z) and Im(z), as a function of frequency, f, for the sintered
fiber sample with ¢ = 65% in forward mode educed using (a) uniform flow profile and (b)
shear flow profile and reverse mode educed using (c) uniform flow profile and (d) shear flow
profile
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Figure 5.18. The impedance, Re(z) and Im(z), as a function of frequency, f, for the sintered
fiber sample with ¢ = 80% in forward mode educed using (a) uniform flow profile and (b)
shear flow profile and reverse mode educed using (c) uniform flow profile and (d) shear flow
profile

From figure 5.17, 5.18, 5.19 and 5.20, it is shown that in some samples the effect of
the velocity profile is significant on the impedance eduction process. The impedance
obtained using the uniform and non-uniform velocity profile was different significantly
for the sintered fiber sample with ¢ = 65% and the foam sample with ¢ = 85%. On
contrary, for the other samples, sintered fiber sample with ¢ = 80% and the foam sample

with ¢ = 81%, the velocity profile does not significantly affect the impedance results.
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Figure 5.17, 5.18, 5.19 and 5.20 also show that, in the forward mode, the |Re(z)| and
[Im(z)| decrease with increasing M. The effect of flow conditions on the impedance is

larger when the non-uniform velocity profiles were used. In the reverse mode, both

velocity profiles resulted to the resistance Re(z) increasing with increasing M.
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Figure 5.19. The impedance, Re(z) and Im(z), as a function of frequency, f, for the foam

sample with ¢ = 81% in forward mode educed using (a) uniform flow profile and (b) shear

profile
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Figure 5.20. The impedance, Re(z) and Im(z), as a function of frequency, f, for the foam
sample with ¢ = 85% in forward mode educed using (a) uniform flow profile and (b) shear
flow profile and reverse mode educed using (c) uniform flow profile and (d) shear flow

profile

The Pridmore-Brown equation (Eqg. 5.21) could be regarded as the mass-spring-

damper model as follows.

F+li4+2x=0
m m

b _ 2k(dM/dy)

m 1-kM

= k(= kM)? — i)
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where m, b, and s denote the mass, damper, and spring constant, respectively. It should be
noted though that Pridmore—Brown equation considers pressure as a function of space, v,
whereas the mass spring samper system considers space as a function of time, t. Thus the
direct comparison of the two might not be correct, but the pressure distribution along y
axis inside the samples section in the Pridmore — Brown equation might be understood
more easily using this analogy.

If we consider the shear velocity profiles, we can capture the energy absorption in the
flow boundary layer that represented in the damping factor appropriately. In contrast,
when the uniform velocity profiles were assumed, the second term in the left hand of
equation (5.21) and (5.26) that contains the damping constant becomes zero. This might
explain the case of the sintered fiber sample with ¢ = 65%, in reverse mode. By using
non-uniform velocity profiles, the reactance approaches zero (Im(z) — 0) with the
increase of M, whereas the reactance does not change significantly when uniform velocity
profile was used. The reactance approaches zero phenomenon might be represented by
the damping constant. This can be interpreted as the flow boundary layer might absorb
the sound wave energy due to damping effect.

In the case of uniform flow profile, however, the increase of air speed was still shown
to affect the impedance. The damping constant in the Pridmore - Brown equation was
zero due to the uniform flow assumption. Meanwhile the third term in the left hand side
expresses the undamped natural frequency related to the spring constant was not zero.
Thus, in this case, the change of impedance depends on the spring constant only.
Equation (5.19) indicates that the spring constant does not depend on the velocity profiles,
but depends on M and wave number that is also a function of M. However, in order to

clearly understand the effect of the air speed on the sound attenuation mechanism further
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investigation should be conducted. Furthermore, the sound attenuation mechanism inside

the boundary layer and also inside the sample is still to be solved.

5.4 Conclusion

The surface impedance of the sintered fiber and the foam samples with ¢ = 81% inside
the IT and FD has an identical trend which is similar to the case of locally reactive resonator
liner. In contrast, the surface impedance in the IT and FD is different for the foam samples
with ¢ = 85%, which have lower flow resistivity. The porous material might be acted
similarly to the locally reactive liner if the flow resistivity is high. For these samples, the
impedance inside the FD might be predicted more easily using the IT impedance results. In
the case of the porous samples with low flow resistivity, the samples might act as a non-
locally reactive liner. Thus, its impedance in the FD might be difficult to be predicted using
the IT result, but the attenuation in the FD might be improved. However, the SAC of the
samples in the IT and FD cannot be compared directly as it depend on the size of the sample.

The increase of air speed shifted the SAC curve to a higher frequency in the forward
mode and to a lower frequency in the reverse mode. This is because the interaction between
the air flow and the sound speed changes the effective sound wave. However, in the case of
the foam sample, other phenomenon might occur at high frequency. The change of the
effective sound speed also affected the real part of the wave number, Re (kx/k). In the forward
mode, the increase of air speed reduces the Re (kx/k) whereas it increase the Re (kx/k) in the
reverse mode for all of the samples. However, the effect of the air speed on the Im (kx/k)
cannot be interpreted so easily.

By varying the velocity profiles for the impedance eduction process, uniform velocity
profile and shear velocity profile, the effect of boundary layer might be considered. The

velocity profile affect the impedance of some of the samples, the sintered fiber sample with ¢
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= 65% and the foam sample with ¢ = 85%, but not the other two samples. Furthermore, the

pressure distribution along y axis inside the sample section could be interpreted by using the

mass-damper-spring system. By using shear velocity profile, the damping constant might

cause the reactance approaches zero with increasing M indicating that the flow boundary

layer absorbs the sound energy because. Furthermore, when uniform velocity profile

assumption was used, the damping constant becomes zero, and the spring constant becomes

significant to affect the impedance of the samples. Meanwhile the spring constant depends on

the air speed. However, the sound attenuation mechanism inside the boundary layer and also

inside the sample is still to be solved.
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APPENDIX 5.1

Face to Face Microphones inside the Sample Section

section 1 sample section section 2

A 4

30 mm

Figure A5.1. The Face to Face Microphone.

Figure A5.1 shows the face to face microphone installed inside the sample section.
The pressure detected by these microphones could show directly the reduction of pressure
amplitude of the sound wave while propagating inside the sample section. However,
using this microphone placement, direct impedance eduction using Kumaresan and Tufts
(KT) Method cannot be conducted because there is no microphone installed at x = 0.
However, the pressure data could be processed to directly obtain the actual wave number
inside the sample section by curve fitting method. The actual wave number might be not

so different only in some frequency values as reported previously by Yoshida [32].
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APPENDIX 5.2
Shear flow profile for the impedance eduction process

The shear flow profile used for solving the Pridmore-Brown is shown in Fig. A5.2. The
flow profile was obtained by averaging measurement results of hardwall (no liner) and five
resonator type liners with different dimensions and structures. The measured flow profile of
the six cases was similar and agreed with 1/7 power law flow profile. Further analysis on the

flow profile was reported in Ref.[10].
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Fig. A5.2. Flow profile in the y axis of the flow duct
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CHAPTER 6

Conclusion

In this study, the viscous loss and resonance mechanisms of sound attenuation inside
porous materials were observed from the IT experiments. Attenuation due to viscous loss
occurred inside the sintered fiber samples that consisted of reticulated structures. Conversely,
the attenuation due to resonance was prominent inside foam materials that consisted of pores
separated by walls that resembled aggregated cells. However, the foam material that
consisted of a reticulated structure could not accommodate the resonance inside the pores as
the pores were highly connected. Such cellular foam materials attenuated sound in a similar
manner to sintered fiber.

Regarding modeling, the DB model, which considered only the flow resistivity in the
calculation, predicted accurately the acoustic properties of sintered fiber and cellular foam
materials with a high porosity. This model was accurate for homogenous sintered fiber
samples with fiber orientation perpendicular and parallel to the sound wave direction, but it
failed for inhomogeneous samples. The DB model also provided an estimation of the
maximum SAC range for the foam with cellular structure but failed to predict the SAC peaks
and trough. Furthermore, even though the Sides model used additional calculations to predict
the flow resistivity, it yielded similar results to those of the DB model for sintered fiber
materials. The acoustic properties of foam with a cellular structure can be predicted
accurately using the resonance analysis based acoustic model for cellular materials, i.e Lu

model.
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The relation between flow resistivity and the averaged SAC values of porous materials
was also investigated. The SAC increased as the flow resistivity increased until it attained a
maximum value, and then started to decrease as the flow resistivity further increased. Thus,
there is an optimum range of flow resistivity to obtain the best SAC. However, this optimum
range might be different depends on the porous structure. Furthermore, flow resistivity might
be able to predict the acoustic energy loss due to viscous loss inside sintered fiber samples by
using DB model. However, the value of the flow resistivity was not enough to predict the
SAC distribution of foam material in a wide frequency range. A broad frequency-dependent
SAC distribution was required in the design process which aimed to reduce noise at specific
frequencies. In addition, this research showed that the porous materials might provide a
different sound attenuation performance depend on their structure, even though the porosity
is similar.

It is difficult to define whether the porous samples are locally reactive or non-locally
reactive liner. However, by comparing the IT and FD results, it was found that the surface
impedance of the sintered fiber and the foam samples with ¢ = 81% inside the IT and FD has
an identical trend which is similar to the case of locally reactive resonator liner. In contrast,
the surface impedance characteristic in the IT and FD is different for the foam samples with ¢
= 85%. The porous material might act similar to the locally reactive liner if the flow
resistivity is high, but as non-locally reactive if the flow resistivity is low. For the locally
reactive samples, the impedance inside the FD might be predicted more easily from the IT
impedance results.

The effect of the interaction between the air flow and sound wave was shown to affect the
SAC and Re (kx/k) of the samples. The increase of the air speed affects the effective sound
speed. Thus, the SAC curve was shifted to a higher frequency in forward mode to a lower

frequency in reverse mode. Furthermore, the increase of the air speed shifted the Re (kx/k)
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lower in the forward mode and higher in the reverse mode. However, in the case of the foam
samples, at high frequency, there might be another factor that might affect the attenuation
mechanism so that the effect of air speed on the SAC curve changed. Furthermore, the effect
of the air speed on the Im (kx/k) that represent the reduction of the pressure amplitude of the
sound wave inside the sample section cannot be interpreted as easily.

The velocity profile affected the impedance of some samples, the sintered fiber sample
with ¢ = 65% and the foam sample with ¢ = 85%, but not the other two samples. The velocity
profile is related to the boundary layer. Thus this parameter might represent the interaction
between the air flow and the porous structure. If the uniform velocity profile was used, the
impedance eduction disregards the boundary layer. In contrast, by using a non-uniform
velocity profile, the effect of flow boundary layer can be considered. For the current research,
the pressure distribution in y axis can be understood by using the mass-damper-spring system
analogy. However, the interaction between the air flow, sound wave, and porous structure
cannot be interpreted using the current results. The sound attenuation mechanism inside the

boundary layer and also inside the sample structure is still to be solved.
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