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Abstract

This article -based thesis comprises of a collection of f our journal papers , three
of which are published and one of which is currentl y accepted for publication
in the Journal of Acoustical Society of America pending revisions . Each article
constitutes a chapter written and formatted in manuscript form. The overall aim

of these papers isto understand the acoustical properties of silica aerogels used

for vibro -acoustic applications. There has been a lack of knowledge on the
relationship between the acoustical and non  -acoustical properties of aerogels
which usually come in  highly porous, granular (e.g., millimetre -size particles)
and powder ( e.g., micron -size particles) aerogels. For t his purpose, silica
aerogels have been provided in the powder and powder -embedded fib reglass
mat form by our industry partner  QArmacell . Alongside this, aerogel s have also
been synthesised in monolithic and granular form in the laboratory . These
materials have been carefully characterised acoustically and non ~ -acoustically to
provide new insight s into the relations between their chemical , microstructural

and acoustical characteristics .

This thesis uses an extensive materials characterisation  process to support the
experimental and analytical modelling procedure used to allow us to predict

the in-situ performance of these materials in industry after carefully
understanding the physical morphology such as po re size and porosity which

underpins the ir acoustic phenomena . Advanced theoretical models have been



used to explain the observed acoustical behaviour and has link ed this to the
material microstructure. It has been found that most of the current work only
focus es on absorption, transmission loss, layer thickness and morphology like

pore and particle size. The work carried out in this thesis focuse S on
mathematical models that use  fundamental acoustical quantities such as
frequency -dependent bulk modulus, complex dynamic density, and complex
dynamic compressibility. These properties have been linked to the intrinsic
material parameters and parameters of the air filling the porous structure of

aerogel s.

In the case of powder aerogels, it has been found that the dynamic loss factor
is a key parameter required to predict the measured acoustic absorption
coefficient. It has also been found thatt he sound absorption depends non -
linearly on the sound pressure excitation . In the case of powder silica aerogels
embe dded into fiberglass mats it has been found that the classical model for
the visco-thermal and inertia effects in the pores can predict unrealistic pore
size and porosity value to achieve good fit with the data. Inthe case of granular
silica aerogels, it has been found that the rarefied gas flow and heat transfer in
the inner -particle transport macropores, inter  -scale (voids to/from inne r-grain
pores) pressure diffusion, and inter  -scale (transport - to/from meso pores) mass

diffusion can be a dominant phenomenon
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This research suggests that a refined model is required to predict the acoustical
properties of aerogels to take into account th eir complex hierarchical pore

structure and properties of air in sub -micron pores .
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Effective density

Viscosity effects in the pores, well  approximated with that of the
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(transport pore)

Apparent porosity of the smallest pores
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Mass diffusion process
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Chapter 1 Introduction

Chapter 1: Introduction

1.1 Background

There is a global need to reduce the energy consumption in Europe whereby

40% comes from the building sector [1]. Thermal insulation products often

require good sound absorption and insulation properties to control noise.

Qrl vh frgwuro hgjlghhulqgj | v I gfuhgleo]|] | psr
psychological and physical well -being and some applications are heavily

regulated by standards and legislation [2] . Mitigating noise emissions and
transmission combined with thermal insulation creates a holistic and

sustainable design for the industry building and outdoor environments

The acoustic flow is controlled by sound absorptive materials that are highly
resistive in nature . The effectiveness of a sound absorber is measured by the
sound absorption coefficient,  which is the rat io of sound energy absorbed by
the material surface to the sound energy incident upon the surface. Porous
materials are the most common class of acoustic  absorbers use d in noise
control applications because they are lightweight, energy efficient alternatives

to the heavy sound barriers  [3] and resonant absorbers . Most common types of

absorbers are non-wovens, mineral wool, foam s, fibreglass, and granular
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materials . The acoustical properties of these material s have been studied
extensively [4,5]. A relatively new product on the acoustic absorption market is
silica aerogels. Aerogels combine an outstanding thermal insulation with high

acoustic absorption.

These materials have gained popular ity also due to their highly porous nature
which allows sound waves to undergo multiple interactions in the complex pore
structure making them effective acoustic absorbers [ 6]. Such properties include
high porosity of ~95% , high thermal conductivi ty of ~0.015W m -1 K-1, low bulk

density of ~0.120 g/cm 3 and high surface area of 700 G900 m 2/g [ 7].

Silica aerogels are already commercially available , e.g., from Aspen Aerogels
and Cabot Corporatio n. These are produced in many different forms | e.g.,
powder/granulate s, aerogel impregnated blankets , coatings and as hybrid
spray-foam systems [8]. Although the thermal properties of silica aerogels are
relatively well understood, the acoustical properties of these materials have not

been studied extensive ly. It has been common to measure the acoustical
properties of a layer of aerogel, but not interpret these results with a valid
theoretical model [8]. My PhD research aims to address this gap in knowledge.

It focuses on a careful characterisation of the experimental acoustic

performance of aerogels that is explained with advanced analytical model s.
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1.2 Aims and Objectives

The main aim of this PhD project was to understand the measured acoustic
performance of silica aerogels. Recently Armacell decided to invest in the
development of new composite noise control solutions which combine
traditional po rous media such as foams and mineral wool with aerogels. The
vibro -acoustic performance of these solutions is largely unknown, but there is
strong evidence that these solutions could be superior to the traditional noise

control products.

Due to a conflict of interest, it was difficult to fully characterise every material
provided for by Armacell. It was therefore decided to use a selection of their
commercially available products (i.e., aerogel blankets and powders) and
produce my own silica aerogels in the form of granules to carry out this research
project. This allowed me to physically change the properties of aerogels ina
system atic way. | was able to modify pore morphology, grain size and density

and compare to those that were widely available, commercially , and understand

the acoustical properties therein.

This thesis project focussed on understanding the acoustical p roperties of
composite aerogel materials , as this is one of the most attractive and
commercially viable ways of using such materials in industry. Fiberglass is well

know n for its outstanding sound insulation properties. Moreover, aerogels have
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also shown t o have good thermal and acoustic performance. Yet, how the two
behave together and at what composition provides maximum acoustical

benefit is still largely unknown. It was decided to introduce different volume

fractions of aerogel powder into fibreglass blankets . This was difficult to
recreate in a methodical manner and was therefore decided , by Armacell , that
they could provide controlled, mechanically injected percentage volume

fractions of aerogel powder into fiberglass to understand which composition

provides the best acoustically pleasing material.

It was interesting to see the acoustical performance of granular aerogels and
those in their composite form with fiberglass . It is known that many
commercially available aerogels are used in small , loose powder form (in the
order of 2040 “m). Industries prefer to manufacture in this way, due to ease in
time and cost. Micron -sized aerogels behaved much differently to granular
aerogels (in the millimetre size). T hey showed lightly damped , resonance
behaviour at low frequency and it was because of this interest, th at such

materials of a physically different size were investigated further.

From this , the objectives of the PhD study were:

(i) to carry out a full microstructural and acoustical characterisation of silica
aerogel blankets manufactured by Armacell;

(i) synthesi se new silica aerogel materials ;
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(i) apply a valid mathematical model to predict the acoustical properties of
aerogels;

(ii) to support the material production and quality control teams at Armacell
to meet the industry standards for vibro -acoustic and thermal insulation

performance of their products.

Silica aerogels were provided for by  sponsor company , Armacell , in the form of
pure silica aerogel powder (of th e micron grain size) and powder impregnated
into fiberglass mats. A two -step, acid -base sol-gel process was used to produce
millimetric grain -sized aerogels of different sol silica concentration and density
followed by an ambient pressure drying (APD) process instead of the typical
supercritical drying (SCD) process with a CO > solvent exchange. This work was
completed in collaboration with Empa (Switzerland). The materials were
measured for their sound absorption properties using a special impedance
tube. The results validated using a range of mathematical models from

reference s [9CL2].

1.3 Thesis outline

The thesis comprises of a collection of four journal papers , four of which are
published . Each article constitutes a chapter written and formatted as when it

was submitted for publication. Chapter 2 is a review paper publishe d in the
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Journal of Non -Crystalline Solids [8] . It makes a careful analysis of the existing
data and the models used to predict the acoustical properties of silica aerogel -
based products wused for sound absorption and/or insulation. The work
identifies the clear need for more methodical evaluations on the acoustic
properties of pure silica aerogels and aerogel  -composites and validation using
more advanced analytical models and paves the way for more research which

are repo rted in Chapters 3 -5.

Chapter 3 is the paper published in the Journal of Acoustical Society of America.

This paper studies the acoustical properties of air -saturated aerogel powders
of micrometric grain sizes . There has been little or no systematic resear ch into
the non -linearity of the acoustical properties of these types of aerogel powders.

Also, it is not clear which physical processes control the acoustic absorption

and/or attenuation in very light, loose powders.

Chapter 4 is the paper published int he Special Issue of the Journal of Applied
Science [1]. It explains, with the help of a model, the observed acoustical
properties of fibreglass blankets impregnate d with different concentrations of
silica aerogel powders . Although it has been known that fi brous blankets offer
high acoustic absorption and thermal insulation performance, it has been
largely unclear how the incorporation of aerogel powder affects the overall
acoustic absorption performance. There has been a lack of studies that explain

the measured absorption properties of these materials with a valid

50



Chapter 1 Introduction

mathematical model [10]. Chapter 4 contributes to this knowledge gap through
a mathematical simulation which predicts the complex acoustic reflection
coeffic ient of aerogel blankets with different filling ratios measured in a careful

experiment .

It was found that for powder silica aerogels embedded into fiberglass mats, t he
model was not able to fully capture the physical behaviour of the blanket layer.
When t he blankets had a filling ratio of 0 to 50% aerogel powder, the inverted
porosity values matched the measured porosity values within 3%. When the
filling ratio reached 100%, the inverted porosity value was significantly less at
50.5% to that of the measure d porosity value at 93.6%. This shows that the
model o nly accounted for the classical visco -thermal and inertia effects in the
pores. It was then recommended to refine this, as an unrealistic pore size and

porosity value was always required to achieve good fitin the data.

Chapter 5 is the paper published in the Journal of the Acoustical Society of
America [6]. This work found that w  hile visco -thermal and inertia effects are
important in  classical granular materials such as glass beads |, the rarefied gas
flow and heat transfer in the inner -particle transport macropores, inter  -scale
(voids to/from inner -grain pores) pressure diffusion, and inter  -scale (transport -
to/from meso pores) mass diffusion needs to be accounted for to predict the
acoustical properties of granular aerogels . It was important to understand that

such effects were controlled by the presence of transport and mesopores in
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silica aerogels and perhaps only a proportion of the mesopore length in the
direct vicinity of the transport pores or grai n surface influence the acoustical

properties.

Chapter 6 is a summary of the key research findings from each of the four
chapter s. It also contains the recommendations  and provides recommendations
for future work an d justification for the need for more research in this area of

material science and acoustic engineering.

This PhD work has also resulted in several reports and talks given to our industry
partner, Armacell, or presented at various conferences and workshops. These
documents have not been published openly, but they report useful data from
other experiments carried out to determine chemical and microstructural
properties of aerogels. It is a part of the supplem entary material that can be
found on the Google Drive [13]. This repository also contains an extensive set

of analytical data on the chemistry and physics of silica aerogels studied in this

work.
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2.1 Abstract

Silica aerogels are popular in terms of production volume and real -world
applications. Although the current market growth rate is driven exclusively by
thermal i nsulation, aerogels may also be attractive for acoustic applications with

the potential in aiding sound absorption/insulation. This paper is a summary of
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the acoustics related studies of silica aerogel -based products. It introduces
silica aerogels, some ac oustic characteri sation methods, and reviews
systematically the available data on sound absorption/insulation of silica
aerogels, polymer -silica aerogel composites, nonwoven -silica aerogel blankets,
and aerogel renders/glazing. The work  identifies areas where further research
is required, including experimental and theoretical work on the physics of
sound absorption in mesoporous materials, and more systematic and
standardi sed evaluations of the acoustic properties of aerogel and aerogel
composites. Aside from this call to action, the opportunities, and barriers for

the commerciali sation of silica aerogel products for acoustic applications are

presented.

Keywords: Silica aerogel ; composite -aerogels ; acoustic application ; insulation

proper tie s
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2.2 Silica aerogel

Aerogels are predominantly mesoporous, open -cell solids with large internal
porosity and hence low density [1-3]. The microstructure, more than the
specifications of the material that makes up the tortuous network of
nanoparticles or fibres, is primarily responsible for aerogel's exceptional
material properties, such as high surface area, high mesoporosity, and ultra  -low
thermal conductivity. Aerogels are typically derived from wet gels, themselves
prepared by sol -gel processes, and are dried using supercritical fluids, most
often CO », freeze-drying, or evaporative dr ying [3]. A wide variety of materials,
including polymers, biopolymers, and metal oxides can be turned into aerogels,

but silica aerogels are by far the most common, particularly in terms of
production volume [4]. The most widely adopted commercial application of
silica aerogel capitali ses on the ultra -low thermal conductivity, which is reduced

to half of that of standing air because the mesopores are smaller than the mean

free path length of the air molecules. Silica aerogel thermal superinsulation
constitutes a rapidly globally growing market. Other potential applications of
aerogels include ac oustic insulation, catalysts and catalyst supports, gas lters
and gas storage materials, conducting and dielectric materials, but these have

not yet made a significant impact in the market [5,6].
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2.3 Synthesis

2.3.1 Gelation

A silica gel is produced by a sol -gel process where a silica sol, i.e., a stable
colloidal suspension of silica nanoparticles, is destabili sed, typically through the
addition of a gelation catalyst to change pH and thereby surface charge. The

gels can be classified accord ing to the pore fluid, e.g. hydrogel (water),
organogel (organic solvent), alcogel (alcohol), and aerogel (air) [7,8]. During the
sol-gel transition, the primary particles are formed and then they aggregate

into the secondary particles (clusters), and finally interconnect in a pearl
necklace morphology [9], as shown in Figure 2.1. Industrially relevant silica
precursors include waterglass, ion -exchanged water glass, and silicon alkoxides
[10-13]. Waterglass is a sodium silicate solution with a Na/Si molar ratio above

1.5. It can be gelled by the addition of an acid (partial neutrali sation) . It is
arguably the most inexpensive silica precursor. T he sodium ions in waterglass
can have a strong, negative effect on microstructure and properties. Therefore,

ion -exchanged waterglass, a silicic acid solution obtained, e.g., by passing
waterglass solution through an ion -exchange resin, is another common
precursor. lon -exchanged waterglass can be gelled by the addition of a base
(partial neutralization), and it is more flexible in its use compared to non -ion -
exchanged waterglass, but theion -exchange step adds a considerable cost. The

gelation solvent for b oth regular and ion -exchanged waterglass is typically
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water, which may necessitate additional solvent exchanges during subsequent
processing, although ethanol can be added asaco  -solvent [14,15], and single -

step exchanges have been developed [11,16-19].

Silicon alkoxides, particularly tetraethyl orthosilicate (TEOS) and tetramethyl
orthosilicate (TMOS) have transformed the aerogel field. Alkoxide based silica
sols are produced through hydrolysis (Eq. 1) and water/alcohol condensation

(Egs. 2 and 3, respectively) reactions of the form:
BE 20/ (U (J P 3E20 p/ (U p 2/ ( P

where x and y the initial number of alkoxy (x=4,3,2,1) and silanol groups

(y=0,1,2,3); and R=methyl/ethy!.

k3E/ ((/ KB k 3E/K3E(/ C

k3E/ 2(/ X k3E/k3E2/ (xEQE | AOEFALJOE U o

These reactions run simultaneously and are cataly  sed by the addition of an acid
or base. Aside from monomeric TEOS, oligomeric  ethyl silicates with higher SiO >
contents are also available. Alkoxide -based aerogels are often produced
through a two -step acid -base synthesis procedure where a stable, acidic silica
sol is produced from TEOS or TMOS, followed by base -catalysed gelation
[3,20,21]. Inherently  hydrophobic  silica aerogels derived from
methyltrilm)ethoxysilane can have exceptional thermal and mechanical

properties [3,22-25], but are not the topic of this review paper, because they
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are not yet commercially available in large quantities and should be considered

as SiO15(CHsa) rather than SiO > aerogels.

2.3.2 Aging

The gel prepared in the first step is aged in its mother solution, or less
commonly in freshly prepared silica. This aging process strengthens the gel by
reinforcing the inter -particle necks and prevents excessive shrinkage during the

drying step [26,27] (Figure 2.1).

2.3 .3 Hydrophobization/surface modification

Because of the extreme su sceptibility of hydrophilic silica aerogels to be
damaged by liquid water and water  vapour, the vast majority of commercially
available silica aerogels have been hydrophobized prior to drying [28,29] . By far
the most common strategy is silylation of the silica gel's surfaces with
trimethylsilyl groups by soaking gels in a solution of trimethylchlorosilane,
hexamethyldisilazane, or hexamethyldisiloxane. Hydrophobization can be a
time - and cost -intensive process and th ere is extensive scientific and patent
literature on increasing the effectiveness of the hydrophobization step

[11,17,30,31] . Aside from the increased long -term stability, hydrophobization
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also enables ambient pressure drying as a potentially more cost -effective

drying technique (see Section 2.3.4).

2.3.4 Drying

Drying is the final, and arguably most critical step in aerogel p roduction. The
small pore size results in very large capillary stress due to surface tension at the
solid -solvent -gas interface during evaporative, ambient pressure drying (APD).
This capillary stress leads to pore collapse and densification unless special
precautions are taken [32]. The first solution eliminates capillary stress by
circumventing the pore fluids boiling curve, either through supercritical fluid
drying (SCD) at pressures and temperatures above th e supercritical point or by
freeze-drying (FD) at temperatures and pressures below the triple point. Ice
crystal growth during FD increases macroporosity at the expense of
mesoporosity, reduces surface area, and is not particularly relevant for silica
aerogel production. Supercritical drying directly from the organic solvent
(typically an alcohol), which was developed by Kistler for the first -ever produced
aerogels nearly a century ago [1], has some inherent limitations in terms of
safety because of the solvent flammability and the high tempe rature/pressure
uht xl uhg wr vxusdvv dssurdfk wkh ful wlfdo sr

[33-35], but the efficiency of the process can be increased by confining the
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samples in mo ulds to limit the need for excess alcohol through a Rapid

Supercritical Extraction process (RSCE) [36-39].

An alternative drying scheme, basedon CO .,z | wk | wv ful wl fdo srl g
73 bar, as the supercritical fluid eliminates the problems of flammability and

high process temperature, is now a routine procedure in academic research as

well asin industrial pro  duction, particularly for silica aerogel blankets [27,35,40] .
Supercritical drying does not require a prior hydrophobization step, but such a
treatment is carried out nonetheless for most commercial products to improve
service life stability. Even with CO > instead of alcohol as the processing flui  d,
SCD still requires high -pressure autoclaves and, therefore, it is a batch  -type
process by definition. However, SCD remains an industrially established
production method, particularly for silica aerogel blankets and polymer
aerogels. The discovery of sil ylation of the silica surfaces effectively prevents
silanol condensation (see eq. 2) and irreversible pore collapse during
evaporative drying [41] opened up the possibility for ambient pressure drying.
Ambient pressure drying has now become a routine proce ss in industrial silica
aerogel production, particularly for silica aerogel granulate and powder. During
ambient pressure drying, capillary forces and contaminant gel shrinkage do
occur, but the gels can spring -back to recover most of the original volume i f

the samples have the required mechanical stability, e.g., through aging [42].
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Figure 2.1 Schematic design of silica aerogels synthesis. The surface
modlification (typically hydrophobization) is optional. The drying step can be

carried out at  ambient pressure or using supercritical CO 2 or ethanol drying.

2.4 Silica aerogel properties

Silica aerogel is available commercially in particulate form (granulate and
powder) and as fibre -reinforced blankets, but large monolithic pieces of aerogel

are not available in significant quantities. Despite the variety of silica precursors,
hydrophobization agents, and drying technologies (see Section 2.3), most high -

quality, industrially produced silica aerogels have surprisingly uniform
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properties when recal culated to the aerogel phase itself, i.e., excluding fibre
reinforcement or inter -granular macroporosity: envelope or bulk densities of
~0.120 g/cm 3 corresponding to porosities of ~95%, high mesopore volumes,

surface areas of 700 -900 m 2/g, and thermal conductivities around 15 mW/mK.

2.4.1 Microstructure

Silica aerogels have fractal structures according to small -angle X-ray and
neutron scattering data, and thus have a similar appearance when observed at
different length scales. Primary silica nanopatrticles (~5 nm diameter) link up to
form a pearl -necklace type skeleton that can be  visualised by the higher
magnification offered by TEM (Figure 2 .2(A)). At lower magnification (SEM),
secondary particles (~20 nm in diameter), i.e. , porous agg regates of primary
particles, enclose the aerogel mesopores (Figure 2  .2(B)). Nitrogen sorption
analysis confirms the high mesopore volume, even though extracting pore size
distributions from the isotherms is hampered by the aerogel deformation

during the s orption analysis [43].
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2.4.2 Thermal conductivity

Silica aerogels are thermal superinsulators with thermal conductivities as low as

half that of standing air (less than 15 mW/mK for aerogel versus 26 mW/mK for

air) and this is by far their most important unique selling point [2]. Aerogels
owe their low thermal conductivity to the small pore sizes (<50 nm) compared

to the mean free path length of the gas molecules (~70 nm for air at ambient
pressure and temperature), which limits gas -phase conduction through the
Knudsen effect. In addition, solid conduction through the silica skeleton is

limited by the highly tortuous network structure of nanopores [44].

2.4.3 Mechanical properties

The highly porous and tortuous, pearl necklace structure of silica aerogels is
highly effective at reducing thermal conductivity, but it inevitably limits
mechanical strength. Therefore, it is a major barrier against the more
widespread adoption of aerogels. The mechanical properties of neat silica
aerogels display a complex dependence on the bulk or envelope density (Figure
2.2(C) and 2.2(D)) [16]. At envelope densities below ~0.090 g/cm 3, silica
aerogels are not brittle but deform plastically and irreversibly upon

frpsuhvvIirqg dgg wkhl uB£\swverygigwyAt highrergdensities,

e.g., above ~0.150 g/cm 3/ viol fd dhurjhov duh eul wwoh/
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modulus is much higher. At the intermediate densities typical for most

commercial silica aerogels, around 0.120 g/cm 3, silica aerogels behave

elastically and reco ver most of the original volume after decompression.

However, they are still relatively brittle with a rather low compressive strength.

Dv i ru prvw dhurj ho pdwhul dov/ \'r x-ay y v pro

behaviour on envelope density, with & 26 (Figure 2 .2(C)) [16] .

Reinforcement of silica aerogels has been a very active field of research and
seminal studies by Leventis, Meador and co -workers who have shown
impressive improvements in mechanical strength albeit at the cost of higher
densities and thermal conductivities and reduced translucency [45-48]. More
recent studies have shown that reinforced aerogels can maintain their low
thermal conductivity and achieve modest improvements in mechani cal strength
[49,50]. None of these stronger silica aerogels are currently available in
industrial quantities, but commerciali  sation is ramping up through start -up
companies, e.g., Aerogel Technologies (USA) and TIEM Factory (Japan). The
aerogel industry overcomes the mechanical drawbacks in two main ways: i)
through the production of particulate silica aerogel (powder or granulate) as a
semi-finished product that is incorporated into a matrix to impart mechanical
strength; and ii) through the incorporation of silica aerogel into a fine fibre
blanket that improves handling and mechanical stability, e.g., by impregnating

non -wovens with a silica sol or silica aerogel slurry.
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Figure 2.2 Silica aerogel microstructure and mechanical properties. (A) TEM
image [31], (B) SEM image [51], (C) E-modulus as a function of density, (D)
Stress-vwudl q Ffxuyhv gxul g xrgoltesefits dérwityf r
(9/cm 3) and x corresponds to the volume concentration of
polyethoxydisiloxane in the initial colloidal suspension [16].

Revised/reproduced with permission from references [16,31,51].
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2.5 Aerogel Applications

Thermal insulation is by far the dominant application of aerogels that has been
successfully transferred to the marketplace [44,52]. The main markets are
pipeline insulation (oil -and-gas), aerospace, industrial insulation, and building
insulation. The production ramp -up by Aspen Aerogel (blankets) [53,54] and
Cabot (granulate) in early 2000 has been followed by strong market growth and

the entry of new, mostly Asian producers in the last 5 years. Aside from thermal
conductivities, a wide variety of other applications that take advantage of the

other exceptional properties have been proposed (Table 2.1), but until now,

none of these have made a significant impact on the market.

Table 2.1. Selected silica aerogel applications.

Technology
Application Examples _
readiness
Low heat transfer materials especially for Large-scale
Thermal constructions, [52-59], other applications ~ 'ndustial
insulation like pipes, appliances, transportation, production
[52-54,56]

machinery, space vehicles [55,60-64], and
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Acoustics

Filtration,
separation, and

sorption

Electrical

application

firefighter and thermal protective
clothing [65,66]

Acoustic matching layers for ultrasonic
transducers with low sound velocity and
impedance [55,63,67-74]

Sound absorption/insulation especially
for Construction [60,62,63,75-91]
Footfall sound insulation [92,93]
Liquid/gas filters and absorbers for
paints, varnishes, functional liquids
[18,94]

Dielectrics, microwave electronics,
electrically conductors, electrodes

[55,60,88]

High voltage insulator, sens or material,

impedance adjustment, Cerenkov

detectors [63]

thermoelectric and piezoelectric materials

[92]
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production

[79,86,87]

Academic

research

Academic

research
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Optics

Space

application

Kinetic energy

absorbing

Fillers

Carriers

Catalysis

Silica glass, mirror backings, laser glass,

light source, solar windows, anti  -reflective

layer for solar cells [55,61]

Cherenkov Counters [55,92]

Space dust particles absorber  [55,74,92]

Thermal insulators [55,74]

Tank baffles, star dust impact, shock

absorption [63]

Fillers for paints, elastomers,
thermoplastics, and thermosets

[8,63,82,96 -99]

Carrier materials for
fungi/herbs/pesticides and drugs

[63,92,100]

Biocatalysts, automobile gas pol Iutant

reducers [92,101]

Literature review

Niche

applications

Niche
applications

[95]

Academic

research

Academic

research

Academic

research

Academic

research
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2.6 Sound absorption and insulation

2.6.1 An introduction to sound absorption/insulation

Noise is defined as any perceived sound that is objectionable to a human being

[85] . This harmful noise must be controlled to have an acoustically pleasing and

safe environment [102]. There are several methods to control the no ise's
adverse effect either by sound insulation or sound absorption according to the
end-use requirements [85]. When a sound wave impinges on a material, it is

partially reflected, transmitted, and absorbed.

Sound absorbing materials usually are low density porous materials, with a
moderate airflow resistance  which can absorb most of the sound energy and
prevent sound reflections by allowing sound to penetrate their open cavities or
channels [85]. Porous absorbing materials can be classified as cellular, fibrous,
or granular materials, e.g., foams, nonwovens, or porous concrete, respectively.
Depending on the solid  skeleton, and the size and geometry of the pores, the
air molecules within the pores/channels of the porous material are forced to
vibrate and lose some of their original energy through conversion into heat due

to thermal/viscous losses at the walls of the interior pores. In fibrous materials,
much of the sound energy can also be absorbed by viscous friction and inertia
effects around the individual fibres. Sound absorbing materials are often used

in conjunction with barriers to improve their sound insulati on effectiveness [4].

71



Chapter 2 Literature review

Porous media dominate noise control applications in most environments,
ranging from factories to homes  [103,104] . Figure 2.3(A-C) shows porous sound
absorbing materials and some of the physical models describing their

absorbing mechanisms.

However, there are other types of sound absorbing structures such as
Helmholtz and plate resonators as well as membrane (micro -perfo rated)
absorbers [103]. Tuned resonators, like Helmholtz resonance absorbers and
plate absorbers are those absorbers that  their frequency curve of absorption
shows a large absorption peak in a narrow band only like materials having
holes. The simplest view of a Helmholtz resonator, as shown in Figure 2.3(D), is
an empty bottle with a neck on top. A volume of air in and near t he open neck
vibrates because of the spring behaviour of the air inside the bottle. A mass,
either an air mass (Helmholtz absorber) or a solid (plate absorber), are coupled

with a soft material or even an air volume acting as spring. When sound excites

this system at its particular resonance, it dissipates sound power due to its
intrinsic damping. The Helmholtz resonator uses a column of air (cross section

S and length ) as mass and volume V as spring, show n in Figure 2.3 (D) [105].
A very common example is a plate containing holes and slits with a layer of
porous absorbing material behind it to reduce the stiffness of the spring and

increase its damping. In this review article , we see how sound absorption
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properties of th e silica aerogel materials is different from or similar to those of

conventional porous or resonance absorbers.

Fibrous Granular _ Full of holes

Connected Parallel
Cell fibers spheres

Figure 2.3 (A -C) The three main types of porous absorbing materials and (D)

Resonance absorbers of type Helmholtz.

In contrast to sound absorbers, airtight materials, or materials with a high
airflow resistance, like steel or composites, are better sound insulators, as sound
waves in air have to be coupled to the solid and vice -versa to be transmitted
through the layer. In general,t  he sound insulation effectiveness of a single layer
of conventional materials depends upon their stiffness and mass. The mass law
states that a material having a high mass per unit area will insulate better.
Accordingly, single layers of lightweight materi als are not good for sound

insulation, but multiple layers of lightweight material with laye rs of soft material
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or of air gap sin-between are more effective sound insulators in this case. Here,
as well porous materials , are added in the enclosures between the solid layers
to increase sound insulation  [4] by reducing the coupling between the solid

layers and increase the damping.

However, the open question is whether low  -density aerogels can be suitable
for acoustic insulation  [55,92]. Sound wave propagation occurs in th ese types
of materials in the fluid of the pores and in the solid skeleton or wave
propagationi f both phases are coupled. The incident wave is slowed down and
attenuated because the wave energy is progressively transferred into heat due

to a range of physical phenomena such as inter -particle friction, viscous losses
in the material pores, thermal, pressure diffusion and sorption effects. The
interstitial gas nature, particle bonds, material properties of the solid, geometry,

and distribution of the po res, determine which effect is governing for a
particular material. For aerogel -based materials, these effects are not fully
understood , yet a wide variety of approaches for material preparation exist. The
longitudinal speed of sound in the silica aerogel pores is typically of the order
of 100 m/s or less [55,61] even though this number for non  -porous silica is

about 5,000 m/s [68].
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2.6.2 Types of acoustic measurements

Sound absorption and insulation are complex functions of intrinsic material
properties and extrinsic properties such as surface r  oughness, sample
geometry, and thickness. As a result, collecting accurate acoustical data and
their interpretation are more difficult than for data on purely intrinsic properties

such as density or thermal conductivity. Many studies that report the acoust ic
properties of aerogels and aerogel composites do not provide sufficient
information of the measurement conditions, intrinsic and extrinsic properties of
aerogels to enable a useful evaluation or comparison of their ability to work as

a sound absorbers o r insulator. Here, we briefly review the techniques,

instrumentations, and norms for acoustic measurements.

The impedance tube (ISO 10534 -1&2) [106,107] and reverberation room
methods (ISO 354) [108] are the most commonly employed techniq ue to
measure the sound absorption coefficient. The sound insulation, or airborne
sound transmission loss, of material systems, can be measured on small
samples via impedance tube s [109] or large samples as a building material or
additional lining on them via  a standard series of ISO 10140: Part 1 -5 [110].
Usually, measurements are made with the high  -frequency resolution, but
presented in 1/3 ™ octave bands with the following centre frequencies (Hz): 100,
125, 160, 200, 250, 315, 400, 500, 630, 800, 1000, 1250, 1600, 2000, 2500, 3150,

4000, 5000, as specified in ISO 266 [111].
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2.6.3 Sound absorption measurement

Wkh vrxqg devruswlrqg fr hii Ishumbeqrangirgdrom | v

zero to one. It is the proportion of the incident sound energy absorbed by the
boundary:

L)) T
where, '@ and "@are the absorbed and incident sound intensities in W/m 2,

respectively. To be a good sound absor bing pdwhul do/

as close as possible to one which indicates that a high proportion of the

wkh ydoxh

energy

in the sound wave incident to the material is absorbed (including absorption

within the material structure and transmission) [112].

Measurement of the normal incidence acoustic absorption coefficient in the

impedance tube is the most common way to determine the ability of a porous

material to absorb sound, especially in the research and development stage. An

impedance tube is frequently used in the development of new materials

because it is a compact set -up that can quickly determine absorpt

ion data at

relatively low cost and only small samples are required. The apparatus is

essentially a cylindrical tube with a test sample holder at one end and a sound

source at the other end (Figure  2.4). From the sound pressures in the incident

and reflect ed wave, some of the acoustic properties can be calculated
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Impedance tube s typically use one of two methods: (1) the standing wave
method (ISO 10534-1) [106] and (2) the transfer function method (  1SO 10534 -
2) [107] (Figure 2.4). The standing wave method is out -dated at present and the
transfer function method, which uses the ratio of pressures between two -
microphone positions, is the most common method to measure the absorption
coefficient. The minimum frequency range for a tube is controlled by the
microphone s pacing, whereas the maximum frequency range is controlled by

the tube diameter [107].

Al

Termination Sample Sound Generator
ra)

Movable Microphone

Figure 2.4. Impedance tubes (A) Standing wave method and (B) Transfer

function method.
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The ISO 10534-2 method [107] directly measures the complex acoustic
reflection coefficient at frequency of f (Hz) , from which the absorption

coefficient spectrum is calculated as:

ki, @40 v

The reflection coefficient is frequency dependent and controlled by material

microstructure and geometry  [107,113,114] .

Measuring reverberation time in a room is another method to determine the
random incidence absorption coefficient in which decay of the sound pressure
level is measured with several microphones as a function of time after switching

off the sound source. Or iginally the sound pressure level decay curves were
directly determined from the sound pressure level spectra measured with a one
third octave band analy ser in very short time intervals after a broad band noise
emitted by a loudspeaker was switched off. In  -between more advanced
measurement methods are very common. In this case the room response is
measured with microphones at several positions, when the room is excited with

a known input signal, such as a sine sweep. During post processing first the
room im pulse responses are determined using deconvolution techniques, band
filtered and backward integrated to obtain the decay curves of the sound
pressure level for each frequency band, from which the reverberation times are

evaluated. When sound is emitted in a reverberant enclosed space in the
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presence of a test specimen the rate of decay of this level (reverberation time)
after the sound source is switched off depends on the specimen’s absorption
coefficient and area covered by it. The sound absorption coeffi cient ks of the

absorbing layer is calculated as

1 '3 ¢
where S (m?2) is the area covered by the test specimen a nd Ar (m?2) is the
equivalent sound absorption area of the test specimen [108]. Often, the
reverberation room method is used to estimate the weighted absorption
frhiil fu whighwig calkulated through a comparison of the absorption
spectra, | Q,z1 wk d wuhi huhgfh fxuyh1ly, &sobé&rgarer q wkh
classified from A to E, where A corresponds to products with an kw”™ 3 1143.
In contrast to the impedance tube methods, the reverberation room is not
limited to normal incidence absorption coefficient as it covers all possible

angles of incidence, but it does require much larger test samples [107,108] .

2.6.4 Sound insulation measurement

The sound insulation performance of a material is defined in terms of the sound

reduction index Y, which is defined accordingto eq. 7.

Y pumé @ w X

79



Chapter 2 Literature review

where, W;and W: are incident sound powers of the incident and transmitted
waves, respectively. The sound reduction improvement index 3Y is the
difference of the sound reduction indices of a basic element with and without

the additional acoustic lining for each third -octave band [109,110]. The
frequency -dependent values can be converted into a single number quantity,

Y.

Like for absorption the airborne sound transmission loss (TL) or reduction index

(R) in dB for a normal incident sound wave can be me asured in the impedance
wxeh xvl qj -omkdhg y¥ weud gvi hu i {09, bylacqagringpthew k r g
sound pressure in four fixed microphones (two of them between the samples

and the sound generator source, and the other two on the back of the sample)
positions. Two consecutive acquisitions are carried out for ea ch sample by
modifying the characteristics of the tube extremity (a reflective and an
absorbing material should be installed) [60]. Unfortunate ly, this method is only
useful for open -cell porous materials with a low to moderate air flow resistance,

or limp porous materials with a low bulk modulus o r elasticity, where sound
propagation in the fluid phase of the material dominates. In most other ca ses
physical effects due to the bending stiffness of the material dominate sound

insulation, which cannot be captured correctly with the impedance tube.

For these materials, only the measurement of the diffuse field sound reduction

index Y, for each frequency, according to the standard test series of ISO 10140
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provides the correct estimate of the transmission loss [110]. Here, a large
sample of the wall or floor separates two sufficiently big rooms. In the source
room sound is generated wit h a loudspeaker and impinges from all possible
directions on the specimen that can undergo vibrations like in a real building.

The sound reduction index 'Y is determined from the incident and transmitted
sound power by measuring the average sound pressure levels in both rooms
and, applying diffuse field assumptions, calculating the associated sound

power.

Impact sound insulation/reduction is also an important characteristic of resilient

layers. Impact sound insulation reduces the sound of footsteps from pe ople
walking or falling objects on a floor structure. It is determined by the impact
sound pressure level ( 0) in the room below by using a standard tapping
machine for generating an impact sound source. A floating floor system in the

upper room or a fal se ceiling in the lower room can be used to improve the
impact sound insulation and therefore reduce the impact sound level [115,116].
The traditional floating floor system can consist of an elastic sound insulation
layer and mortar. In addition to the full standardi sed test, an estimation of the
sound insulation performance of a floating floor can be derived from the results

of dynamic stiffness measurements performed on small -sized samples (0.04 m 2)

[117].
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2.7 Acoustic properties of silica aerogel and aerogel composites

Conventional sound absorbers such as rock wool and open -cell foams are
traditionally used for sound absorption and insulation in buildings, but industry

and society are looking for alternative, environmentally friendly materials with
advantageous sound abs orbing/insulating properties [113] and good thermal
insulation. Aerogels present an opportunity to combine good thermal
insulation performance with useful acoustical properties. Sound absorption and
insulation achieved with aerogels strongly depend on the method of material
preparation, aerogel density, and pore structure. The sound atten uation in an
aerogel relies on the fraction of energy loss of acoustic waves as they are
successively emitted from the gas phase to the solid phase, this reduces the
amplitude and velocity of the sound waves, causing it to slow down and
dissipate faster. T his can make aerogels good materials for acoustic insulation

[118].

2.7.1 Sound velocity and impedance in silica aerogels

Silica aerogels [119] display unusual acoustic properties due to their particle
network structure, for example extremely low sound velocities in the range of
100-300 m/s for aerogel densities between 0.07 -0.3 g/m 3, compared to 343 m/s

in air and ~5000 m/s for silica glass [120]. Sound velocities as low as 120 m/s
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have been reported as earl y as 1984 [67]. Most literature reports indicate that

sound velocity increases with increasing density [119], but other factors may

also be important. Gross et al. in 1992  [68] suggested that a simple scaling law

for sound velocity 16 2/ z | wk k @416 | vshighexthan 0.rgim §hqgv I wl
exw dw orzhu ghqgvl w]|/ k @3 1 ; |l v ydolgl Orqjl
related to the elastic constants (bulk and shear modulus, correlated to Young's

modulus). Heat -treated aerogels display higher sound velocities than untr eated

aerogels, as heating increases the degree of connectivity of the silica

nanoparticle pearl -necklace network structure.

In 1986, Gronauer and Fricke [67] studied if the low sound velocity in aerogels
was due to the air -skeleton interactions or low Young's moduli. Such effects are
known to be important from conventional sound absorbers, where the fibrous
structures are also small compared to the sound wavelengths in the auditory
range. They concluded that soun d propagation occurs via the skeleton and not
through the air within the porous system, hence the low Young's moduli are

the root cause for the sound velocities smaller than that of air. Sound
propagation of the aerogel is primarily influenced by elastic p roperties of the
skeleton when densities are above 0.100 g/cm 3, whilst atmospheric pressure in
the enclosed air space is important for aerogels with a density of 0.05 g/cm 8
[121,122].1n 1998, Forest et al. presented a comparison of acoustic propagation

in alcogels and aerogels and showed an interesting difference: for the high
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porosity alcogels, longitudinal wave velocity remains around the same velocity

as in alcohol, while in aerogel s, the velocity is significantly lower than that in air.
They applied the Biot's model for acoustic wave propagation in porous media

to study the velocity and attenuation. Biot considered the problem of the
acoustical propagation in a porous elastic solid saturated by viscous fluid by
deriving the equations for sound waves through the solid and fluid fractions

[71].

2.7.2 Sound absorption/insulation in pure/hybrid silica aerogels

A majority of studies reporting on the acoustical properties of aerogels
preferred the impedance tube method because of the smaller sample size
requirements [63,75-77,80-84,119]. The transmission loss, the ability of aerogel
to insulate against incident sound, is usually measured with a four -microphone
impedance tube method [123]. Some studies employ their own methods for
data evaluation [124], which makes the data comparisondi fficult. In this section,
we focus on the acoustic properties of silica aerogel and its composites with
polymers mostly obtained with the impedance tube data. We go through these

studies in chronological order.

In 1998, Schmidt et al. [63] reported acoustic properties of pure silica aerogels,

hot - press formed plates via dry mixing of silica aerogel with polyvinylbutyrale

84



Chapter 2 Literature review

(PVB), as well as silica aerogel bound with liquid vinylacetate/ethene. As in the
case of a usual porous layer, aero gelsdisplay a 1/4 -wavelength resonance peak
whose maxima shifts towards lower frequency with increased thickness (see
Figure 2.5). An increase in thicknesses in this study was achieved by adding
individual layers and the vibration of each layer might hav e influenced the
measurement. The observed absorption coefficient for a "Q 40 mm thick layer
at frequencies above 600 Hz were around 0.6 -0.7 which is a promising result
[63]. Higher absorption ( | > 0.6) in thinner layers was achieved at frequencies

at which the acoustic wavelength in the material was Q _Jt [119]. A
thermoplastic bound aerogel produced using a polyvinylbutyrale binder
displayed a lower sound absorption value similar to that of expanded and
extruded polystyrene with | T across all frequencies of interest (see Figure
2.6). However, relatively thin layers (e.g., 20 mm) of dispersion bound aerogels,
made using aqueous vinylacetate -ethene, show a great improvement in sound

absorption coefficient particularly at 500 and 800 Hz (see Figure 2.6).
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Schwertfeger and Schmidt, in 2003  [93] patented the use of aerogel -polymer
composites for damping of structure  -borne or impact sound. In their work, a
percentage of aerogel was mixed with PVB or dispersion glue followed with

heat treatment which improved impact sound insulation by up to 24 dB for a
layer thickness of 18 mm and 90% by volume of hydrophobic aerogel granulate

[93]. A substant ial acoustic improvement with a relatively low thickness of
sound insulation material would be an important tool to solve the significant
difficulties of building renovations by separating the mechanical tension of the

old building structure from the floor covering [63].

Dong et al. in 2009 [75] produced composite aerogels with variable
concentrations of silica and polydimethylsiloxane (PDMS) and evaluated their
sound absorption coefficient as a function of composition and average pore

size. The acoustic behaviour of aerogels developed in this work differed from

that in many commercially  available porous acoustic absorbers. The behaviour
of these aerogels resembled that of layer membrane which is controlled by the
elastic properties of aerogel (Figure  2.7). However, Dong's work did not specify
the thickness of the studied commercial materi als and aerogel materials. For
resonance absorbers, high absorption occurs around a specific frequency,
where increasing the amount of PDMS shifts the peak absorption to the higher
frequency, ascribed to the reduction in pore size of ormosil aerogel. Dong et al.

approximated the porous structure of the aerogels with two models of cavities:
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either with a neck (Helmholtz model, eg. 8) or a sphere -like shape. For both
models , they claimed that as the cavity size decreases with the increasing PDMS

content, resonance -based absorption occurs at higher frequencies, e.g.

where, v, A, Vand L, are speed of sound, the cross -sectional area of the neck,

volume of the cavity and length of neck, respectively [75].
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Figure 2.7 Sound absorption coefficient of silica aerogels and silica aerogel

blankets with different thickness, compared to fibreglass sound absorbers.
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This resonance behaviour is likely to relate to two effects. In the case when the
density of aerogel is relatively low and it is granulated to a fine powder (e.qg.,

z|l wk sduwlfoh vI}h pxfk ohvv wkdq 433
fluidisation of the aerogel particles. The aerogel layer behaves like a very light
equivalent fluid which causes multiple peaks in the measured absorption
spectra. In the case of fibreglass blankets impregnated with aerogel powder,

the flow resistivity of the blanket increas es dramatically. When exposed to
acoustic excitation in the impedance tube, the blanket vibrates. This vibration
effect, together with the circumferential air gap effect dominate the measured
absorption coefficient spectra which  tends to have a single reso nance peak and
limited absorption coefficient beyond this peak. Figure 2.7 illustrates the sound
absorption spectra for a commercial aerogel powder (particle size 2 -40 Pm,
pore diameter 20 nm and particle density 0.12 -0.15 g/cm 3) and fibreglass
blanket (po re size of 20 Pm in the fibres) impregnated with aerogel powder. It

also provides a comparison against the absorption coefficient for two
conventional fibreglass layers. This data was measured by the authors in a 100
mm diameter impedance tube. Figure 2.8 illustrates the sound absorption
spectra for a commercial aerogel powder (particle size 1 -20 Pm, pore diameter
20 nm and bulk density 0.04 -0.10 g/cm 3) with resonance behaviour, and
melamine foam (pore size 115 ‘Pm) with porous material behaviour, both with

a hard -backed layer thickness of 50 mm. The data was measured by the authors
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in a 10 mm and 100 mm diameter impedance tube respectively. Comparing
Figures 2.7 and 2.8 with previous works [62,73,80], aerogel powder in the
micron size range shows continuous peaks across the whole frequency range

of 100 to 4000 Hz than aerogels with a larger particle size in the millimetre size
range. Resonance behavior of aerogels was al so reported by Cai et al. in 2012
[76] for methyltrimethoxysilane (MTMS) -vinyltrimethoxysilane (VTMS) based
monolithic aerogels with  a thickness of 1.6 cm . Two commercially avai lable
acoustic insulation materials, an open -cell polyurethane (PUR) foam withanon -
woven scrim (Insulator A, thickness = 2.0) and a non  -woven fibre material
(Insulator B, thickness = 4.3 cm) were also tested for comparison. Maxima in the
absorption coeff icient were observed in the frequency range of 540 -830 Hz and
also at the higher frequency range of 1570 -1860 Hz, while insulators A and B
exhibit improved acoustic absorption as frequency increases. Strong
absorption peaks observed at both low and high -frequency regions may

indicate mutiple resonances within the aerogel [76].
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Figure 2.8 Sound absorption coefficient of silica aerogel, compared to a

melamine foam (thickness 50 mm).

In 2014 Yan et al. synthesi sed polyimide -silica aerogel composites and
measured their acoustic absorption coefficient in a 16 mm diameter impedance

tube [77]. They reported resonance behaviour for the sound absorption
coefficient with two to three pea ks in the 2.5 -10 kHz range (see Figure 2.9). As
expected, the positions of the maxima in the absorption coefficient spectra
depended on sample thickness: for 10 mm, peaks occur between 5 -8 kHz while

for a thickness of 30 mm the peaks occur at 2.5, 7, and 1 0 kHz.
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Figure 2.9 Sound absorption coefficient of polyimide

Revised/r eproduced with permission from

Sachithanadam et al. in 2016
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-Silica aerogels.

reference [77].

[80] measured the acoustic properties of the silica

aerogel granules of various sizes from 0.50 to 3.35 mm, and gelatin

aerogels doped with sodium dodecyl sulfate (GSA

1.7 mm granular size. Absorption coefficients varie

-silica hybrid

dsDS) consisting of 1.2 and

d across grain size. Larger

granules exhibited a somewhat lower absorption coefficient than that

measured for smaller granules. This result demonstrated the importance of the

visco-thermal and pressure diffusion effects which are controlled by the inter -

particle pores. The second aspect of their research was the use of the

pLgi huhgwl!l do

transmission loss using a three
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-microphone impedance tube. The approach was
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a modi cation to the usual transfer function me  thod by inferring the
transmission coef cient with and without the rigid wall. The sound velocity in

the GSA-SDS aerogels was found to be very low at 70 to 78 m/s.  Both the silica
and GSA-SDS aerogels exhibited resonance behaviour in the transmission loss

data (see Figure 2.10) and thus, different kind of graphs in comparison with the

other research [60] with increasing trend graph with one dip i n the resonance
frequency.
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Figure 2.10 Transmission loss for (A) aerogel granules and (B) GSA  -AG
frpsrv/ whv +judgxodu vI}h= 41. pp, yl
using a two -microphone impedance tube. Revised/reproduced with

permission from refe rence [80].
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Moretti [60] and Buratti [62] et al., in 2017, experimentally investigated the
influence of the granule size of silica aerogels on thermal and acoustic
performan ce. They used a 100 mm diameter, 4 -microphone impedance tube to

find that smaller grain sizes, which are accompanied by higher densities, and

thicker samples improved the sound transmission loss (see Figure 2.11).
B
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Figure 2.11 (A) Transmission loss of 1 -4 mm Silica aerogel granule layers for
different thicknesses and (B) Comparison between aerogels and rock wool
panel in 30 mm thickness. R evised/r eproduced with permission from

reference [60].

In 2018, Geslain et al. [83] presented a novel signal processing method for
retrieving the viscoelastic properties of a silica ae rogel clamped plate. This

method is based on a genetic algorithm optimi sation with two objective
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functions resulting from two acoustic con gurations, a re ection problem, and

a transmission problem in an acoustic impedance tube. The two objective

functions are the di lierences between the experimental and modelled acoustic

problems around the plate resonance frequency. The estimated aerogel
ylvfrhodvwlf surshuwil hp @2 oUs/: IW53 nB8d2p zkhuh
ghgvliw|/ p | v wkh (iSthd realpargof thel¥olng's ntbdutys. H

The absorptive properties of aerogels are encouraging and can be applied to

design more complex arti  cial structures (metasurfaces) for the broadband

absorption of sound [83].

Merli et al. in 2018 [118] used 29 mm and 100 mm diameter impedance tubes

to study the sound absorption and transmission losses of monolithic and
granular aerogels. In their research, they used small aerogel granules of 0.01 q
1.2 mm (density of 0.08 (0.085 g/m 3), intermediate grain size aerogels of 0.7 -4.0
mm (density of 0.065 -0.075 g/m 3), larger grain size aerogels of 4.0 mm (density

of 0.065 -0.070 g/m 3) and monolithic aerogel sample thicknesses of 12.7, 19.1

and 25.4 mm. Monolithic aerogels showed peak absorp tion coefficient values

in 0.54 to 0.88 in the frequency range of 1.1 to 1.5 kHz whereas granular
aerogels showed peak absorption coefficient values of 0.9 to 1.0 in the
frequency range of 1.7 to 4.1 kHz. They found monolithic aerogels to have a

transmiss ion loss of 10 (L5 dB for sound waves attenuating at a frequency of
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100-1600 Hz, when compared to granular aerogels which had a lower

transmission loss of 5 -7 dB [118].

From the limited number of papers reporting the sound absorption and
transmission loss of the pure/hybrid silica aerogels, it is clear that silica aerogels,

in contrast to the other porous sound absorbers, display a resonance behaviour
with one or more resonance frequencies in their sound absorption spectra. The
resonance frequencies and width of the resonance peaks depend on their
mechanical properties, thickness, sample mounting conditions and p otential
presence of circumferential air gap. The transmission loss typically rises with an
increasing frequency, with a dip in the lower frequency range which
corresponds to a layer resonance or resonance in the circumferential air gap. It

is possible to qualitatively compare the transmission loss among various
aerogels to evaluate the effect of different parameters but relying on the
absolute numbers is not recommended from data collected with the impedance

tube.

A key problem to good understanding of th e acoustical properties of aerogels
is to have accurate data on its pore size distribution and pore connectivity. The
physics of the effects which control the observed acoustical behaviour is
markedly different for different scales of pores. For pore swhose size is close to
the mean free path (around 70 nm) the sorption effects dominate. For pores

whose size is similar or larger than the viscous boundary layer thickness
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8
) o , Where 6is the dynamic viscosity and 2o is the ambient density of

air) the viscous friction and inertia absorption will dominate. In granulated
aerogels with millimetre size particles pressure diffusion absorption can be
pronounced. This effect is controlled by the contrast between the relatively
large inter -particle pores and relatively small (transport) pores in the surface of
aerogel grains. All these effects are difficult to describe in a single theoretical
model. Accurate data on the pore size and connectivity are difficult to acquire.
As a result, there is a clear lack of publications which study and account for

these effects in aerogels.

Last, but not least, t here is a clear lack of modelling and simulation of key

acoustical properties of monolithic and granulated aerogels. These properties

are the complex, frequency -depe ndent bulk modulus and dynamic density of

wkh dlu wudsshg I g wkh pdwhul do sruhv dgg wk
frame supporting an aerogel. These properties control the sound speed,

attenuation, and acoustical characteristic impedance of the aeroge |. Data on

these key properties are difficult to find in published literature. This issue is

complicated by the liberal use of a range of experimental procedures for

measuring the acoustical properties of aerogels which seems to be parochial to

a particula r layer thickness and experimental setup.
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2.7.3 Sound absorption/insulation of silica aerogel - polymer composites

For practical applications, aerogels are usually impregnated in foams or a
fiborous matrix. Only a few recent studies have investigated the acoustic
properties of foam type s of aerogel composites. In 2017, Dourbash et al. [81]
prepared and acoustically investigated silica aerogel/PUR foam composites and

silica aerogel/elastomeric PU. They showed that adding silica aerogel to the
polyol did not improve the thermal and acoustical properties of the PUR foams

but did resultin elas tomeric PU results in better sound insulation characteristics,
particularly transmission loss (see Figure  2.12 (B)), which is related to stiffness,
absorption potential, and sound attenuation. Increasing the aerogel amount
increases the transmission loss i n the higher frequency range while adding 1%
aerogel material resulted in the highest transmission loss in the frequency
range of less than 3 kHz as shown in Figure  2.12(B). Adding more silica aerogel
to the polyol substantially reduces the density and inc reases the number of

voids present, this leads to lower values of the transmission loss [81].

Eskandari et al. [82], in 2017, investigated the effect of silica aerogel on
Unplasticized Polyvinyl Ch loride (UPVC) on acoustic and thermal properties.
While a melt procedure was used for mixing, they did not investigate the
possibility of (partial) infiltration of polymer into the aerogel pores. Sound
absorption values of up to 40% were observed above 250 0 Hz. At frequencies

below 1000 Hz neat UPVC and all of its composites displayed a downtrend due
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to the resonance phenomenon, which causes a reduction in the reflection

coefficient and increases transmission  [82].

A few studies on the acoustic properties of the other kinds of aerogel materials
like recycled polyethylene terephthalate  (rPET) aerogels have also been carried

out, but this paper focuses on silica -based aerogels and their composites  [84].
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Figure 2.12 (A) SEM image with no aerogel content, (B) SEM image with 2%
aerogel content, (C) Sound absorption coefficient, and (D) Transmission loss,
for coating grade PU and its composites with 1 -4% aerogel.

Revised/reproduced with permission from reference [/81].

2.7.4 Sound absorption/insulation of aerogel -textile compounds

There are a few possible ways for how aerogels can be combined with textiles.
Nonwovens can be impregnated with a silica aerogel, to produce fibre -
reinforced silica aerogel blankets. The often observed dustiness of such
blankets motivated investigations on the use of aerogel particles as a porous
filler inside the polymer phase, where it is completely protected [64]. Several
reports are available where aerogel particles are either mixed with
electrospinning PET solution to make aerogel -filled fibres [64], mixed with
binder and knife -coated [125], padded [126] or electrosprayed [51] onto
textiles, or thermally bonded in nonwoven textile [127], but the applications are
not related to sound insulation. Here, we review those studies that reported on

acoustic properties.

A limited number of reports are available where electrospinning was used to
combine aero gel and fibres. A typical approach is to add electrospun nanofib res

into a silica precursor before aerogel synthesis to produce aerogel coated fib res
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[128, 129]. No literature was available regarding the incorporation of aerogel
particles in electrospun polymer fib  res, until 2015, when Mazrouei -Sebdani et
al. [64] added aerogel particl es in a PET electrospinning polymer solution to
produce PET -aerogel composite fibres. The addition of silica aerogel particles

to the electrospun PET fibres increases the sound absorption coefficient in the
frequency range of 250 to 4000 Hz for a sub  -milli metre thick layer of fibrous
membrane. While 0.5 wt . % aerogel -filled electrospun webs exhibited higher
sound absorption at low frequencies of 250 and 500 Hz, 4 wt . % aerogel -filled
samples displayed the highest sound absorption coefficient at intermediate
frequencies of 1000 and 2000 Hz. Mazrouei et al. suggested that the effects on
sound absorption are related not only to the aerogel porous structure itself, but

also to the effects of aerogel addition on the fibre structures and properties.
Because the lo wer aerogel content resulted in larger fibre spacings, low -
frequency range sound waves could be absorbed more efficiently, as suggested

by other researchers [130]. Because the acoustic property of silica aerogel itself

is not fully examined (Section  3.2), more experimental and modelling insights

on pure silica aerogel are needed before the effect on aerogel -polymer

nanofib res can be fully understood.

A nonwoven fabric is a manufactured web of fibres, bonded/entangled
together by mechanical, thermal, or chemical processes [131]. Nonwoven

fabrics with high bulkiness and resilience, great compressional resistance, and
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good filling properties have been extens ively studied as one of the most
common porous thermal insulating/sound absorbing materials [102,132]. Since
both nonwovens and aerogels have impressive thermal and acoustic properties

on their own, a combination of these two materials is widely used in various
environments because of their flex  ible structure. When the aerogel blankets are
not encapsulated, problems with the migration of the aerogel particles and dust
release occur [56]. Despite these potential drawbacks, fibore -reinforced silica
aerogel blankets make up well over 50% of the silica aerogel market, and the
thermal conductivity of such blankets has been studied extensively. However, it

is also essential to understand the so  und absorption behaviour of nonwoven -

aerogel compounds, which have been studied to a much lesser extent [102].

Oh et al. in 2009 [133] selected two methods for the acoustic optimi sation of
polyethylene terephthalate (PET) nonwoven -silica aerogel blankets by dipping
the nonwoven in a TEOS based sol (method I) or by ultrasonication of a silica
hydrogel dispersion (method II), followed by solvent exchange/surface
modification with TMCS/n -hexane and ambient pressure drying. Al |
measurements were done for the samples with a thickness of 5 mm. Sound
absorption coefficients of the method | and Il blankets were low and below 0.1

at frequencies below 1000 Hz. At frequencies above 1000 Hz, the sound
absorption coefficient of the meth ~ od | prepared blankets with a density of 0.184

g/cm 2 increased steadily and showed a wide bell -shaped graph (see Figure

102



Chapter 2 Literature review

2.13) [133] in line with that expected from traditional porous sound absorption

materials [8,9,134].
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Figure 2.13 Sound absorption coefficient of the 5 mm thickened PET
nonwoven -sifica aerogel blankets prepared by djpping a PET nonwoven in a

TEOS based sol. Revised/r eproduced with permission from  reference [133].

The presence of silica aerogel had a positive effect on energy absorption.
Therefore, PET nonwoven -silica aerogel blankets, prepared under optimum
conditions, can be considered as a good sound absorbing material [133]
particularly in the frequency range for which the human ear is most sensitive

(2.5 to 5 kHz) [9]. However, a majority of conventional porous insulation
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in 2012 [104] investigated the effect of bonding, thickness, composition,

permeability, and fibre thickness on sound absorption properties of nonwoven -

aerogel composites. They varied the layer thickness from sub -millimetre thick
to 35 mm to confirm that the increase in the layer thickne ss and carefully
chosen permeability results in an increase in sound absorption [104].

In another work on PET nonwoven -silica aerogel blankets, Ramamoorthy et al.
in 2017 [85] focused on silica aerogel blankets prepared from sol with variable
silica content (110 to 28 molar ratio of methanol/TEOS). A molar ratio of 55 was
recommended to maximi se sound absorption and hydrophobicity. Similar to
the work done by Oh et al. (2009) [133], silica aerogel was synthesi sed with
solvent exchange/surface modification with TMCS/n -hexane and ambient
pressure drying, but here, structural properties of aerogel composites have also
been studied to determine their durability for long term noise control
applications [85]. The PET nonwoven -silica aerogel blankets exhibited a higher
sound absorption coefficient than the control sample for the entire frequency
range of 50 6300 Hz. The silica aerogel present in the nonwoven structures
(Figure 2.14) increases the absorp tion coefficients due to reduced average pore

sizes, which cause stronger visco -thermal effects [85]. Also, airflow resistance
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has increased in the mesopores due to the presence of aerogel leading to

higher sound absorption [85,102].

Figure 2.14 SEM images of (A) control PET, (B) PET nonwoven -silica aerogel

blankets (MeOH:TEOS molar ratio: 110), and (C) PET nonwoven  -Silica aeroge/
blankets (MeOH.TEOS molar ratio: 28). R evised/r eproduced with permission

from reference [85].
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In 2015 Motahari et al. [135] used cotton instead of PET to produce cotton
nonwoven (1 cm) -silica aerogel blankets through a single  -stage sol -gel pr ocess
with different MeOH/TEOS molar ratios and aging times, with the aim to
produce an efficient sound absorber. The results showed that for high
MeOH/TEOS molar ratios (11) and a long aging time (24 hours), significantly
higher sound absorption coefficie nts below 3 kHz can be achieved with
blankets with a relatively low bulk density of 0.088 g/cm 3. This could be due to
the increase of fibre diameter after coating with silica aerogel particles, which
decreases the space in between fibres in the mat and inc reases viscous stress
caused by shearing and friction of air across the pores of silica aerogels. A
further increase of the MeOH/ TEOS molar ratio to 14 caused an increase in

bulk density and speed of sound, and a subsequent reduction in sound
absorption. In this work, the thickness of resulted cotton nonwoven -aerogel

mats is missing which make s the results incomparable with  other research.

In 2019 Yang et al. [102] examined the sound absorption properties of the
aerogel - (Polyethylene/polyester) nonwoven bonded blankets, prepared with

the method of Venkat aramana et al. [127] through the addition of aerogel
granules/particles duri ng the thermal bonding of the fibres (see Figure 2.15).
The sound absorption coefficient linearly increased with increasing frequency

(see Figure 2.16(A)). Although , there was no reference nonwoven sample

without aerogel for comparison [102]. Yang et al. concluded that the aerogel
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content is not a major f actor in determining the sound absorption ability
because the sample with the lowest aerogel content showed the higher sound
absorption value. Important to note is that the density and the thickness of the
samples were different for different aerogel conte nts, and this may have
affected the properties. Lamination of between 2 to 6 sample layers increased

the sound absorption coefficient as expected with diminishing returns after

more than 3 layers were laminated (see Figure  2.16(B)).

Figure 2.15 SEM images of an aerogel -nonwoven bonded compound

Revised/reproduced with permission from [102].
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Figure 2.16. Sound absorption coefficient of the aerogel -nonwoven bonded
compounds (A) with different aerogel contents and (B) the different number
of layers for the sample  with 2% of aerogel (0.067 g/m 3, 6.6 mm).

Revised/r eproduced with permission from  [102].

In summary, the sound absorption behaviour of nonwoven -silica aerogel
blankets depends on silica precursors and synthesis conditions, and different
effects are observed in different studies. The addition of silica aerogel generally,

but not always, improve s the sound absorption, particularly in the medium
frequency range, but the extent to which this adds a benefit will depend on the

layer thickness and composite arrangement. Nonwovens themselves without
silica aerogel are good porous sound absorbers effici ent in a broad frequency
range. The addition of nonwoven -silica aerogel into a blanket typically results

in reduced permeability and increased absorption in a lower frequency range.
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Higher concentrations of aerogels in a blanket can result in the resonance

behaviour in the absorption coefficient of the composite similar to that seen in

neat silica aerogel without fibres (Sections 2.7.2and 2.7.3).

A summary of works done on the acoustic properties of the silica aerogels and

their composition with the polym  ers can be found in Table 2.2.

Table 2.2. Silica and silica -polymer related aerogels acoustic application related

papers.
Freque  Sound
t Method Author
Material ncy Quantity
cm Device Year
(cm) ( ) (Hz) measured ( )
Silica and silica -polymer derived  aeroge/
- SA NXgqgwy Absorption
25().- Schmidt [63]
tube
- SA/PVB 1-4 Impact
5000 (1998)
- SA/VAE (unknown) insulation
Impact Schwertfeger
SA/PVB 1.8 - -
insulation [93]
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Silica-PDMS
derived -

aerogel

MTMS -VTMS
derived 1.6

aerogel

Polyimide -
silica derived 1-3

aerogel

- SA
-GSA-SDS 1-5

aerogel

SA 1.5-4

Impedance

tube

(home -

made)

Impedance

tube

(unknown)

Impedance

tube

(unknown)

Impedance

tube

(Eulho

Nmau,

Impedance

tube

110

250-

Absorption
4000
200- Absorption
2500
2500-

Absorption
10000

Absorption
50-

Transmission
1500

loss
100- Transmission
1700 loss

Literature review

(2003)

Dong [75]

(2009)

Cai [76]

(2012)

Yan [77]

(2014)

Sachithanadam

[80] (2016)

Moretti [60]
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+Eu&ho (2017)

Signal

rocessin
P J Absorption

model Audible Geslain [83]

SA 11 Transmission

based on range (2018)

, loss
impedance

tube

Impedance
Absorption

tube Merli [118]

Monolithic/gra 100-

1.3-2.5 Transmission
nular SA +Eu&ho 4900 (2018)
loss
Nmau,
Silica aerogel -polymer composite
- SA/PUR
Impedance
foams Absorption
tube/ 250- Dourbash [81]
- 1.2-3.7 Transmission
Eudho 0400 (2017)
SA/elastomeric loss
Nmau,
PU
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Impedance :
Absorption
SA/UPVC tube/ 63Q Eskandari [82]
. 0.1 ~ Transmission
composites (Euldho 6300 (2017)
. loss
Nma u,
Silica aerogel -textiles composite
PET Impedance
250- Oh [133]
nonwoven -SA 0.5 tube Absorption
ik 6400 (2009)
ankets (unknown)
Cotton Impedance
nonwoven (1 tube 100- Motahari [135]
- Absorption
cm)-SA +Eutho 9300 (2015)
blankets Nmau
Impedance
SA-filled .
0.02- tube/ 250- Mazrouei [130]
superfine PET Absorption
. 0.024 Home - 4000 (2015)
fibers
made
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Impedance
PET
tube/ 50- Sound Ramamoorthy
nonwoven -SA  0.5-0.6
+Eu&ho 6300 absorption [85] (2017)
blankets
Nmau,
SA-(PE/PET) Impedance
0.4-0.7 Sound
nonwoven tube/ 50- . Yang [102]
absorption
(1-6
bonded +Eudho 6400 (2019)
layers)
blankets Nmau
2.7 and
PET Impedance Sound
6.4 50- _ Talebi [90]
nonwoven -SA tube/(BSW absorption
(non - 6100 (2019)
blankets A)
woven)

*SA: Silica aerogel, PVB: Polyvinylbutyrale, VAE: vinylacetate/ethene, PDMS:
polydimethylsiloxane, MTMS: Methyltrimethoxysilane, VTMS:
Vinyltrimethoxysilane, GSA: gelatin -silica aerogels, SDS: Sodium dodecyl
sulfate, PU:. Polyurethane, UPVC: Unplasticized Po Ilyvinyl Chloride, PE:

Polyethylene.
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2.7.5 Sound absorption/insulation of aerogel renders

Recently aerogels granules have been incorporated into high -performance
concrete and render for building applications [56, 79, 136]. Silica aerogel filled
renders in particular have es tablished themselves in the market place
particularly for thermal insulation during the renovation of historical buildings

[137]. Aerogel -based insulating renders, which can be applied to external and
interi or walls, are manufactured by mixing the conventional ingredients,
additives and water with granular aerogel and coated on the wall (Figure 2.17)

[78,79].
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Figure 2.17 Mixing and applying of an aeogel  -based plaster. (A) original
components, (B) mixing phase, (C)  nal composition, and (D) in situ

application on the wall. R evised/r eproduced with permission from  [78].

In 2014 Buratti et al. [78] reported the sound absorption coefficient of the two
samples composed of plaster board support, an aerogel insulation plaster with
aerogel of two different thicknesses and a final plaster coat (2 mm). Tests were
carried out on small samples with an impedance tube. The results showed a

strong dependence on the acoustic behaviour on the final coat, which
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negatively influenced the acoustic properties. The acoustic absorption
coefficients of the aerogel embedded samples were not very high for the

proposed plasters [78].

Preikss et al. [138] in 2018 applied silica aerogel granules in a foamed gypsum
(5-30%) and attached an aerogel blank et to one side of the foamed gypsum
intending to improve the thermal and acoustic properties. However, no
significant increase of the sound absorption coefficient in the 1 kHz frequency

could be obtained for the foamed gypsum itself. On the other hand, att aching
the silica aerogel blanket to one side of the solid gypsum specimen did lead to

an increase of the sound absorption coefficient from 0.05 to 0.3 [56, 138].

In summary, very few studies investigated the acoustic properties of silica
aerogel filled renders and products. These preliminary studies did not observe

a clear acoustic benefit of adding silica aeroge | to renders and boards, but this
guestion cannot be settled with the currently available data. Also, this point S
out that the aerogels pores that are filled and/or cloaked with the plaster should

be discussed here.
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2.7.6 Sound absorption/insulation of aerogel glazing systems

Because of their ultra -low thermal conductivity and high translucency and good
solar-optical properties, silica aerogels have been investigated for their
application in window systems. It is thus also of interest to study the sound
insulation behaviour of  aerogel -based glazing systems. As early as 1991 Narang
provided a detailed study of the diffuse field sound -transmission behaviour of
aerogel -based glazing systems with different glass thicknesses and interspace,

and compared the results to those  of conven tional double glazing [139].

Two kinds of frequencies, considerable in the study of acoustic properties of

the glazing systems, windows, and walls in the buildings, are critical frequency
and resonance frequency. When the wavelength of sound air projected on the
plate equals the wavelength of the bending waves, the movement of the panel
increases, leading to low sound insulation. The lowest frequency at which this
wave coincidence occurs for flat homogenous plates is the critical frequency

and can be approximated with

(I) ” p 0 Fl
pBPpQ O

where, ¢, h, 2, v, and Eare the sound velocity in the air, thickness, the density of
the material, Poisson's ratio, and Young's modulus, respectively. The resonance

dip due to the coincident effect usually begins about an octave below the
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critical frequency. Below the frequency  range of the coincidence, the mass law
determines the sound reduction index. Above the coincidence zone, the sound
reduction index depends on the frequency only for double systems. For a

whpshudwxuh ri 53 F dqg qrupdo vrxqagyisl gfl ghagq
N e -—- —, (10)

where, d is the distance between the inner surfaces of the glazing, and m 1 and
m: (kg) are the mass of each pane. If the frequency of the sound incident on a
double element is higher than the resonance frequency, the air chamber
absorbs part of the sound energy, resulting in greater acoustic insulation than

is observed in a single element with the same mass [139, 140].

Because mass-air-mass resonance is a major drawback in conventional double -
glazed windows for insulation against traffic noise, it appears that by choosing
appropriate physical parameters of an aerogel filling of the interspace of the
double -glazed system, one should be able to design a suitable window system
free of the undesirable resonance dip in the low to the medium frequency
range. Figure 2.18 shows that the transmission loss increases for an aerogel
filled double glazing system [139]. Howev er, compromises with respect to
aerogel layer thickness may need to be made concerning acoustic/thermal

performance versus cost, transparency, and solar gains.
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Figure 2.18 Sound transmission loss for a glazing system (glass-aerogel -

glass of 4 -6-4 mm). R evised/r eproduced with permission from  [139].

Buratti et al. in 2012 evaluated a prototype of an aluminium frame window with
granular aerogel in the interspace  [141]. Not only was thermal transmittance of
the innovative glazing system lower than 1 W/m 2, but also the acoustic
properties were improved with 'Y =37 dB which is 3 dB higher than th at of a
conventional window with air in the interspace [141]. Importantly, this number
was achieved according to the standard series of ISO 10140 which is the test
used on large -scale samples, a test more reliable than the impedance tube
method. To improve further the acoustic performance of the window (R w>40
dB), the granular aerogel could be assembled into laminated glasses with a

special acoustic polyvinyl butyral layer. Figure 2.19 shows the R -curve of the
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samples with and without aerogel [L  25]. In 2014 these systems were tested in -
eld monitoring campa igns to validate the capability of aerogels in improving

the acoustic performance of the glazing systems [142].
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Figure 2.19 Sound reduction index (R) for the conventional window and the
glazing prototype with aerogel in the interspace. R evised/r eproduced with

permission from [141].

2.8 Aerogel -based products versus conventional acoustic materials

In this section, we compare silica aerogel -based materials to four classes of

conventional acoustic materials. This comparison is complicated by the wide
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variability of aerogel -based products (describe in Section 2.7.6 ) and perhaps
more critically, the wide knowledge gaps about their acoustic properties. As
discussed in the previous sections, silica aerogel can be incorporated in a wide
variety of composite materials (fibo re mats, polymers, inorganic renders and
concrete, glazing systems) and the nature of the composite can be the
dominant control on the acoustic properties, sometimes more so than the
properties of the aerogel itself. In addition, sound absorption properties

depend on the composition, thickness and surface pattern of the absorbers,

method of mounting (air gap) and frequency of the incident sound are also very
important.
Table 2.3 compares the most important, application -relevant physical

properties of aerogel -based materials to conventional acoustic materials. In
terms of sound absorption, porous , fibrous and foamed materials display
absorption over a wide range  of frequency, while perforated materials show
high sound absorption, but in a narrow frequency range. The p ore size of
foamed materials, and holes y size and holes ¥ surface density for perforated
systems determines their frequency range and percentage of absorption. Silica
aerogels on their own resemble more closely the behaviour of the perforated
materials with resonance absorption in a narrow frequency range, but in
combination with fib res and textiles behave more similar ly to fibrous materials

and foams.
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Table 2.3 Comparison of conventional and aerogel

Literature review

-based acoustic insulation materials

Fibrous mats

Polymeric Polymer Peroforated Silica
Material
Mineral wool  fibres foams panels aerogel
Low-medium Medium - Low (20Q
Density (kg/m 3) Low (30 (L50) Low (8 CB00)
(50d1200) high 200)
Macro -
Pore size Macroporous  Macroporous Macroporous  Mesoporous
/mesoporous
High
Hydrophobicity = Low-medium Low-medium Low-medium  Low-medium
(tunable)
Fire resistance  Good Poor Poor Poor to good Good
Cellular Nanopatrticle
Structure Fibrous Fibrous Perforations
(open/closed) networks
Ultra -lowow
¥Y(MWm-1K?) Low (300B6) Low (300B6) Low (20 (d36) High
(12C86)
Cost Low Low-medium  Low-high High High
Absorption
Absorption Absorption
Acoustic Absorption vibration Resonant
insulation insulation
isolation
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Applications Insulation Less Vibration Absorbers
Narrow
Absorption Narrow range (wide
Wide range Wide range Wide range
frequency range if combined

with textiles)

All tabulated materials, aside from the perforated plates, display low densities

and low thermal conductivities. Among the conventional materials, closed -cell,
pentane and/or CO » filled polymer foams (often polyurethane based) have the
lowest thermal conductivity, but closed -cell foams tend to perform worse
acoustically compared to open -cell foams because these materials dono tallow
for viscous, inertia and thermal absorption effects to develop in the material
pores. Silica aerogels have even lower thermal conductivites due to their
mesoporous structures. Silica aerogels also stand out for their hydrophobicity.

In the absence of fire retardants, polymer based materials (foams and fibrous
materials) naturally display worse fire properties compared to mineral wool or

silica aerogel. Silica aerogel based products are more expensive by up to one
order of magnitude compared to fibro us mats and most polymer foams,
although high peformance polyurethane foams engineered for impact noise
control and vibration isolation can also be very expensive. Perforated materials
are usually used for very specific applications, e.g. , as ceiling tiles in auditoria,
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theatres or concert halls, while fibrous and foamed materials are used in
standard applications, such as residential, commercial and public buildings,
automotive and other transportation thanks to their low cost and ease of
installation. Min eral wool is particularly cost -effective, but cannot be used as a
final cover or design in terms of their health and environmental problems,
whereas other materials can target the acoustical/archituctural designs,
particularly  foams for internal designs an d perforated systems for
internal/external designs. Aerogels, when mixed with other materials, have the
potencial of being used as the final coating related to their minimi sed dust

releasing behaviour.

2.9 Summary, open questions, and road to market

From the literature survey above it is clear that the physics of how sound
propagates through silica aerogel is poorly understood. Although there is
literature on the absorption and transmission properties of aerogels and effects

of thickness [63, 77, 93], pore size [75], and granule size [60, 80], these studies
lack mathematical modelling to understand key physical mechanisms which can
explain the observed acoustical behaviour of aerogels. A majority of these
works are particular to the adopted layer thicknes s and do not discuss any
generic acoustical quantities such as frequency  -dependent bulk modulus of the

dlu wudsshg I g dg dhurjho/ | wv g| gdpl f
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ri wkh dhurjhoyv i udph 2z Kdstic kehdvidug Thesgek | el w
propert ies are frequency -g hshgghqgqw dgg vkrxog eh uhodwhg
chemistry and pore morphology. There is a wide variation in how experimental

data were collected and interpreted. Therefore, systematic efforts are necessary

to fully discern and reali se th e potential of silica aerogel and its composites as

acoustic materials.

Since the physics of sound absorption/transmission is not fully understood

even for pure silica aerogel, the situation for composites is much more dramatic.
Because of the wide variety of composites (polymers, textiles, renders), each
type of composite will require its own detailed experimental and theoretical
investigations, but the effect of silica aerogel on the acoustic properties of the

final products is typically investigated asa  side-thought, and only a few studies
focus on this matter. In contrast to neat silica aerogel, aerogel -fibre blankets
typically display smoother dependencies of the sound absorption coefficient on
frequency, with broad bell -shaped curves reminiscent of th e aerogel -free
nonwovens [102, 133, 135]. Although thermal ins ulation and fire resistance
remain the market driver for aerogel blankets for pipeline and industrial
insulation, commercial products have passed the industry ¥ S acoustic
standards, e.g., ISO 15665 [143]. These systems are offered by Armacell
(Germany) and ULVA Insulation Systems (UK). The main users are in the oil, gas,

and petrochemical sectors. For other building materials  other than aerogel
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blankets, sound an impr ovement in sound transmission loss was observed for
the aerogel -filled double glazing systems in some case studies [139, 141], but
there is no clear data if an improvement is possible for aerogel filled renders

and gypsums. From the limited available data, it is clear that the combination

of aerogels with other building materials can significantly affec t the aerogel's
acoustic performance even in an adverse way  [138]. Hence, the method used
for the integration of the aerogel with other aqueous/liquid phase m aterials
should be considered carefully and the effect on acoustic properties evaluated

through rigorous measurements.

In the current marketplace, silica aerogels' unique selling point is the ultra -low
thermal conductivity, which enables thinner thermal insulation layers. Based on
the current state -of-the-art, it is clear that silica aerogelsand | wyv ghul ydwl

products often have good acoustic properties, but they do not necessarily
outperform conventional materials and products. Only a few studies have
targeted acoustic properties as a selling point for silica aerogel [93]. As large -
scale production is concerned, only limited data are available on the use of the
transparent silica aerogel in the interspace of the double glazing systems in the

pilot -scale which showed the sound transmission loss was increased in
comparison w ith the glazing system with the air in the interspace [139, 141].

However, also in the field of transparent insulation, it is not clear if the benefits
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are sufficient to offset the added cost of an aerogel solution. Whether acoustics
can become a market driver for silica aerogel remains an open question,
particularly from the viewpoint of silica aerogel's high cost and low mechanical
properties, compared to conventional materials. Additionally, the combination

of aerogels with polymers and other materials should be carried out
thoughtfully to prevent infilt  ration of the aerogel mesoporosity and to avoid

adverse effects on the acoustic performance.

Silica aerogels' absorption behaviour has the potential for interior room
acoustics to absorb specific frequencies (e.g., absorbing layer combined with
typical p orous absorbers of rock wool and foam). In addition, the relatively high
sound absorption coefficients and transmission loss, especially at low to
intermediate frequencies, combined with the low density and thickness can play
an important role in  reducing the weight and thickness of construction
elements. However, the silica aerogel -based products currently on the market
have been developed for thermal insulation as their main application. Hence,

the composite properties have been optimi sed to minimi se thermal
conductivity with mechanical strength, durability and ease of installation as
important secondary parameters. The acoustic performance has at best been
considered of minor importance, or more commonly, has not been considered

at all. The question of how well an aerogel -based product can perform as
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acoustic insulation, if it were to be optimi sed for its acoustic properties first and

foremost, thus remains open.

The silica aerogel thermal insulation market is rapidly growing. The use of

thinner insulation layers, compare d to mineral wool, inevitably has

frgvht xhgfhv i ru wkh dfrxvwlf shuirupdgfh ri
on the direction and size of the effects could negatively impact this market.

Thus, although the feasibility of acous tics as a market driver remains an open

guestion, it is clear that a better understanding of the acoustic performance of

silica aerogel and its products is imperative to support the main thermal

insulation application.

Acknowledgment s

This work was suppo rted by a Bridge - Proof of Concept Fellowship (grant No.
193700 to Z. M. -S.). The authors are also grateful the EPSRC -sponsored Centre
for Doctoral Training in Polymers, Soft Matter and Colloids (EP/L016281/1) at

the University of Sheffield for their fina  ncial support of this work. We would also
like to thank our industry partner Armacell and Dr . Mark Swift and Mr. Pavel

Holub for their continued support throughout this research study.

128



Chapter 2 Literature review

References

1. S.S. Kistler, b Coherent expanded aerogels and jellies,b MNature, 127, p.

741, 1931. https://doi.org/10.1038/127741a0

2.N.KavI gj/ X1 po¥drdgelseAiry WMaterials: Chemistry, Structure,

and Properties, b Angew. Chem. Int. Ed. , 37, pp. 2245, 1998.

https://doi.org/10.1002/(SIC1)1521 -3773(19980202)37: 1/2 <22::AlD-

ANIE22 >3.0.CO;2-1

3. A.C. Pierre, A. Rigacci, b SiO; aerogels, in: N. Leventis, M.M. Koebel (Eds.),

Dhurj hoyv kid §mirgerrMew York , pp. 21 (45, 2011.

https://doi.org/ 10.1007/978  -1-4419-7589-8 2

4.J.P. Arenas, M.J. Crocker, b Recent trends in porous sound -absorbing

materials, b Sound Vib. , 44(7), pp. 12018, 2010.

5. G. Carlson, D. Lewis, K. McKinley , J. Richardson, T. Tillotson, b Aerogel

commercialization: technology, markets and costs, b J Non-Cryst Solids,

186, pp. 372379, 1995.

https://doi.org/10.1016/0022  -3093(95)00069 -0

6.D1P1 Dgghuvr ql/ P1N1 Fduur oo/ pK| gur skr el

synthesis, properties and applications, in: N. Leventis, M.M. Koebel (Eds.),

Aerogels handbook, Springer, New York , pp. 47 dr7, 2011.

https://doi.org/10.1007/978 - 1-4419-7589-8 3

129


https://doi.org/10.1016/0022-3093(95)00069-0
https://doi.org/10.1007/978-%201-4419-7589-8_3

Chapter 2 Literature review

7. A.-M. Siouffi, b Silica gel-based mon oliths prepared by the sol (gel
method: facts and figures, J. Chromatogr. A , 1000, pp. 801(B18, 2003.

https://doi.org/ 10.1016/S0021  -9673(03)00510 -7

8. S. Salimian, A. Zadhoush, M. Naeimirad, R. Kotek, S. Ramakrishna, b A
review on aerogel: 3D nanoporous struct ured fillers in polymer -based
nanocomposites, b Polym. Compos. , 39(10), pp. 3383 (B408, 2018.

https://doi.org/10.1002/pc.24412

9. G.M. Pajonk, b Some applications of silica aerogels, b Colloid. Polym. Sci. ,
281(7) pp. 637(p51, 2003.

https://doi.org/10.1007/s00396 -002-0814-9

10. S. Teichner, G. Nicolaon, M. Vicarini, G. Gardes, Db Inorganic oxide
aerogels b , Adv. Colloid Interface Sci., 5(3), pp. 245273, 1976.

https://doi.org/10.1016/0001  -8686 (76)80004 -8

11. F. Schwertfeger, A. Zimmermann, b0 Process for the preparation of
modified aerogels, and their use, b US Patent 5888425, 1999 .

12. M.M. Koebel, L. Huber, S. Zhao, W.J. Malfait, b Breakthr oughs in cost -
effective, scalable production of superinsulating, ambient -dried silica
aerogel and silica -biopolymer hybrid aerogels: from laboratory to pilot
scale,b J. SotFGel Sci. Technol., 79(2), pp. 308318, 2016.

https://doi.org/10.1007/s10971 -016-4012-5

130


https://doi.org/10.1002/pc.24412
https://doi.org/10.1007/s00396-002-0814-9
https://doi.org/10.1007/s10971-016-4012-5

Chapter 2 Literature review

13.

14.

15.

16.

17.

A. Stojanovic, S. Zhao, E. Angelica, W.J. Malfa it, M.M. Koebel, b Three
routes to superinsulating silica aerogel powder, b J SolGel Sci. Technol.
90(1), pp- 576, 2019.

https://doi.org/10.1007/s10971 -018-4879-4

Y. Huang, H. Song, C. Guangnan, D. Huaming, Y. Bihe, C. Xianfeng, Y.
Xiaobing, b0 Fast preparation of g lass fiber/silica aerogel blanket in
ethanol & water solvent system, b J. Non-Cryst. Solids, 505, pp. 286 (91,
2019.

https://doi.org/10.1016/j. jnoncrysol.2018.11.003

Y. Huang, H. Song, F. Mengmeng, D. Huaming, P. Yuelei, C. Xudong,

p Organic solvent -saving preparation of water glass -based aerogel
gran ules under ambient pressure drying, b J. Non-Cryst. Solids, 521, pp.
119507 (119513, 2019.

https://doi. org/10.1016/j.jnoncrysol.2019.119507

J.C. Wong, H. Kaymak, S. Brunner, M.M. Koebel, b Mechanical properties
of monolithic silica aerogels made from polyeth oxydisiloxanes, b
Microporous Mesoporous Mater. , 183, pp. 239, 2014.

https://doi.org/10.1016/j. micromes0.2013.08.029

K.J. Lee, Y.H. Kim, J.K. Lee, H.J. Hwang,o Fast synthesis of spherical silica
aerogel powders by emulsion polymerization from water glas spb Chem.

Sel, 3(4), pp. 12571261, 2018.

131


https://doi.org/10.1007/s10971-018-4879-4
https://doi.org/10.1016/j.%20jnoncrysol.2018.11.003
https://doi.org/10.1016/j.%20micromeso.2013.08.029

Chapter 2 Literature review

https://doi.org/10.1002/slct.201703000

18. Z. Mazrouei -Sebdani, S. Salimian, A. Khoddami, F. Shams -Ghahfarokhi,
p Sodium silicate based aerogel for absorbing oil from water: the impact
of surface energy on the oil/water separation, b Mater. Res. Express, 6(8),
p. 085059, 2019.

https:// doi.org/10.1088/2053  -1591/ ableed

19. S. Zhao, A. Stojanovic, E. Angelica, O. Emery, D. Rentsch, R. Pauer, M.M.
Koebel, W.J. Malfait, b Phase transfer agents facilitate the production of
superinsulating silica aerogel powders by simultaneous
hydrophobization and solvent -andion -exchange, b Chem. Eng. J., 381, p.
122421, 2020.

https://doi.org/10.1016/j. ce}.2019.122421

20. G.M. Pajonk, E. Elaloui, P. Achard, B. Chevalier, J. -L. Chevalier, M. Durant,
o Physical properties of silica gels and aerogels prepared with n ew
polymeric precursors, b J. Non-Cryst. Solids, 186, pp. 1(B, 1995.

https://doi.org/10.1016/0022 - 3093(95)00210 -3

21. A.P. Rao, A.\V. Rao, G. Pajonk, b Hydrophobic and physical properties of
the two step processed ambient pressure dried silica aerogels with
various exchanging solvents, b J. So*Gel Sci. Technol., 36(3), pp. 285(R92,
2005.

https://doi.org/ 10.1007/s10971 -005-4662-1

132


https://doi.org/10.1002/slct.201703000
https://doi.org/10.1016/j.%20cej.2019.122421

Chapter 2 Literature review

22. A.V. Rao, G. Pajonk, n Effect of methyltrimethoxysilane asaco -precursor
on the optical properties of silica aerogels, b J. Non-Cryst. Solids, 285, pp.
20209, 2001.

https://doi.org/10.1016/S0022  -3093(01)00454 -9

23. K. Kanamori, M. Aizawa, K. Nakanishi, T. Hanada, b New transparent
methylsilsesquioxane aerogels and xerogels with improved mechanical
prope rties,b Adv. Mater. , 19(12), 15891593, 2007.

https://doi.org/10.1002/ adma.200602457

24. D.Y. Nadargi, S.S. Latthe, A.V. Rao, p Effect of post -treatment (gel aging)
on the properties of methyltrimethoxysilane based silica aerogels

prepared by two -step sol (el process,b J. SoFGel Sci. Technol., 49(1), pp.
539, 2009.

https://doi.org/ 10.1007/s10971 -008-1830-0

25. K. Kanamori, o Organic (norganic hybrid aerogels with high mechanical
properties via organotrialkoxysilane  -derived sol (gel process, b J. Ceram.
Soc. Jpn., 119(1385) , pp. 162, 2011.

https://doi.org/10.2109/jcersj2.119.16

26. M.-A. Einarsrud, M.B. Kirkedelen, E. Nilsen, K. Mortensen, J. Samseth,
p Structural development of silica gels aged in TEOS, b J. MNon-Cryst.
Solids, 231, pp. 10416, 1998.

https://doi.org/10.1016/S00  22-3093(98)00405 -0

133


https://doi.org/10.1016/S0022-3093(01)00454-9
https://doi.org/10.2109/jcersj2.119.16
https://doi.org/10.1016/S0022-3093(98)00405-0

Chapter 2 Literature review

27. J.L. Gurav, 1-K. Jung, H.-H. Park, E.S. Kang, D.Y. Nadargi, o Silica aerogel:
synthesis and applications, b J. Nanomater. , 2010, pp. 1011, 2010.

https://doi.org/10.1155/2010/409310

28. W.J. Malfait, R. Verel, M.M. Koebel, b Hydrophobization of silica aerogels:
insights from quantitative solid -state NMR spectroscopy, b J. Phys.
Chem. C, 118(44), pp. 25545 (5554, 2014.

https://doi.org/10.1021/jp5082643

29. A. Stojanovic, S.P. Comesa lha, D. Rentsch, M.M. Koebel, W.J. Malfait,
p Ambient pressure drying of silica aerogels after hydrophobization with
mono -, di-and tri -functional silanes and mixtures thereof, b Microporous
Mesoporous Mater. , 284, pp. 28995, 2019.

https://doi.org/10.1016/j.micromes0.2019.04.038

30. S.D. Bhagat, Y.-H. Kim, K.-H. Suh, Y.-S. Ahn, J-G. Yeo, J-H. Han,
o Superhydrophobic silica aerogel powders with simultaneous surface
modification, solvent exchange and sodium ion removal from
hydrogels, b Microporous Mesoporous Mater ., 112, pp. 504609, 2008.

https://doi.org/ 10.1016 /j.micromes0.2007.10.03

31. L. Huber, S. Zhao, W.J. Malfait, S. Vares, M.M. Koebel, b Fastand Minimal -
Solvent Production of Superinsulating Silica Aerogel Granulate, b Angew.
Chem. Int. Ed., 56(17), pp. 47534756, 2017.

https://doi.org/10.1002/anie.201700836

134


https://doi.org/10.1021/jp5082643
https://doi.org/10.1016/j.micromeso.2019.04.038
https://doi.org/10.1002/anie.201700836

Chapter 2 Literature review

32. Z. Mazrouei -Sebdani, A. Khoddami, H. Hadadzadeh, M. Zarr ebini, A.
Karimi, F. Shams-Ghahfarokhi, b The effect of the nano -structured
aerogel powder on the structural parameters, water repellency, and water
vapor/air permeability of a fibrous polyester material, b Mater. Chem.
Phy., 177, pp. 99QL11, 2016.

https://d oi. org/10.1016/j.matchemphys.2016.04.002

33. G.W. Scherer, J. Gross, L.W. Hrubesh, P.R. Coronado, b Optimization of
the rapid supercritical extraction process for aerogels, b J Non-Cryst.
Solids, 311(3), pp. 25972, 2002.

https://doi.org/10.1016/S0022  -3093(02)01379 -0

34. T.B. Roth, A.M. Anderson, M.K. Carroll, b Analysis of a rapid supercriti cal
extraction aerogel fabrication process: Prediction of thermodynamic
conditions during processing, b J. Non-Cryst. Solids 354(31), pp. 3685(
3693, 2008.

https://doi. org/10.1016/j.jnoncrysol.2008.04.003

35. A.M. Anderson, C.W. Wattley, M.K. Carroll, b Silica aerogels prepared via
rapid supercritical extraction: effect of process variables on aerogel
properties, b J. Non- Cryst. Solids 355(2), pp. 101108, 2009.

https://doi.org/10.1016/j. jnoncrysol.2008.10.005

135


https://doi.org/10.1016/S0022-3093(02)01379-0
https://doi.org/10.1016/j.%20jnoncrysol.2008.10.005

Chapter 2 Literature review

36.J.F. Poco, P.R. Coronado, R.W. Pekala, L.W. Hrubesh, bp A rapid
supercr itical extraction process for the production of silica aerogels, b
MRS Online Proceedings Library Archive 431, 1996.

37. B.M. Gauthier, S.D. Bakrania, A.M. Anderson, M.K. Carroll, b A fast
supercritical extraction technique for aerogel fabrication, b J Non-Cryst.
Solids, 350, pp. 238(R43, 2004.

https://doi.org/10.1016/j.jnoncrysol.2004.06.044

38. A.M. Anderson, C.W. Wattley, M.K. Carroll, b Silica aerogels prepared via
rapid supercritical extraction: effect of process variables on aerogel
properties, b J. Non- Cryst. Solids, 355(2), pp. 101dL08, 2009.

https://doi.org/10.1016/j. jnoncrysol.2008.10.005

39. D.B. Mahadik, Y.K. Lee, N.K. Chavan, S.A. Mahadik, H.H. Park,
o Monolithic and shrinkage -free hydrophobic silica aerogels via new
rapid supercritical extraction process, b J. Supercrit. Fluids, 107, pp. 84Q
89, 2016.

https://doi.org/10.1016/j. supflu.2015.08.020

40. J. Fricke, T. Tillotson, bp Aerogels: production, characterization, and
applications, b Thin solid films , 297, pp. 21223, 1997.

https://doi.org/10.1016/S0040  -6090(96)09441 -2

136


https://doi.org/10.1016/j.jnoncrysol.2004.06.044
https://doi.org/10.1016/j.%20jnoncrysol.2008.10.005
https://doi.org/10.1016/j.%20supflu.2015.08.020
https://doi.org/10.1016/S0040-6090(96)09441-2

Chapter 2 Literature review

41. S.S. Prakash, C.J. Brinker, A.J. Hurd, S.M. Rao, n Silica aerogel films
prepared at ambient pressure by using surface derivatization to induce
reversible drying shrinkage, b Nature, 374(6521), pp. 43943, 1995.

https:/ /doi.org/10.1038/ 374439a0

42. S. Iswar, W.J. Malfait, S. Balog, F. Winnefeld, M. Lattuada, M.M. Koebel,
p Effect of aging on silica aerogel properties, b  Microporous
Mesoporous Mater .,241, pp. 293302, 2017.

https://doi.org/10.1016/j.micromes0.2016.11.037

43. G. Reichenauer, o Structural ¢ haracterization of aerogels, in: N. Leventis,
M. M. Koebel (Eds.), Aerogels Handbook, b Springer, New York , pp. 449 q
498, 2011.

https://doi.org/10.1016/j.micromes0.2016.11.037

44. M. Koebel, A. Rigacci, P. Achard, o Aerogel -based thermal
superinsulation: an overview, b J SolGel Sci. Technol., 63(3), pp. 315Q
339, 2012.

https://doi.org/ 10.1007/s10971 -012-2792-9

45. N. Leventis, H. Lu, o Polymer -crosslinked aerogels, in: N. Leventis, M.M.
Koebel (Eds.), Aerogels Handbook, b Springer, New York , pp. 251 (@85,
2011.

https://doi. org/10.1007/978  -1-4419-7589-8 13

137


https://doi.org/10.1016/j.micromeso.2016.11.037
https://doi.org/10.1016/j.micromeso.2016.11.037

Chapter 2 Literature review

46. M.A.B. Meador, b Improving elastic properties of polymer -reinforced
aerogels, in: N. Leventis, M.M. Koebel (Eds.), Aerogels Handbook, b
Springer, New York , pp. 315 (334, 2011.

https://doi.org/10.1007/978  -1-4419-7589-8 15

47. J.P. Randall, M.A.B. Meador, S.C. Jana, Tailoring mechanical properties of
aerogels for aerospace applications, b ACS Appl. Mater. Interfaces , 3(3),

pp. 6130626, 2011. https://doi.org/10.1021/am200007n

48. G. Churu, B. Zupan TciTc, D. Mohite, C. Wisner, H. Luo, I. Emri, C. Sotiriou -
Leventis, N. Leventis, H. Lu, b Synthesis and mechanical characterization
of mechanically strong, polyurea -crosslinked, ordered mesoporous silica
aerogels, b J. SoFGel Sci. Technol., 75(1), pp. 980123, 2015.

https://doi.org/10.1007/s10971  -015-3681-9

49. G. Hayase, K. Kanamori, K. Abe, H. Yano , A. Maeno, H. Kaji, K. Nakanishi,
p Polymethylsilsesquioxane Ccellulose nanofiber biocomposite aerogels
with high thermal insulation, bendability, and superhydrophobicity, b
ACS Appl. Mater. Interfaces , 6(12), pp. 9466 (P471, 2014.

https://doi.org/10.1021/am501822y

50. S. Zhao, W.J. Malfait, A. Demilecamps, Y. Zhang, S. Brunner, L. Huber, P.
Tingaut, A. Rigacci, T. Budtova, M.M. Koebel, bn Strong, thermally
superinsulating biopolymer  Gsilica aerogel hybrids by cogelation of silicic

acid with pectin / bAngew. Chem. Int. Ed. ,54(48), pp. 14282 (L4286, 2015.

138


https://doi.org/10.1007/978-1-4419-7589-8_15
https://doi.org/10.1021/am200007n
https://doi.org/10.1007/s10971-015-3681-9
https://doi.org/10.1021/am501822y

Chapter 2 Literature review

https:// doi.org/10.1002/ange.201507328

51. F. Shams-Ghahfarokhi, A. Khoddami, Z. Mazrouei -Sebdani, J.
Rahmatinejad, H. Mohammadi, D A new techniqgue to prepare a
hydrophobic and thermal insulating polyester woven fabric using
electro -spraying of nano -porous silica powde r,b Surf. Coat. Technol.
366, pp. 97105, 2019.

https://doi.org/10.1016/j. surfcoat.2019.03.025

52. R. Baetens, B.P. Jelle, A. Gustavsen, b Aerogel insulation for building
applications: a state -of-the-art review, b Energy Build. , 43(4), pp. 761Q
769, 2011.

https://doi.org/ 10.1016/j.enbuild.2010.12.012

53.J. Ryu, b Flexible aerogel superinsulation and its manufacture, b US
Patent 6068882, 2000 .

54. R. Trifu, N. Bhobho, Flexible coherent insulating structures, US Patent
US20070173157A1, 2007.

55. Y.K. Akimov, b Fields of application of aerogels, b /nstrum. Exp. Tech. ,
46(3), pp. 28799, 2003.

https://doi.org/10.1023/A:1024401803057

56. S. H&offele, S.J. Russell, D.B. Brook, o Light-weight nonwoven thermal
protection fabrics containing nanostructured materials, b Int.

Nonwovens J. , 14(4), pp. 10416, 2005.

139


https://doi.org/10.1016/j.%20surfcoat.2019.03.025
https://doi.org/10.1023/A:1024401803057

Chapter 2 Literature review

57. A. Neugebauer, K. Chen, A. Tang , A. Allgeier, L.R. Glicksman, L.J. Gibson,
p Thermal conductivity and characterization of compa cted, granular
silica aerogel, b Energy Build. , 79, pp. 477, 2014.

https://doi.org/10.1016/j.enbuild.2014.04.025

58. B.P. Jelle, R. Baetens, A. Gustavsen, b Aerogel insulation for building
applications, in Levy, D., Zayat, M., (Eds), b The Sol-Gel Handbook, Wiley -
VCH Verlag GmbH & Co. KGaA, pp. 1385-1412, 2015.
50.P1 Mdeedul / G1 Anhvvr q/ P1 VonNoveli y d u v /
lightweight and highly thermally insulative silica aerogel -doped poly
(vinyl chloride) -coated fabric composite, b J. Reinf. Plast. Compos. ,
34(19), pp. 158101592, 2015.

https://doi. org/10.1177/0  731684415578306

60. E. Moretti, F. Merli, E. Cuce, C. Buratti, b Thermal and acoustic properties
of aerogels: preliminary investigation of the influence of granule size, b
Energy Procedia , 111, pp. 472480, 2017.

https://doi.org/10.1016/j.egypro.2017.03.209

61. L.W. Hrubesh, J.F. Poco, b Thin aerogel films for optical, thermal, acoustic
and electronic applications, b J. Non-Cryst. Solids, 188, pp. 46(p3, 1995.

https://doi. org/10.1016/0022  -3093(95)00028 -3

140


https://doi.org/10.1016/j.enbuild.2014.04.025
https://doi.org/10.1016/j.egypro.2017.03.209

Chapter 2 Literature review

62. C. Buratti, F. Merli, E. Moretti, bp Aerogel -based materials for building

applications: Influence of granule sizes on thermal and acoustic

performance, b Energy Build. , 152, pp. 472482, 2017.

https://doi.org/10.1016/j.enbuild.2017.07.071

63. M. Schmidt, F. Schwertfeger, b Applications for silica aerogel products, b

J. Non- Cryst. Solids, 225, pp. 364368, 1998.

https://doi.org/10.1016/S0022  -3093(98) 00054 -4

64. Z. Mazrouei -Sebdani, A. Khoddami, H. Hadadzadeh, M. Zarrebini,

p Synthesis and performance evaluation of the aerogel -filled PET

nanofiber assemblies prepared by electro -spinning, b RSC Adv., 5(17),

pp. 12830 L2842, 2015.

https://doi.org/ 10.1039/C4RA152978B

65. A. Shaid, L. Wang, R. Padhye, M.R. Bhuyian, b Aerogel nonwoven as
reinforcement and batting material for firefighter y S protective clothing:

a comparative study, b J SotGel Sci. Technol., 87(1), pp. 95 (L04, 2018.

https://doi.org/10.1007/s10971 - 018-4689-8

66. M. Venkataraman, R. Mishra, J. Militky, X.  Xiong, J. Marek, J. Yao, G. Zhu,
p Electrospun nanofiborous membranes embedded with aerogel for
advanced thermal and transport properties, b Polym. Adv. Technolo. ,

29(10), pp. 2583 (592, 2018. https://doi.org/10 .1002/pat.4369

141


https://doi.org/10.1016/j.enbuild.2017.07.071
https://doi.org/10.1007/s10971-%20018-4689-8
https://doi.org/10.1002/pat.4369

Chapter 2 Literature review

67. M. Gronauer, J. Fricke, b Acoustic properties of microporous SiO2 -
aerogel, b Acta Acust. united Acust. 59(3), pp. 177181, 1986.

68. J. Gross, J. Fricke, L. Hrubesh, b Sound propagation in SiO , aerogels, b J.
Acoust, Soc. Am. 91(4), pp. 2004 (006, 1992.

https://doi.org/10.1121/1.403684

69. R. Gerlach, O. Kraus, J. Fricke, P.-C. Eccardt, N. Kroemer, V. Magori,
p Pr gl i Bi@.gaerogels as acoustic impedance matching layers in
xowudvr gl f JdvbyQnfisthSelids 145, pp. 227 @32, 1992.

https://doi.org/10.1016/S0022  -3093(05)80461 -2

70. V. Gibiat, O. Lefeuvre, T. Woignier, J. Pelous, J. Phalippou, b Acoustic
properties and potential applications of silica aerogels, b J Non-Cryst
Solids, 186, pp. 24455, 1995.

https://doi.org/10.1016/0022  -3093(95)00049 -6

71. L. Forest, V. Gibiat, T. W oignier, p Bioty s theory of acoustic propagation
in porous media applied to aerogels and alcogels, b J Non-Cryst. Solids,
225, pp. 28792, 1998.

https://doi.org/10.1016/S0022  -3093(98)00325 -1

72. J.F. Conroy, B. Hosticka, S.C. Davis, A.N. Smith, P.M. Norris, p Microscale
thermal relaxation during acoustic propagation in aerogel and other
porous media, b Microscale Thermophys. Eng. , 3(3), pp. 19915, 1993.

https://doi.org/10.1080/ 108939599199756

142


https://doi.org/10.1121/1.403684
https://doi.org/10.1016/S0022-3093(05)80461-2
https://doi.org/10.1016/0022-3093(95)00049-6
https://doi.org/10.1016/S0022-3093(98)00325-1

Chapter 2 Literature review

73. L. Forest, V. Gibiat, A. Hooley, b Impedance matching and acoustic
absorption in granular layers of silica aerogels, b J. Non-Cryst. Solids, 285,
pp. 23035, 2001.

https://doi.org/10.1016/S0022  -3093(01)00458 -6

74. N. Bheekhun, A. Talib, A. Rahim, M.R. Hassan, b Aerogels in aerospace:
an overview, b Adv. Mater. Sci. Eng. , 2013, pp. 1018, 2013.

https://doi.org/10.1155/2013/ 406065

75. W. Dong, T. Faltens, M. Pantell, D. Simon, T. Thompson, W. Dong,
p Acoustic properties of organic/inorg  anic composite aerogels, b in: Y.
Brechet, J.D. Embury, P.R. Onck (Eds.), Materials Research Society

Symposium Proceedings , p. 1188, 2009. https://doi.org/10.1557/PROC -

1188-LL07-02

76.J.Y. Cai, S. Lucas, L.J. Wang, Y. Cao,p Insulation properties of the
monolithic and flexible aerogels prepared at ambient pressure, b Adav.
Mat. Res., Trans. Tech. Publ., 391392, pp. 116120, 2011.

https://doi.org/10.4028/www.scientific.net/ AMR.391 - 392.116

77.P. Yan, B. Zhou, A. Du, b Synthesis of polyimide cross -linked silica
aerogels with good acoustic performance, b RSC Adv., 4(102), pp. 58252Q
58259, 2014.

https://doi. org/10.1039/C4RA08846H

143


https://doi.org/10.1016/S0022-3093(01)00458-6
https://doi.org/10.1557/PROC-1188-LL07-02
https://doi.org/10.1557/PROC-1188-LL07-02
https://doi.org/10.4028/www.scientific.net/AMR.391-%20392.116

Chapter 2 Literature review

78.C.Bxudwwl / H1 Pruhwwl / H1 Ehoorql/
aerogel -based plasters: preliminary thermal and acoustic performance
hy d o x dwSustainabliity , 6(9), pp. 5839 (852, 2014.

https://doi.org/10.3390/su6095839

79. C. Buratti, E. Moretti, E. Belloni, b Aerogel plasters for building ener gy
efficiency, b in: F. Pacheco Torgal, C. Buratti, S. Kalaiselvam, C.G.
Grangvist, V. lvanov (Eds.), Nano and Biotech Based Materials for Energy
Building Efficiency , Springer, Cham . pp. 17 (40, 2016.

https://doi.org/10.1007/978 -3-319-27505-5 2

80. M. Sachithanadam, S.C. Joshi, b Effect of granule sizes on acoustic
properties of protein -based silica aerogel composites via novel
inferential transmission loss method, b Gels?2(1), p.11, 2016.

https://doi.org/10.3390/gels2010011

81. A. Dourbash, C. Buratti, E. Belloni, S. Motahari, 0 Preparation and
characterization of polyurethane/silica aerogel nanocomposite
materials, b J. Appl. Polym. Sci., 134(8), p. 44521, 2017.

https://doi.org/10.1002/app.44521

82. N. Eskandari, S. Motahari, Z. Atoufi, G. Hashemi Motlagh, M. Najafi,
o Thermal, mechanical, and acoustic properties of silica  -aerogel/UPVC
composites, b J. Appl. Polym. Sci. , 134(14), p. 44685, 2017.

https://doi.org/10.1002/app.44685

144

1

D


https://doi.org/10.3390/su6095839
https://doi.org/10.1007/978-3-319-27505-5_2
https://doi.org/10.3390/gels2010011
https://doi.org/10.1002/app.44685

Chapter 2 Literature review

83. Geslain, J.-P. Groby, V. Romero -J duf i d/ | 1 S3&nbhezybebedd, M1
p Acoustic characterization of silica aerogel clamped plates for perfect
absorption, b J. Non. Cryst. Solids , 499, pp. 28388, 2018.

https://doi.org/10.1016/j. jnoncrysol.2018.07.021

84. H.W. Koh, D.K. Le, G.N. Ng, X. Zhang, N. Phan -Thien, U. Kureemun, H.M.
Duong, b Advanced recycled polyethylene terephthalate aerogels from
plastic waste for acoustic and thermal insulation applications, b Gels,
4(2), p. 43, 2018.

https://doi. org/10.3390/gels4020043

85. M. Ramamoorthy, A. Pisal, R. Rengasamy, A.V. Rao, Db In-situ synthesis of
silica aerogel in polyethylene terephthalate fibore nonwovens and their
composite properties on acoustical absorption behavior, b J Porous

Mater., 25(1), pp. 179QL87, 2018. https://doi.org/10.1007/s10934 -017-

0431-0

86. Buratti, E. Moretti, b Silica nanogel for energy -efficient windows,
Nanotechnology in eco -efficient construction, b in: F. Pacheco-Torgal, M.
V. Diamanti, A. Nazari, C -G. Granqvist (Eds.), Nanotechnology in Eco -
Efficient Construction , Materials, Processes and Applications, Woodhead
Publishing Series in Civil and Structural Engineering, pp. 207 35, 2013.

https://doi.org/10.1533/ 9780857098832.2.207

145


https://doi.org/10.1016/j.%20jnoncrysol.2018.07.021
https://doi.org/10.1007/s10934-017-0431-0
https://doi.org/10.1007/s10934-017-0431-0

Chapter 2 Literature review

87. Buratti, E. Moretti, Nanogel windows, in: F. Pacheco Torgal, M. Mistretta,
A. Kaklauskas, C.G. Grangvist, L.F. Cabeza (Eds.), o Nearly zero energy
building refurbishment, b Springer, London , pp. 555 (682, 2013.

https://doi.org/10.1007/ 978  -1-4471-5523-2_20

88. T. Linhares, M.T.P. de Amorim, L. Dur lhes, b Silica aerogel composites
with embedded fibres: a review on their preparation, properties and
applications, b J. Mater. Chem. A. , 7, pp. 22768 (2802, 2019.

https://doi.org/10.1039/ CO9TA04811A

89. AA. Fern3andez-Pdui q/ 3d&pdz, IV Qroby, J. Sanchez-Dehesa, V.
Romero- J d u f b Aetogel -based metasurfaces for perfect acoustic
energy absorption, b Appl. Phys. Lett. , 115(6), p. 061901, 2019.

https://doi.org/10 .1063/1.5109084

90. Z. Talebi, P. Soltani, N. Habibi, F. Latifi, o Silica aerogel/polyester blankets
for efficient sound absorption in buildings, b Constr. Build. Mater. , 220,
pp. 769, 2019.

https://doi.org/10.1016/j.conbuildmat.2019.06.031

91. G.G. Kaya, H. Deveci, b Synergistic effects of silica aerogels/xerogels on
properties of polymer composites: A review, b J. /nd. Eng. Chem., 89, pp.
137, 2020.

https:// doi.org/10.1016/j.jiec.2020.05.019

146


https://doi.org/10.1063/1.5109084
https://doi.org/10.1016/j.conbuildmat.2019.06.031

Chapter 2 Literature review

92. AC. Pierre, G.M. Pajonk, bp Chemistry of aerogels and their
applications, b Chem. Rev., 102(11), pp. 42434266, 2002.

https://doi.org/10.1021/cr0101306

93. F. Schwertfeger, M. Schmidt, D. Frank, b Use of aerogels for deadening
structure -borne and/or impact sounds, b US Patent 6598358B1, 2003 .
94. K. Schaumburg, E. Wallstrom, bp Aerogel compositions, b US Patent

9827296, 2017 .
95. S.M. Jones, J. Sakamoto, b Applications of aerogels in space exploration,
in: N. Leventis, M.M. Koebel (Eds.), Aerogels Handbook, b Springer, New

York, pp. 721 (746, 2011. https://doi.org/10.1007/978 -1-4419-7589-8 32

96. G. Kim, S. Hyun, o Effect of mixing on thermal and mechanical properties
of aerogel -PVB composites, b J. Mater. Sci., 38(9), pp. 196101966, 2003.

https://doi.org/ 10.1023/A:1023560601911

97. M.K. Williams, T.M. Smith, L.B. Roberson, F. Yang, G.L. Nelson, b Flame
Retardant Effect of Aerogel and Nanosilica on Engineered Polymers b/
2010.

https://ntrs.

nasa.gov/api/citations/20110002953/downloads/20110002953.pdf

98. H.M. Kim, Y.J. Noh, J. Yu, S.Y. Kim, J.R. Youn, b Silica aerogel/polyvinyl

alcohol (PVA) insulation composites with preserved aerogel pores using

147


https://doi.org/10.1021/cr0101306
https://doi.org/10.1007/978-1-4419-7589-8_32

Chapter 2 Literature review

interfaces between the superhydropho  bic aerogel and hydrophilic PVA
solution, b Compos. Part A: Appl. Sci. Manuf. |, 75, pp. 3945, 2015.

https://doi.org/10.1016/j. compositesa.2015.04.014

99. S. Motahari, G.H. Motlagh, A. Moharramzadeh, p Thermal and
flammability properties of polypropylene/silica aerogel composites, b J
Macromol. Sci. B, 54(9), pp. 1081dL091, 2015.

https://doi.org/10.1080/00222348.2015.1078619

100. M. Afrashi, D. Semnani, Z. Talebi, P. Dehghan, M. Maherolnaghsh,
Comparing the drug loading and release of silica aerogel and PVA nano
fibers, J. Non. Cryst. Solids, 503, pp. 186 (193, 2019.

https://doi.org/10.1016/j.jnoncrysol.2018.09.045

101. P.M. Norris, S. Shrinivasa n, b Aerogels: unique material, fascinating
properties and unlimited applications, b Annual Review of Heat Transfer
14, pp. 385C¢08, 2005.

https://doi.org/10.1615/AnnualRevHeatTransfer.v14. 220

102. T. Yang, X. Xiong, M. Venkataraman, R. Mishra, J. Nov 3d n / M1 Pl ol w
p Investigation on sound absorption properties of aerogel/polymer
nonwovens, b J. Text /, 110(2), pp. 19601, 2019.

https://doi.org/10.1080/ 00405000.2018.1472540

103. T.J. Cox, P. Drdqwr ql r/ pDfr xvwlf devruehuv dqc¢

ghvl jqg dqg dsJsArdust becl Amg 116(3), p. 988, 2005.

148


https://doi.org/10.1016/j.%20compositesa.2015.04.014
https://doi.org/10.1080/00222348.2015.1078619
https://doi.org/10.1016/j.jnoncrysol.2018.09.045
https://doi.org/10.1615/AnnualRevHeatTransfer.v14.220

Chapter 2 Literature review

https ://doi.org/10.1121/ 1.1861060

104.P1 NOGelGn/ \1 Nrunpd}/ opWKkh hiihfw
absorption properties of natural fiber mixed nonwoven composites, Text.
Res. J, 82(20), pp. 2043 (053, 2012.

https://doi.org/10.1177/0040517512441987

105. L. Kela, o Resonant frequency of an adjustable Helmholtz resonator in
a hydraulic system, b Arch. Appl. Mech. , 79(12), pp. 111501125, 2009.

https://doi.org/10.1007/ s00419 -008-0279-5

106. 1ISO 10534 -1, Acoustics: Determination of sound absorption coefficient
and impedance in impedance tubes -Part 1. method using standing wave
ratio, 1996

107. ISO 10534 -2, Acoustics: Determination of sound absorption coefficient
and impedance in impedance tubes -Part 2: transfer -function method,
2001

108. ISO 354, Acoustics: Measurement of sound absorption in a
reverberation room, 2003

109. ASTM E2611-17, Standard Test Method for Normal Incident
Determination of Porous Material Acoustical Properties Based on the

Transfer Matrix Method, 2017. 10.1520/E2611 -17.

149


https://doi.org/10.1177/0040517512441987

Chapter 2 Literature review

110. ISO 10140-2, Acoustics: Laboratory measurement of sound insulation
of building elements -Part 2: measurement of airborne sound insul  ation,
2010.

111. ISO 266, Acoustics: Preferred Frequencies, 1997.

112. ISO 11654, Acoustics: Sound Absorbers for Use in Buildings  -Rating of
Sound Absorption, 1997.

113. J. Chandradass, S. Kang, D.-s. Bae, b Synthesis of silica aerogel blanket
by ambient drying method using water glass -based precursor and glass
wool modified by alumina sol, b J. Non. Cryst. Solids, 354(34), pp. 4115Q
4119, 2008.

https://doi.org/ 10.1016/j.jnoncrysol.2008.03.039

114. D. Pilon, R. Panneton, F. Sgard, b Behavioral criterion quantifying the
effects of circumferential air gaps on porous materials in the standing
wave tube, b J. Acoust. Soc. Am., 116(1), 344356, 2004.

https://doi.org/10.1121/1.1756611

115. B.N. Gover, J. Bradley, S. Schoenwald, B. Zeitler, b Subjective ranking of
footstep and low -frequency impact sounds on  lightweight wood -framed
floor assemblies, b in: Proceeding of Forum Acusticum, Aalborg

Denmark, 2011 c7a4eb4d -aaf7- 4990-93f7 -3573bc0al406

150


https://doi.org/10.1121/1.1756611

Chapter 2 Literature review

116. F. Asdrubali, S. Schiavoni, K. Horoshenkov, bn A review of sustainable
materials for acoustic applications, b Build. Acoust., 19(4), pp. 283(B11,
2012.

https://doi.org/ 10.1260/1351  -010X.19.4.283

117.1SO 9052-1, Acoustics: Determination of dynamic stiffness -Part 1:
Materials used under floating floors in dwellings, 1989

118. F. Merli, A.M. Anderson, M.K. Carroll, C. Buratti, p Acou stic
measurements on monolithic aerogel samples and application of the
selected solutions to standard window systems, b J Appl Acoust. , 142,
pp. 123QL31, 2018.

https://doi.org/10.1016/ j.apacoust.2018.08.008

119. J.C. Wang, J. Shen, X.Y. Ni, B. Wang, X.D. Wang, J. Li, b Acoustic
properties of nanoporous silica aerogel, b Rare Metal Mat. Eng. , 39, pp.
14QL7, 2010.

120. M. Gronauer, A. Kadur, J. Fricke, b Mechanical and acoustic properties
of silica aerogel, in: J. Fricke (Ed.), b Aerogels, Springer , Berlin, pp. 167
173, 1986.

https:// doi.org/10.1007/978  -3-642-93313-4 1

121.J. Gross, J. Fricke, R. Pekala, L. Hrubesh, b Elastic nonlinearity of
aerogels, b Phys. Rev. B, 45(22), p. 12774, 1992.

https://doi.org/10.1103/ PhysRevB.45.12774

151


https://doi.org/10.1103/PhysRevB.45.12774

Chapter 2 Literature review

122. J. Gross, G. Reichenauer, J. Fricke, o Mechanical properties of SiO »
aerogels, b J. Phys. D: Appl. Phys., 21(9), p. 1447,1988.

https://doi.org/10.1088/0022  -3727/ 21/9/020

123. B.H. Song, J.S. Bolton, b A transfer -matrix approach for estimating the
characteristic impedance and wave numbers of limp and rigid porous
materials, b J. Acoust. Soc. Am. , 107(3), pp. 1131dL152, 2000.

https: //doi.org/10.1121/ 1.428404

124. J. Feng, D. Le, S.T. Nguyen, V.T.C. Nien, D. Jewell, H.M. Duong, b Silica
cellulose hybrid aerogels for thermal and acoustic insulation
applications, b Colloids Surf. A. , 506, pp. 298 B05, 2016.

https://doi.org/10.1016/j.colsurfa.2016.06.052

125. Shaid, L. Wang, R. Padhye, b The thermal protection and comfort
properties of aerogel and PCM  -coated fabric for firefighter garment, b J.
Ind. Text. 45(4), pp. 611625, 2016.

https://doi.org/10.1177/1528083715610296

126. L. Jin, K. Hong, K. Yoon, b Effect of aerogel on thermal protective
performance of firefighter clothing, b J. Fiber Bioeng. Inf. , 6(3), pp. 315Q
324, 2013.

https://doi .org/ 10.3993/jfbi09201309

152


https://doi.org/10.1016/j.colsurfa.2016.06.052
https://doi.org/10.1177/1528083715610296

Chapter 2 Literature review

127. M. Venkataraman, R. Mishra, D. Jasikova, T. Kotresh, J. Militky,
o WKkhuprg| gdpl f v -treated nbriwavery faloics at subzero
temperatures, b J. /nd. Text., 45(3), pp. 387404, 2015.

https://doi.org/10.1177/1528083714534711

128. L. Li, B. Yalcin, B.N. Nguyen, M.A.B. Meador, M. C akmak, b Flexible
nanofiber -reinforced aerogel (xerogel) synthesis, manufacture, and
characterization, b ACS Appl. Mater. Interfaces , 1(11), pp. 2491 (501,
2009.

https://doi.org/10.1021/ am900451x

129. H. Wu, Y. Chen, Q. Chen, Y. Ding, X. Zhou, H. Gao, b Synthesis of flexible
aerogel composites reinforced with electrospun nanofibers and
microparticles for thermal insulation, b J Nanomater. , 375093, 2013.

https://doi.org/10.1155/2013/ 375093

130. H. Bahrambeygi, N. Sabetzadeh, A. Rabbi, K. Nasouri, A.M. Shoushtari,
M. R. Babaei, o Nanofibers (PU and PAN) and nanoparticles (Nanoclay
and MWNTs) simultaneous effects on polyurethane foam sound
absorption, b J. Polym. Res., 20(2), p. 72, 2013.

https://doi.org/10.1007/s10965 -012-0072-6

131. K. Singha, S. Maity, M. Singha, P. Paul, D.P. Gon, b Effects of fiber
diameter distribution of nonwoven fabrics on its properties, b /nt J Text

Sci, 1, pp. 7414, 2012. https://doi.org/10.5923/].textile.20120101.02

153


https://doi.org/10.1177/1528083714534711
https://doi.org/10.1007/s10965-012-0072-6
https://doi.org/10.5923/j.textile.20120101.02

Chapter 2 Literature review

132. H.S. Seddeq, b Factors influencing acoustic performance of sound
absorptive materials, b Aust. J. Basic Appl. Sci., 3(4), pp. 4610617, 2009.

133. K.W. Oh, D.K. Kim, S.H. Kim, o Ultra -porous flexible PET/Aerogel blanket
for sound absorption and thermal insulation, b Fibers Polym., 10(5), pp.
7310737, 2009.

https:// doi.org/10.1007/s12221 -010-0731-3

134. A.S. Dorcheh, M. Abbasi, b Silica aerogel; synthesis, p roperties and
characterization, b J. Mater. process. technol. , 199, pp. 1026, 2008.

https://doi. org/10.1016/j.jmatprotec.2007.10.060

135. S. Motahari, H. Javadi, A. Motahari, b Silica-aerogel cotton composites
as sound absorber, b J. Mater. Civ. Eng., 27(9), 040 14237, 2015.

https://doi.org/10.1061/ (ASCE)MT.1943  -5533.0001208

136. U. Berardi, o Aerogel -enhanced systems for building energy retrofits:
Insights from a case study, b Energy Build. , 159, pp. 370381, 2018.

https://doi.org/10.1016/j. enbuild.2017.10.092

137. M. Ganobjak, S. Brunner, J. We rnery, o Aerogel materials for heritage
buildings: Materials, properties and case studies, b J. Cult. Heritage , 42,
pp. 81 (P8, 2019.

https://doi.org/ 10.1016/j.culher.2019.09.007

154


https://doi.org/10.1016/j.%20enbuild.2017.10.092

Chapter 2 Literature review

138. |. PreikTss, J. Skujgans, U. lljins, o Possibilities of silica aerogel  application
for foam gypsum compositions, b in: 3rd International Scientific
Conference. Proceedings (Latvia). Latvia University of Agriculture, 2011

139. P. Narang, b A theoretical study of sound transmission through aerogel
glazing systems, b Appl. Acoust. , 34(4), pp. 249(R59, 1991.

https://doi.org/10.1016/0003 - 682X(91)90008 -3

140.P1 G1 J x| og/ -Chdcéhd, J. BdncHez-Dehesa, T.P. Martin, D.C.
Calvo, G. J. Orris, o Aerogel as a soft acoustic metamaterial for airborne
sound, b Phys. Rev. Appl., 5(3), 034012, 2016

https://doi.org/10.1103/PhysRevApplied.5.034012

141. C. Buratti, E. Moretti, b Experimental performance evaluation of aerogel
glazing systems, b Appl. Energy , 97, pp. 430437, 2012.

https://doi.org/10.1016/j. apenergy.2011.12.055

142. F. Cotana, A.L. Pisello, E. Moretti, C. Buratti, p Multipurpose
characterization of glazing systems with silica aerogel: In -field
experime ntal analysis of thermal -energy, lighting and acoustic
performance, b Build. Environ. , 81, pp. 92QL02, 2014.

https://doi.org/10.1016/j.buildenv.2014.06.014

143. 1SO 15665, Acoustics {Acoustic insulation for pipes, valves and flanges,

2003.

155


https://doi.org/10.1103/PhysRevApplied.5.034012
https://doi.org/10.1016/j.%20apenergy.2011.12.055
https://doi.org/10.1016/j.buildenv.2014.06.014

Chapter 3 The acoustical properties of  air-saturated aerogel powders

Chapter 3:

The acoustical absorption by air-saturated aerogel powders

This chapteris published as :

H. Begum, Y. Xue, J.S. Bolton, K.V. Horoshenkov, o Wk h df r xvwl f do

ar-vdwxudwhg dhur jJheoust Sac.gdmy 16H(3), 1502 L1515, 2022.

https://d0i/10.1121/10.0009635

Authorship statement:

The principal author of the paper is H. Begum . The contribution of H. Begum is
the research investigation, experimental data collection and participation in the

data interpretation.

3.1 Abstract

The acoustical behaviour of air -saturated aerogel powders in the audible
frequency range is not well understood. It is not clear, for exam ple, which
physical processes control the acoustic absorption and/or attenuation in a very

light, loose granular mix in which the grain diameter is on the order of a micron.
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The originality of this work is the use of a Biot -type poro -elastic model to fit
accurately the measured absorption coefficients of two aerogel powders with
particle diametersintherangel ¢ 3 "~ pl1 Lw I v vkrzqgq wkdw wkhyv
like a viscoelastic layer and their absorption coefficient depends strongly on the

root mean square pressure in the incident wave. Further more , it was found that
the loss factor controlling the  energy dissipation due to the vibration of the
elastic frame is a key model parameter. The value of this parameter decreased
progressively with both frequency and sound pressure. In contrast, other fitted
parameters in the Biot -type poro -elastic model, e.g., the stiffness of the elasti ¢
frame and pore size, were found to be relatively independent of the frequency
and amplitude of the incident wave. It is shown that these materials absorb

acoustic waves very efficiently around the frequencies of the frame resonance.

Keywords: Acoustics; aerogels; modelling; particles; porous materials
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3.2 Introduction

The desire to develop a diverse class of lightweight, porous and cost -effective
materials for acoustic applications has been the focus of industrialists for the

past few deca des [1]. Traditionally, a large selection of these materials were
fibrous layers and reticulated foams [  2]. Companies are invested in the use of
foams or fibrous materials due to their high percentage of open pore
availability (e.g., section 13.9 in reference [2]) and their versatile nature , which
makes it possible to incorporate them in the form of layered composites. Their
porous nature allows them to be effective absorbers , which can dissipate the
acoustic energy of propagating sound waves, and some may have viscoelastic
properties , which contr ol structure -borne noise by attenuating structural

vibrations through near -field damping (NFD) [3], achieved via Viscous

interaction between the porous medium and evanescent acoustical near -field
of a vibrating structure. There may be additional dissipatio n caused by the
elastic nature of the frame if it is sufficiently stiff, i.e., when using poro -elastic

media instead of limp porous media as near  -field dampers [4]. The acoustical
damping multifunctionality of porous media has been investigated for several
years, and the study is summarised in reference [5], which also provides the
theoretical fundamentals of the study introduced in this article. The most
important macroscopic physical characteristics (also referred to as bulk

properties) , which determine t he acoustical properties of foams and fibrous
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media are: (i) airflow resistivity/effective pore size , (i) porosity , (iii) pore
tortuosity , and (iv) elastic modulus of the frame [6]. Granular media are also of
popular interest because of their useful sound absorption and sound insulating
properties [7,8]. Materials such as flint particles [9], hemp [10] and expanded
clays [11,12] have already been extensively studied. In particular, classical
acoustics theory such as the Biot theory for poro -elastic media has proven to
be capable of modelling sound absorption and insulation resulting from
granular media which have complex and hierarchical micro -structures such as

granular activated carbon stacks [13].

Granular aerogel s are gaining more interest as an acoustic product due to their
unique microstructural properties, i.e., porosities of approximately 95%, very

low bulk densities (e.g., 0.0120 g/cm  3) and large surface area values in the range
from 700 to 900 m ?2/g [14]. The global aerogel market was evaluated at ~ $701 x
108 USD in 2019 and is projected to reach  $1395.5 x 106 USD by 2027 with a
reported compound annual growth rate (CAGR) of 9.3 %. Its primary
development is in the building, oil and gas industries. Because of th eir chemical
inertness and low thermal conductivity, aerogels are sought after products for

pipe insulation and protection [15]. The main drawbacks, however, are their

high -cost production (specifically for monolithic aerogels) and ever -changing
economic b arriers [16]. Nonetheless, their exciting acoustical properties still

create the potential for profitable gain for industries. Sound waves have been
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observed to propagate through silica aerogels at one -third the speed of sound
in air or less: i.e., at abou t 100 m/s [17]. Forest et a/. [18] have also found that
sound velocities in aerogels can be as low as 60 70 m/s. The latter property
results in rather high acoustic attenuation in aerogels since it effectively

increases a given layer depth a s a fraction of the wavelength.

In general, there is a lack of combined experimental data and analytical models

that are available to predict the acoustical properties of granular aerogels.
There is some literature by Begum et a/. [19] which focus on analytical models
and experimental data of the acoustical properties of granular silica aerogels.
However, that work was performed using material with millimetric grain sizes,
and by using a triple porosity model , where only pore size and particle size were
taken into consideration, and not the elastic properties of the material frame.

Xue et al.[20] have observed non -linear acoustical behaviour of aerogel particle
stacks consisting of relatively small particles (i.e., 2 40 micron), and that the
non -linearity being dependenton  the frequency and depth of the sample stack.
Further evidence of non -linearity is presented in this article. A majority of o ther
related research exclusively focuses on much denser granular media with
millimetri ¢ grain mixes wusing a S d g eapproximation approach , e.g.,

Horoshenkov and Swift [ 19] and Horoshenkov et a/ [21].

Earlier research by Song and Bolton [22] was directed at using a four -

microphone standing wave tube and the transfer matrix method (TMM) to
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determine the fundamental acoustical properties , such as wave number and
characteristic impedance of limp or rigid porous materials: i.e., materials that

can be modelled as effective fluids. Based on that information arbitrarily shaped
porous material doma ins can then be modelled by providing data , such as
complex density and complex sound speed to finite element models, for
example. In contrast, here , the two -microphone standing wave tube method
was used to measure the normal incidence absorption coefficie nts of the
aerogels layers [23], and the material was modelled as a poro -elastic layer,

hence, allowing for both frame and airborne waves within the aerogel layers [2].

Because a majority of the literature has focused on millimetric [2,11] grain mixes

wit h sub -millimeter pore sizes [24], there is a gap in the understanding of the

acoustical behaviour of powder aerogels , whose particle sizes are close to a

micron. The modelling of such small particles with different excitation sound

pressures will help to u nderstand the non -linear effects , which typically develop

in lightweight materials such as aerogels.  An approach like this will also build

wkh frqghfwlrq ehwzhhg wkh pdwhul doyv exon
density and particle size, and key acoustical  characteristics such as the normal

incidence absorption coefficient.

Thus, there are two primary motivations for the present work. First, based on
fitting the experimental data, the connections developed in that way can help

toinversely f kdudf whul vh wkh dalateg Bulk propertieéd, thus v wl f d o
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txdgwli |l q]j hdf k exon surshuw]| yv frqgqwul exw
absorption performance. Second, and consequently, it becomes possible to

optimise the acoustical performance of this type of aerogel by designing or

specifying these bulk properties appropriately. However, this is not the main

interest of the research here as we are primarily trying to understand the

connection between the acoustical -related bulk properties andthemater | dov ¥y

sound absorption performance.

The structure of this chapter is as follows. In Section 3.3, the experimental
methods and characterisation techniques used to measure the physical material
properties of aerogel powders are described. Presented in Sectio n 3.4 are the
acoustical theories and the approach to modelling of the acoustics of the
aerogel granules. The results and related discussion are described in Section 3.5

in which the data are interpreted with a mathematical model that can be used

to charac terise the acoustical -related bulk properties. The concluding remarks,
which summarise the characterisation process and the main result , are

presented in Section 3.6.
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3.3 Materials and Methods

3.3.1 Materials characterisation

Microstructural observations of the particle size distribution of the silica

aerogels studied here Q Enova IC3100 produced by Cabot Corporation,

Alpharetta Georgia, USA (denoted as type 1), and JIOS AeroVa D20 produced

by JIOS Aerogel, Korea (denoted as type 2) were made by using scanning

electron microscopy (SEM). The instrument used was an FEI Inspect F50 FEG

SEM (Eidenhoven, The Netherlands) . The samples were mounted as per the

pdgxi df wxuhuyv jxlgholqghv dgg zhuh [ ql wl doo|
Technologies Q150T coater (Quorum, Sussex, UK). However, that coating

proved to be insufficient to prevent sample charging even at 5 kV and ,

therefore , the samples were subsequently given a 5 nm gold coat using a

Quorum Technologies Q150R gold sputter coater.

Secondary Electron Images (SE) were obtained at a range of the accelerating
voltages (kV) as indicated on the micrographs . The spot size three was used
with the 20 pm final lens aperture (smallest for  the highest resolution) inserted
For the highest magnification images, the working distance (WD) was reduced

to 6 mm from the standard 10 mm for type 1.

Figures 3.1 (a)(f) includes SEM images of type 1 and type 2 aerogel powders.

These images were used to identify the aerogel particle distribution and
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structure of the pore sizes. A Java -based image processing program, ImageJ,
was used to manually measure the size of 100 individual type 1 and type 2
particles in the images that were obtained at a high magnification (1000 x) at a
scale bar of 100 “m. The data was collated to determine the normal
approximation of the particle size distribution: see THE supplementary material
in reference [25]. The average type 1 p article size was found to be 13.69  "m,
with minimum and maximum value sof7.91 "mand24.83 “m, respectively, and
the average type 2 particle size was 14.20 “m with minimum and maximum
values of 5.54 "mand 41.78 “m respectively. These average particle siz e values
correspond to those that were used for the 3P-Biot-TMM/ACM modelling of
the acoustical properties (detailed in Sections 3.4 and 3.5), and the measured

minimum and maximum values of  the type 1 and type 2 aerogel powders also

fruuhvsrqghg wr wkh ydoxhv jlyhqg | g wkh pdqgx

Note that the SEM magnification scale in each of the images in Figure 3.1
changes between 100 “m, 30 “m, 1 “m and 500 nm to provide a better insight
into the particle microstructure. The 100 “m magnification was used to
determine the mean particle size and standard deviation. The 3 0 "m
magnification illustrates the angular nature of these particles. The 1 "m and 500
nm magnifications show that these par ticles are not solid but are nanoporous
We note that SEM image analysis is sensitive to the detail of the loading of

samples onto the carbon stub: i.e., when a large amount is deposited, the
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coating is affected, and this may fracture the image surfaces. F urthermore, there

may be sampling bias causing the contrast/brightness settings to be adjusted

and this may also affect the results [19].

= ; & ¢ 5,

5 (b, % Ve
HV det| WD /mag » mode|spot L 100 pm
5.00 kV ETD|6.0 mm|1 000 x SE [3.0

e . &3S - i
HV det WD mag - mode|spot - 30 um
10.00 kV ETD 9.8 mm 5000x SE [3.0

a Twel QVHP [ pdj h dw b) T)ipel QVHP | pdj h dw

spot WD mag - 500 nm -
SE [10.00 kV| 2.0 6.0 mm 200 000 x

SE [10.00 kV| 2.0 6.0 mm 80 000 x
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d) Type 1 SEM image at 500 nm

c) ypel qVHP [ pdj h dw

= e
WD mag - mode|spot - 30 um

: 106 um - \"
5.00 kV ETD|{10.1 mm 5000 x SE |3.0

5.00 kV ETD/10.1 mm 1000 x SE [3.0

e) Tyipe2 QVHP | pdj h dw ) Tywe2qVHP | pdj h dw

spot WD mag -
SE [10.00 kV| 2.0 6.0 mm 80 000 x

HV spot WD mag - 500 nm
SE [10.00 kV| 2.0 6.0 mm 200 000 x

9) Twe2qQVHP | pdj h dw h) Type 2 JSEM image at 500 nm
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Figure 3.1 The SEM images of type 1 and 2 aerogels taken at increasing
magnifications (1000 x (a) and (e), 5000 x (b) and (1), 80,000 x (c) and (g) and

200,000 (d) and (h).

The skeletal material density was calculated from the mass and volume

combined with the volume -suhvvxuh uhodwlrqgvkl s ri Er| o
using the gas displacement method ( Micrometrics AccuPyc 1330 Helium
Pycnometerused at20 ~ FLincoln, England ). The result was 2430 kg/m 2 for type

1 and 1710 kg/m 3 for type 2. The bulk densities of these materials, ” , were

determined using calibrated scales: they were 38.71 kg/m 3+ 0.18 and 104.91

kg/m 3 + 1.26 for aerogel particle types 1 and 2, respectively .

Type 1 Enova IC3100 Type 2 QJIOS AeroVa D20
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Figure 3.2 Photographs of the powder samples used in the

impedance tube experiments.

Loudspeaker ———»

Microphones 3

Sample holder

10 mm

Figure 3.3 The 2-microphone impedance tube setup to measure the surface

impedance of a porous layer (taken with  permission from reference [26]).

The acoustical properties of the aerogel stacks were measured in a 10 mm
diameter standing wave tube which was custom made by Materiacustica
(Ferrara, ltaly) [27]. This two -microphone tube setup was developed to test
small material specimens , such as granular media and powders in accordance

with the 1ISO standard 10534 -2:2001 [23]. This setup enabled the measurement
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of the normalised surface acoustic impedance, complex reflection coefficient

and sound absorption coefficie nt of a hard -backed porous layer in the
frequency range from 100 to 4999 Hz. The spacing between the two
microphones was 30 mm, which is usual for this frequency range as
recommended in the ISO standard [23]. The distance from the sample surface

to the fir st microphone was 85.9 mm. The thickness of all the samples used in

the acoustic experiments was 50 mm. Figure 3.2 shows the type 1 and type 2
aerogel powders which were used in the acoustic experiments. Finally, Figure
3.3 shows a photograph and sketch of  the vertical standing wave tube that was
used in these experiments. Note that all sound pressure levels (SPL) quoted
here refer to the sound wave incident on the sample, integrated over the

frequency range 100 (4999 Hz.

3.4 Modelling of aerogel granule s tacks

It was observed from the experimental data that the acoustical absorption
coefficients of the tested aerogel granule stacks differed significantly from
those that would be expected from a conventional sound absorber such as a
layer of polymeric fibore s. The acoustic absorption coefficient of the aerogel
layers showed multiple, lightly  damped depth resonances: as an example, the

normal incidence sound absorption  coefficient s measured at different incident,
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broadband SPL (dB) for the two types of materials are shown in Figure 3.4
Notably, large peak values of absorption appear at unusually low frequencies.

It was also found that the heights of these peaks decreased with increasing SPL,
which provides the main evidence thatth e aerogel sample stacked in the tube
behave non -linearly. As well, there appears to be a slight frequency shift for the

type 1 material (Enova IC3100, Cabot Corporation, Alpharetta, GA) as the level
changes which also suggests a nonlinear response. It was also clear when
conducting the experiments that the granules comprising the powder samples
vibrated under acoustic excitation. That vibration caused some dispersion of
powder particles over the area of the impedance tube adjacent to the sample
holder. The sample thickness occasionally reduced by as much as 0.5 mm after

the first time that the acoustic stimulus was applied. = When that shrinkage
occurred, more material was added to compensate for this change. There was
little or no subsequent change in the sam  ple thickness when the experiment
was repeated without touching the sample. At this stage , the experimental data

were recorded and used for the comparison with the model S.
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Tube Measurement - Enova IC3100
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Figure 3.4 The normal incidence sound absorption coefficients, measured at
different in -tube SPLin the standing wave tube experiments for (@ ) type 1
(Enova IC3100, Cabot Corporation, Alpharetta, GA)  and (b) type 2 material
(JIOS AeroVa D20, JIOS Aerogel, Korea) . In the legend SPL corresponds to

the incident, broadband SPL measured with the two microphones in

accordance with reference [23].
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3.4.1 Acoustical theories for predicting sound absorption

In the present work , two models were used to predict the frequency -dependent
equivalent density, 2., and bulk modulus, K of the fluid phase (i.e., air) in the

aerogel granule stacks: (i) the 5 -parameter Johnson -Champoux -Allard (JCA)

model [28,29]; and (ii) the 3 -parameter Pagh dssur {|l pdwlrqg +68S,
The Biot theory [31] (also see Chapter 11 in reference [2]) was then applied to

account for the frame elasticity in the presence of air.

(*Note (the section below is not included in the original published paper)

The Biot theory was originally developed by Maurice Anthony Biot [31] and he
states that all porous media can be divided into three general types: rigid -
porous, limp -porous and elastic -porous , where rigid and limp are the extreme
cases of an elastic porous medium when the bulk elasticity of the frame is

extremely large or small respectively.

To understand this in detall, if the solid phase of the target material is like plastic
foam or stacked granules then it can be modelled as rigid -framed ; with a
longitudinal wave propagating within the porous medium , with the complex

wavenumber calculated as [ 5]

b

and the complex density of the rigid porous medium expressed as
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” ” ” mo c

If the solid phase of the material is lightweight like a polymeric, fibrous layer
then it can be modelled as limp -framed with only one longitudinal wave
propagating within the limp, porous medium. The complex wavenumber can

be calculated as

—| nZ n2 ”n Z (0]

Q Z z = z 3
” Y c” U ” U

¢

and the complex density of the imp  -porous medium can be expressed as

Q" 0 0 Y& T
] P %o %ol

with

where P, Q, and Rare the simplified elastic coefficients,  equivalent to

> 0 P %00 . o v
0 ———— 0 p %o h
0 0 P %0 0 %0 P %o h Q
Y 0% 0O %h X
and Biot 's modified mass density coefficients: "* ,”* ,and ”° are expressed as
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~

"0’ .
n Z %,0, | p "Q%o —| D ” %0 ” Z h l‘IJ
. o, O . W
” ” %(l)! | p 'Q%O 1 Q ” ” h
no’?’ .
"y o 2 o %" h P

where ” is the bulk density of the porous medium and is calculated using the

” ” ”

equation P %o, where ” is the density of the solid material and %oiS

the porosity.

If the solid phase of the material ha s a finite elasticity, like a layer of
polyurethane foam then it can be modelled as elastic -framed with two
longitudinal and one transverse wave that can propagate through a poro -

elastic medium. The complex wavenumber of the two longitudinal wav es, Q

and "Q and the transverse wave, 'Q can be calculated as

. —| 6172 Y’Z CGHZ Vly . p p
Q 7 7 h
(VI
S R A L . A P&
Q > ~ ”ﬂ
¢cuyY v
5 —| nZ n2 nZ . pO'
Q — h
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where ¥ is given by
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the sheer modulus, 0 of the poro -elastic medium can be expressed in terms of

Youngy smodulus, A/ Sr | v vr qf and methahicalloss factor, &;,as

Op @ pu

The elasticity coefficient 0 can be expressed as

s O, O p %o o, . PO
0 —U )] _ —U L U %0 8
T %o T P o

where U is the bulk modulus given by

cO p

" g P X
ap G

3.4.2 Bulk modulus and equivalent density predictions with the JCA model

The original JCA model requires five hon -acoustic parameters as inputs: (i)

airflow resistivity, ¢ (ii) porosity, J5; (iii) tortuosity, An ; (iv) viscous characteristic
ohgjwk/ b> dqg +y, wk hu p.dNote thaktllestdtic thdrmoal v wl f 0 h
permeability, k% [32] (denoted as ¢g’o on pages 84 (B5 in reference [2]), is also

considered as a thermal -effects contributor to the bulk modulus in the

extended J ohnson -Champoux -Allard -Lafarge (JCAL) model, but it was notuse d

as an input to the JCA model that was applied in the current study. Also, note
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wkdw iru i1leurxv phgld dv ghvf Ubrehbsgalyl g uhi
calculated as functions of ¢, 3, &+ [30] and the shape factors are ¢ (usually equal

to 1 for fibres) and c¢’(i.e., ¢'= b/b). Incontrast, {, 5, k+/ b dyege uged in

the current study to calculate 3. and Krbased on the JCA model (egs. (3) and

(18) in reference [28]). Other ambient parameters needed for the modelling

process included the dynamic viscosity of air, ao4 1 ; 5°®Ra3s, the speed of

sound in air, =343 m/s, the density of air, 20=1.21 kg/m 3, the Prandtl number,

BA=0.71, and the specific heat ratio, A4=1.402.
(*Note (the section below is not included in the original published paper)

To characterise the bulk properties of a porous medium, the effective density,
Z2e and bulk modulus, Kr of a fluid phase (i.e., air) must be calculated by
guantifying the viscous and thermal effects in the pores [5]. To calculate the

effective density, Ze, we use the equation

and to calculate the bulk modulus, Krwe use the equation

LI pw
al |

¢

0 Y S P P

where
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!\O T'Q _”—| F] c n
1 0 %
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o~ TQ - 0] chp
O 0] p o 8

To understand the JCA model, we must understand th is individually. The
dynamic tortuosity, |, is the functi on used to express the dynamic viscous
permeability. It is given in the work by Johnson et a/ [33]. by:

n P %Q

Eq. 5 was important to describe the sound propagation in porous media and
justifies the asymptotic behaviour . He has shown that the effective density can

be written at high frequencies at first  -order approximationin 1/ |1 for large ]

” ” 76' CO-

and for small 7 the limitis given by

u-| u| p CT

Directly measuring the static thermal permeability is not easy. The Lafarge

model which uses

177



Chapter 3 The acoustical properties of air -saturated aerogel powders

' o ¢ ne Q
= e

Qnee P %o e
Where 11 is replaced by the permeability 1 %L TP of a porous medium with

circular cylindrical pores having aradius 'Y  Qateading to

. C o

| @ !Q—|Q

Q q
p?—

e

This arbitrary choice for 1 can lead to a large area in the localisation of the
transition frequency where the  imaginary part of the bulk modulus reaches its
maximum. This does not lead to a large error in the determination of the surface
impedance because the damping is mainly created by the viscosity via the

effective density.

3.4.3 Bulk modulus and equivalent density predictions with the 3 -

parameter model

The three -parameter (3P) model described in reference [30] was also adopted

dv d vlipsohu dowhugdwl yh wr wkh MFD prgho
modulus and effective density. These properties were then used in the Biot

model [31] to account for the response of the poro -elastic nature of the aerogel

stacks. The 3P model makes use of the median pore size, i [ porosity, 5, and

standard deviation of the pore size, , . Itis assumed that the median pore size,
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standard deviation of the pore size, two characteristic lengths, flow resistivity

and tortuosity are inter -related [30]: i.e.,

Q in” C X
Qe iR C Y
| Q C W
yw —Q om

The parameters defined by egs. ( 27)-(30) were then used as inputs to calculate
the effective density, 2. and bulk modulus, K, of the equivalent fluid
representation [28,29] of the aerogel granule stack. Alternative equations for
calculating these two properties can be found in the original pa per by

Horoshenkov et al. (reference [30], egs. (13) and (16)).

3.4.4 Effective density and bulk modulus as inputs in the Biot poro -elastic

model

The JCA model outputs, Zeand Ki fr xog eh xvhg wrjhwkhu zI v
!, S5, kv, its bulk density, 25, and/or its elasticity parameters  {mechanical loss

factor, Gy, and longitudinal stiffnress, O O p " p ' p ¢ ), where

Olv \rxqjyv prpdwo vy | oq g 3sbulkproperty inputs for the

Biot -poro -elastic theory (originally introduced in reference [31], and whose
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formulations are summarised in Section 2.3 of reference [5]). On the other hand,

when the 3P model was applied, its outputs, 2c and Kp, were translated into
effective density, 2, and bulk modulus, K of the fluid phase of the poro  -elastic
material to make them configurable as inputs for the subsequent calculations

involving the Biot poro -elastic theory: i.e.,

" % °h op
0 % ‘h oC
where b *b denotes the complex conjugate, which is required owing to the

difference in the adopted Q convention in the two models (see reference

[29] and [30]) .

It should be noted that , here, the Biot -poro -elastic theory was preferred instead
of the Biot -limp -porous theory (also summarised in Section 2.3 of reference [5])

which makes it possible to introduce a small, but finite value of D for the

dhurjho vwdfnyv hodvwl f i ud-pdpendehtqg,wan tev

used to quantifythenon -ol ghdul w| ri wkh pdwhul doyv

frequency regime shown in the experimental data. Finally, the layer depth, a,
was used as a bulk property to calculate the sound absorption of a finite depth
layer by us ing either the TMM [ 34] or the arbitrary coefficient method (ACM)

[35], both of which functioned equivalently.
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3.5 Results & Discussion F Characterisation of acoustical -related bulk
properties

3.5.1 Fitting the measured sound absorption coefficient spectr a

The characterisation of the bulk properties was performed by fitting the two

models described in Section 3.4 to the measured frequency -dependent

absorption coefficients for the  type 1 and type 2 aerogels. This fitting process
was based on the MATLAB built -in numerical optimisation function
psduwl f oh (Thal MaihtWorks, Nat ick, MA). To be more specific, the
parameters f, 5, kn/ b,/ ,&d D were also fitted as frequency -independent
values by using the 3P-JCA-Biot-poro -elastic-TMM/ACM model for type 1 and
type 2 aerogel granule stacks. The criteria for this fitting step were first the good

fits of the peak locations and amplitudes to the measured data, and that the

”

fitted dynamic density, because the | atter was the dominant parameter
controlling the peak locations.  These parameters were not dominant, i.e., most
significant, in the fitting process. 6» was manually adjusted from constant to
frequency -dependent at each in -tube sound pressure level for both types of
aerogels, with all the other bulk properties fixed to previously fitted values. The
criteria for this fitting step were the good fits of the peak locations to the
measured data and that the fitted dynamic density, ” was close to the

measured ” , because the latter was the dominant parameter  controlling the

peak locations. Furthermore, — was fitted as a frequency -dependent
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parameter at each in -tube sound pressure level for both types of aerogels, with

all the other bulk properties fixed to previously fitted values. Note that the loss

factor was a dominant parameter in this fitting step to ensure a good fit of peak

amplitude over a broad range of frequencies especially at low frequencies. Also

note that the detailed process of the development of frequency -dependent

+pg|l qdpl fb, orvv idfwru jurxsv | v ghvfulehg
A and vwere estimated values in order to represent a finite, but small, elasticity

ri wkh dhurjho vwdfnyv vr ol gdependém h-/ could wkdw
then be introduced to capture the acoustical non -linearity at low frequencies.

The origin of that non -linearity is yet to b e identified. Nonetheless, the

frequency -dependent — (i.e., dynamic loss factor) provides an effective means

of representing the non -linearity quantitatively.

These parameters controlled the frequency of the maxima in the absorption
coefficient spectra. It was also noted that these parameters and the frequencies

of the peaks were relatively independent of the excitation level. Further more
— was fitted as a frequency -dependent parameter at eachin  -tube SPLfor both
types of aerogels, with all  of the other bulk properties fixed to the previously
determined values. The sensitivity analysis suggests that the  loss factor was a
dominant parameter in this fitting step to ensure a good fit of the peak
amplitude s over a broad range of frequencies , and excitation levels, and also

note that the detailed process of the development of the frequency -dependent
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+pg| qdpl f b, orvv idfwru jurxsv | v ghWeéul ehg

finally note that D was specifically introduced to represent  the finite, but small,
hodvwl fl wj ri wkh dhur9gothat the freqguénoyy vdependemnt

— could then be introduced via the complex modulus of elasticity to capture

the acoustical non -linearity at low frequencies. The origin of that non -linearity
is yet to be identified ; nonetheless, the frequency -dependent — (i.e., dynamic
loss factor) provides an effective means of representing the non -linearity

guantitatively.

Tables 3.1 and 3.2 present the summary of the input parameters identified
inversely by u sing the JCA and 3P models. The measured and predicted normal
incidence absorption coefficients for type 1 and type 2 aerogel powders are
shown in Figures 3.5(a) and 3.6(a), respectively. Figures 3.5(a) and 3.6(a) present
the results for the range of incident SPL used in these tests. Recall that the
broadband SPLwas calculated by combining the narrow band SPLmeasured at
the frequency points from 100 to 4999 Hz for which the absorption coefficient

data were measur ed. This information was available as a standard report
generated for each measurement taken with the Materiacustica impedance
tube. The narrow band SPLwas calculated using the Fourier spectrum for the
sound pressure with the  two -microphone procedure deta iled in reference
[23,26]. By comparing the JCA -based (orange) and 3P -based (green)

simulations of the sound absorption spectra, it can be seen that both models
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can very accurately predict the sound absorption performance for the target
aerogel materials, especially in the low and medium frequency range below
2000 Hz. To further evaluate the prediction accuracy, the spectra of cumulative
squared error, from 100 Hz to 4999 Hz, between model -predicted and
experiment -measured sound absorption are plotted in Fi gures 3.5(b) and 3.5(c)
for the type 1 and 3.6(b) and 3.6 (c) for the t ype 2 materials, respectively, with
the total root mean squared errors , Viaf marked in the legends. It can be seen
that the two models represent the experimental result with very similar

accuracy.

184



Chapter 3 The acoustical properties of air -saturated aerogel powders

Table 3.1 Bulk properties characterised by fitting the JCA -Biot- TMM/ACM [29,33,34] with the

measurements and used to predict sound absorption coefficient spectra.

Z2[Rayls/m b’ bo =1
Material c hz b nin] lod Am
MKS] [rm] [kg/m 3] [Pa]
Eq. (7) and
Type 1 43184 0999 3.0 36.1 36.1 35.5 775 0.396
Table 3.3
Eq. (7) and
Type 2 43184 0999 3.0 36.1 36.1 94.0 775 0.396
Table 3.3

Table 3.2 Bulk properties used for the 3P  -Biot - TMM/ACM [30,33,34] to predict sound

absorption coefficient spectra.

Po
Material & Sp[mMm]  &s £ [Pa]l o Am

[kg/m 3]
Typel 0999 14.7 0.756 35.5 775 0.396 Eq. (7) and Table 3.3
Type2 0999 14.7 0.756 94.0 775 0.396 Eq. (7) and Table 3.3
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Figure 3.5 (a) The normal incidence absorption coefficients,

(type 1), Cabot Corporation, Alpharetta, GA)
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prediction (orange -dashed lines), the 3P -Biot(poro -elastic)- TMM/ACM model
prediction (green -dotted lines), (b) cumulative squared error between  the JCA-

Biot(poro -elastic)- TMM/ACM model prediction and experimental measurement, and
(c) cumulative squared error between  the 3P-Biot(poro -elastic)- TMM/ACM model

prediction and experimental measurement are shown .
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0 AeroVa D20 - JCA-Biot(poro-elastic)-TMM/ACM
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Figure 3.6 (@) The normal incidence absorption coefficients,
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