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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 is to  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  Ɋ Armacell . 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 
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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 that t 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. In the 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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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. 

Qrlvh frqwuro hqjlqhhulqj lv lqfuhgleo| lpsruwdqw wr wkh txdolw| ri olih lq rqhɏv 

psychological and physical well -being  and so me 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 ~ 0.015 W m -1 K-1, low bulk 

density of ~0.120 g/cm 3 and high surface area  of 700Ɋ900 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.  

 



Chapter 1 Introduction  

 
 
 
 

47 
 

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 in a 

system atic way. I 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 20Ɋ40 ḿ). 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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(ii)  apply a valid mathematical model to predict the acoustical properties of 

aerogels;  

(iii)  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 2 solvent exchange. This work was 

completed in collaboration with Empa (Switzerland). The materials were 

measured for their sound absorption properties using a special impedance 

tub e. The results validated using a range of mathematical models from 

reference s [9Ɋ12].  

 

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 used 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, i t is not clear which physical processes control the acoustic absorption 

and/or attenuation in very light, loose powders.  

Chapter 4 is the paper published in t 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 
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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  fit in 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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Chapter 2: Literature review  

A review on silica aerogel -based materials for acoustic applications  
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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 

https://doi.org/10.1016/j.jnoncrysol.2021.120770
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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 2, 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. Ion -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 the ion -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 as a co -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 

(Eqs. 2 and 3, respectively) reactions of the form:  

                         3É/2Ø/(Ù  (ς/ P  3É/2Ø ρ/(Ù ρ  2/(                           ρ 

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/ethyl.  

                                       ḳ3É/(  (/3Éḳ P ḳ3É/3Éḳ  (ς/                                                ς 

                   ḳ3É/2  (/3Éḳ P ḳ3É/3Éḳ  2/(ȟ×ÉÔÈ 2  ÍÅÔÈÙÌȾÅÔÈÙÌ                     σ 

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 2 

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 -cataly sed gelation 

[3,20,21] . Inherently hydrophobic silica aerogels derived from 

methyltri(m)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 SiO1.5(CH3) rather than SiO 2 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 mos t 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 

uhtxluhg wr vxusdvv dssurdfk wkh fulwlfdo srlqw/ h1j1 576¯F dqg 96 edu iru hwkdqro 

[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 a lternative drying scheme, based on CO 2 zlwk lwv fulwlfdo srlqw dw 64¯F dqg 

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 as in 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 2 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 

modification (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 nanoparticles (~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 

frpsuhvvlrq dqg wkhlu \rxqjɏv prgxoxv +E) is very low. At higher densities, 

e.g., above ~0.150 g/cm 3/ vlolfd dhurjhov duh eulwwoh/ doehlw wkhlu \rxqjɏv 
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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 iru prvw dhurjho pdwhuldov/ \rxqjɏv prgxoxv glvsod|v d srzhu- law 

behaviour on envelope density, with E¢Ʃ3.6 (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-vwudlq fxuyhv gxulqj xqld{ldo frpsuhvvlrq= Ʃx represents density 

(g/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 

ot her 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.  

Application  Examples 

Technology 

readiness  

Thermal 

insulation  

Low heat transfer materials especially for 

constructions, [52-59] , other applications 

like pipes, appliances, transportation, 

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

Large-scale 

industrial 

production 

[52-54,56]  
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firefighter and thermal protective 

clothing [65,66]  

Acoustics  

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]  

Pilot 

production  

[79,86,87]  

Filtration, 

separation, and 

sorption  

Liquid/gas filters and absorbers for 

paints, varnishes, functional liquids 

[18,94]   

Academic 

research  

Electrical 

application  

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]  

Academic 

research  
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Optics  

Silica glass, mirror backings, laser glass, 

light source, solar windows, anti -reflective 

layer for solar cells [55,61]   

Cherenkov Counters [55,92]   

Niche 

applications  

 

Space 

application  

Space dust particles absorber  [55,74,92]  

Thermal insulators [55,74]  

Niche 

applications 

[95]  

Kinetic energy 

absorbing  

Tank baffles, star dust impact, shock 

absorption [63]  

Academic 

research  

Fillers 

Fillers for paints, elastomers, 

thermoplastics, and thermosets 

[8,63,82,96 -99]  

Academic 

research  

Carriers 

Carrier materials for 

fungi/herbs/pesticides and drugs 

[63,92,100]  

Academic 

research  

Catalysis 
Biocatalysts, automobile gas pol lutant 

reducers [92,101]  

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] . 



Chapter 2 Literature review  

 
 
 
 

72 
 

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 

thi s 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 l) 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.  

 

 

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 s in-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 type s 

of materials in the fluid of the pores and in the solid skeleton or wave 

propagation i 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 rd 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 devruswlrq frhiilflhqw +ƙ, lv d glphqvlrqohvs number ranging from 

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

boundary:  

                                                                    ɻ ) )ϳ                                                                              τ 

where, Ὅὥ and ὍὭ are the absorbed and incident sound intensities in W/m 2, 

respectively. To be a good sound absor bing  pdwhuldo/ wkh ydoxh ri ƙ vkrxog eh 

as close as possible to one which indicates that a high proportion of the 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 [107] .  
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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 ( ISO 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] . 

 

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:  

                                                  ƙ+i,@40ȿὶὪȿ5                                                                    υ                                                                    

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 ƙs of the 

absorbing layer is calculated as  

                                                                       ɻ ! 3ϳ                                                                        φ 

where  S (m2) is the area covered by the test specimen a nd AT (m2) is the 

equivalent sound absorption area of the test specimen [108] . Often, the 

reverberation room method is used to estimate the weighted absorption 

frhiilflhqw/ ƙw, which is calculated through a comparison of the absorption 

spectra, ‌ Ὢ, zlwk d uhihuhqfh fxuyh1 Edvhg rq wkh ydoxh ri ƙw, absorbers are 

classified from A to E, where A corresponds to products with an ƙw ˆ 31<3 [112] . 

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 Ὑ, which is defined according to eq. 7. 

                                                             Ὑ ρπὰέὫὡ ὡϳ                                                                  χ 
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where, W1 and W2 are incident sound powers of the incident and transmitted 

waves, respectively. The sound reduction improvement index ɝὙ is the 

difference of the sound reduction indices of a basic element with and without 

the a dditional acoustic lining for each third -octave band [109,110] . The 

frequency -dependent values can be converted into a single number quantity, 

Ὑ . 

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 xvlqj wkh Ɏwzr-ordgɏ wudqvihu ixqfwlrq phwkrg [109] , by acquiring the 

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 Ὑ, 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  Ὑ 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 ( ὒ) 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] . 

 



Chapter 2 Literature review  

 
 
 
 

82 
 

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 ‡  θƩƙ/ zlwk ƙ@416 lv wuxh iru ghqvlwlhs higher than 0.1 g/m 3, 

exw dw orzhu ghqvlw|/ ƙ@31; lv ydolg1 Orqjlwxglqdo vrxqg yhorflw| lq vrolgv lv 

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 3 

[121,122]. In 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 comparison di 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 
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(PVB), as well as silica aerogel bound with liquid vinylacetate/ethene. As in the 

case of a usual porous layer, aero gel s display 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 Ὤ  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 Ὠ ‗Ⱦτ [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 ‌ πȢρ 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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Figure 2.5 Sound absorption coefficient for different heights of an aerogel 

particle layer. R evised/r eproduced with permission from reference [63]. 

 

 

Figure 2.6 Sound absorption coefficient of different insulation materials at a 

thickness of 20 mm. R evised/r eproduced with permission from reference 

[63] . 
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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, eq. 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.  

                                                                     Ὢ
ὺ

ς“

ὃ

ὠὒ
ȟ                                                                   ψ 

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

volume of the cavity and length of neck, respectively [75].  

 

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.g., 

zlwk sduwlfoh vl}h pxfk ohvv wkdq 433 ´p, wkh lqflghqw vrxqg zdyh fdxvhv 

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 Ƥm, 

pore diameter 20 nm and particle density 0.12 -0.15 g/cm 3) and fibreglass 

blanket (po re size of 20 Ƥm 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 Ƥm, pore diameter 

20 nm and bulk density 0.04 -0.10 g/cm 3) with resonance behaviour, and 

melamine foam (pore size 115 Ƥm) 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 with a non -

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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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. 

 

 

 

Figure 2.8 Sound absorption coefficient of silica aerogel, compared to a 

melamine foam (thickness 50 mm).  
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Figure 2.9 Sound absorption coefficient of polyimide -silica aerogels. 

Revised/r eproduced with permission from reference  [77]. 

 

Sachithanadam et al. in 2016  [80] measured the acoustic properties of the silica 

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

aerogels doped with sodium dodecyl sulfate (GSA ɊSDS) consisting of 1.2 and 

1.7 mm granular size. Absorption coefficients varie 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 

ɒLqihuhqwldo Wudqvplvvlrq Orvv phwkrgɓ +LqWOP, wr ghwhuplqh wkh 

transmission loss using a three -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.  

 

Figure 2.10 Transmission loss for (A) aerogel granules and (B) GSA -AG 

frpsrvlwhv +judqxodu vl}h= 41: pp, yld wkh sursrvhg ɒLqihuhqwldo Phwkrgɓ 

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).  

 

  

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 ũerences between the experimental and modelled acoustic 

problems around the plate resonance frequency. The estimated aerogel 

ylvfrhodvwlf surshuwlhv zhuh Ʃ@;3 nj2p3/ ƥ@3145/ Hr@4<:1<5 nSd/ zkhuh Ʃ lv 

ghqvlw|/ ƥ lv wkh Srlvvrq udwlr dqg Hr is the real part of the Young's modulus. 

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 Ɋ

1.2 mm (density of 0.08 Ɋ0.085 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 Ɋ15 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 s whose 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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‏  
Ȣ

, where Ɵ is the dynamic viscosity and Ʃ0 is the ambient density of 

air) t he 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 lq wkh pdwhuldo sruhv dqg wkh frpsoh{ \rxqjɏv prgxoxv ri wkh 

frame supporting an aerogel. These properties control the sound speed, 

attenuation, and acoustical characteristic impedance of the aeroge l. 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.  

 



Chapter 2 Literature review  

 
 
 
 

98 
 

2.7.3 Sound absorption/insulation of silica aerogel -polymer composites  

For practical applications, aerogels are usually impregnated in foams or  a 

fibrous 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 result in 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 



Chapter 2 Literature review  

 
 
 
 

99 
 

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 ph ase, 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, fibre -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 l 

measurements were done for the samples with a thickness of 5 mm. Sound 

absorption coefficients of the method I and II 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 I prepared blankets with a density of 0.184 

g/cm 3 increased steadily and showed a wide bell -shaped graph (see Figure 
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2.13) [133] in line with that expected from traditional porous sound absorption 

materials [8,9,134].  

 

Figure 2.13 Sound absorption coefficient of the 5 mm thickened PET 

nonwoven -silica aerogel blankets prepared by dipping 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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pdwhuldov duh dovr jrrg devruehuv lq wklv iuhtxhqf| udqjh1 Nûæûn dqg Nrunpd}/ 

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 Ɋ6300 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 aerogel 

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 2.7.2 and 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.  

Material  

t  

(cm)  

Method  

(Device)  

Freque

ncy 

(Hz)  

Sound 

Quantity 

measured  

Author  

(Year)  

Silica and silica -polymer derived aerogel  

-  SA* 

-  SA/PVB 

- SA/VAE 

1-4 

Nxqgwɏv 

tube  

(unknown)  

250-

5000 

Absorption  

Impact 

insulation  

Schmidt [63] 

(1998)  

SA/PVB 1.8 -  -  
Impact 

insulation  

Schwertfeger 

[93] 
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(2003)  

Silica-PDMS 

derived 

aerogel  

-  

Impedance 

tube  

(home -

made)  

250-

4000 
Absorption  

Dong [75] 

(2009)  

MTMS -VTMS 

derived 

aerogel  

1.6 

Impedance 

tube  

(unknown)  

200-

2500 

Absorption  

 

Cai [76] 

(2012)  

Polyimide -

silica derived 

aerogel  

1-3 

Impedance 

tube  

(unknown)  

2500-

10000  
Absorption  

Yan [77] 

(2014)  

-  SA 

-GSA-SDS 

aerogel  

1-5 

Impedance 

tube  

(Euûho ) 

Nmåu, 

50-

1500 

Absorption  

Transmission 

loss 

Sachithanadam 

[80] (2016)  

SA 1.5-4 
Impedance 

tube  

100-

1700 

Transmission 

loss 
Moretti [60] 
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+Euûho &  

Nmåu, 

(2017)  

SA 1.1 

Signal 

processing 

model 

based on 

impedance 

tube  

Audible 

range  

Absorption  

Transmission 

loss 

Geslain [83] 

(2018)  

Monolithic/gra

nular SA  
1.3-2.5 

Impedance 

tube  

+Euûho &  

Nmåu, 

100-

4900 

Absorption  

Transmission 

loss 

Merli [118] 

(2018)  

Silica aerogel -polymer composite  

-  SA/PUR 

foams  

- 

SA/elastomeric 

PU 

1.2-3.7 

Impedance 

tube/  

(Euûho ) 

Nmåu, 

250-

6400 

Absorption  

Transmission 

loss 

Dourbash [81] 

(2017)  
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SA/UPVC 

composites  
0.1 

Impedance 

tube/ 

(Euûho ) 

Nmåu, 

63Ɋ

6300 

Absorption  

Transmission 

loss 

Eskandari [82] 

(2017)  

Silica aerogel - textiles composite  

PET 

nonwoven -SA 

blankets  

0.5 

Impedance 

tube  

(unknown)  

250-

6400 
Absorption  

Oh [133] 

(2009)  

Cotton 

nonwoven (1 

cm)-SA 

blankets  

-  

Impedance 

tube  

+Euûho ) 

Nmåu, 

100-

6300 
Absorption  

Motahari [135] 

(2015)  

SA-filled 

superfine PET 

fibers  

0.02-

0.024 

Impedance 

tube/  

Home -

made  

250-

4000 
Absorption  

Mazrouei [130] 

(2015)  
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PET 

nonwoven -SA 

blankets  

0.5-0.6 

Impedance 

tube/  

+Euûho &  

Nmåu, 

50-

6300 

Sound 

absorption  

Ramamoorthy 

[85] (2017)  

SA-(PE/PET) 

nonwoven 

bonded 

blankets  

0.4-0.7 

(1-6 

layers) 

Impedance 

tube/  

+Euûho ) 

Nmåu, 

50-

6400 

Sound 

absorption  

 

Yang [102] 

(2019)  

PET 

nonwoven -SA 

blankets  

2.7 and 

6.4 

(non -

woven)  

Impedance 

tube/(BSW

A) 

50-

6100 

Sound 

absorption  

 

Talebi [90] 

(2019)  

*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 lyvinyl 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 l to renders and boards, but this 

question 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 ca n be approximated with  

                                                       Ὢ
ὧ

ρȢψρὬ

”ρ ὺ

Ὁ
ȟ                                                               ω 

where, c, h, Ʃ, v, and E are 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 vrxqg lqflghqfh/ wkh uhvrqdqfh iuhtxhqcy is  

                                           Ὢ υωȢψ ,           (10) 

where, d is the distance between the inner surfaces of the glazing, and m 1 and 

m2 (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  Ὑ = 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 [1 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]. 

 

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 



Chapter 2 Literature review  

 
 
 
 

121 
 

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 (fib 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 ɏ size and holes ɏ 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 -based acoustic insulation materials  

Material  

Fibrous mats  

Mineral wool  

Polymeric 

fibres  

Polymer 

foams  

Peroforated 

panels  

Silica 

aerogel  

Density (kg/m 3) Low (30Ɋ150) 
Low-medium 

(50Ɋ1200)  
Low (8Ɋ400) 

Medium -

high  

Low (20Ɋ

200) 

Pore size Macroporous  Macroporous  
Macro -

/mesoporous  
Macroporous  Mesoporous  

Hydrophobicity  Low-medium  Low-medium  Low-medium  Low-medium  
High 

(tunable)  

Fire resistance  Good  Poor  Poor  Poor to good  Good  

Structure  Fibrous  Fibrous  
Cellular 

(open/closed)  
Perforations  

Nanoparticle 

networks  

ɤ (mW m -1 K-1) Low (30Ɋ36) Low (30Ɋ36) Low (20Ɋ36) High  
Ultra - lowow 

(12Ɋ36) 

Cost Low Low-medium  Low-high  High  High  

Acoustic  Absorption  

Absorption 

vibration 

isolation  

Absorption 

insulation  
Resonant  

Absorption 

insulation  
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Applications  Insulation  Less Vibration  Absorbers   

Absorption 

frequency  
Wide range  Wide range  Wide range  

Narrow 

range  

Narrow 

range (wide 

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 2 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 do no t allow 

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 lq dq dhurjho/ lwv g|qdplf ghqvlw| dqg frpsoh{ \rxqjɏv prgxoxv 
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ri wkh dhurjhoɏv iudph zklfk fdq h{klelw ylvfrhlastic behaviour. These 

propert ies are frequency -ghshqghqw dqg vkrxog eh uhodwhg wr wkh dhurjhoɏv 

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 as a  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 ɏs 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 aerogels and  lwɏv ghulydwlyh 

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 ther mal 

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  ho w well an aerogel -based product can perform as 



Chapter 2 Literature review  

 
 
 
 

128 
 

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 

frqvhtxhqfhv iru wkh dfrxvwlf shuirupdqfh ri wkh idædgh1 Olqjhulqj xqfhuwdlqw| 

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 

question, 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.  
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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. 

https://doi/10.1121/10.0009635
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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 diameters in the range 1 Ɋ73 ´p1 Lw lv vkrzq wkdw wkhvh pdwhuldov ehkdyh 

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 c 

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 , whic h 

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 , (ii) 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 × 

106 USD in 2019 and is projected to reach $1395.5 × 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 al . [18] have also found that 

sound velocities in aerogels can be  as low as 60Ɋ70 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 al . [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 Ɋ40 micron), and that the 

non -linearity being dependent on 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 c grain mixes  using a Sdgè approximation approach , e.g., 

Horoshenkov and Swift [ 19] and Horoshenkov et al [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 m odelling 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 frqqhfwlrq ehwzhhq wkh pdwhuldoɏv exon surshuwlhv/ vxfk dv pdwhuldo 

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 

to inversely fkdudfwhulvh wkh dhurjhoɏv dfrxvwlfdo-related bulk properties, thus , 
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txdqwli|lqj hdfk exon surshuw|ɏv frqwulexwlrq wr wkh pdwhuldoɏv vrxqg 

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 and the mater ldovɏ 

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 Ɋ 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 

pdqxidfwxuhuɏv jxlgholqhv dqg zhuh lqlwldoo| fduerq frdwhg xvlqj d Txruxp 

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 µm 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)Ɋ(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 ×) at a 

scale bar of 100 ḿ. 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 ḿ, 

with  minimum and maximum value s of 7.91 ḿ and 24.83 ḿ, respectively, and 

the average type 2 particle size was 14.20 ḿ with minimum and maximum 

values of 5.54 ḿ and 41.78 ḿ 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 t ype 1 and type 2 aerogel powders also 

fruuhvsrqghg wr wkh ydoxhv jlyhq lq wkh pdqxidfwxuhuvɏ whfkqlfdo gdwd vkhhwv1  

Note that the SEM magnification scale in each of the images in Figure 3.1 

changes between 100 ḿ, 30 ḿ, 1 ḿ and 500 nm to provide a better insight 

into the particle microstructure. The 100 ḿ magnification was used to 

determine the mean particle size and standard deviation. The 3 0 ḿ 

magnification illustrates the angular nature of these particles. The 1 ḿ  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].  

 

  

a) Type 1 Ɋ VHP lpdjh dw 433 ´p b) Type 1 Ɋ VHP lpdjh dw 63 ´p 
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c) Type 1 Ɋ VHP lpdjh dw 4 ´p d) Type 1 Ɋ SEM image at 500 nm  

  

e) Type 2 Ɋ VHP lpdjh dw 433 ´p f) Type 2 Ɋ VHP lpdjh dw 63 ´p 

  

g) Type 2 Ɋ VHP lpdjh dw 4 ´p h) Type 2 Ɋ SEM 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 (f), 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 uhodwlrqvkls ri Er|ohɏv odz phdvxuhg 

using the gas displacement method ( Micrometrics AccuPyc 1330 Helium 

Pycnometer used at 20  ¯F, Lincoln, England ). The result was 2430 kg/m 3 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 Ɋ Enova IC3100  Type 2 Ɋ JIOS AeroVa D20  
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Figure 3.2  Photographs of the powder samples used in the 

impedance tube experiments.  

 

 

 

 

 

 

 

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, Italy) [27]. This two -microphone tube setup was developed to test 

small material specimens , such as granular media and powders in accordance 

with the ISO standard 10534 -2:2001 [23]. This setup enabled  the  measurement 

Microphones 

Sample holder 

Loudspeaker 

10 mm 

diameter 
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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 Ɋ4999 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 fibre 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 that th 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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a) 

 

b) 

Figure 3.4  The normal  incidence sound absorption coefficients, measured at 

different in -tube SPL in the standing wave tube experiments for (a ) 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, Ʃe, and bulk modulus, Kf, 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 P àgh dssur{lpdwlrq +6S, prgho ^63`1 

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 Ɋ 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 detail, 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] 

Ὧ  ”‫ Ⱦὑ   ‫ ” Ⱦὑ  
ρ     

and the complex density of the rigid porous medium expressed as  
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”  ”   ” Ⱦ‰. ς     

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  

Ὧ  
‫ ”ᶻ”ᶻ  ”ᶻ

”ᶻὙ ς”ᶻὗ  ”ᶻὖ
ȟ  

σ     

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

”  
Ὧ ”  ὗ  ὗ  Ὑὥ

‫ ρ  ‰  ‰ὥ
ȟ 

τ     

with  

ὥ  
”ᶻὗ  ”ᶻὙ

”ᶻὙ  ”ᶻὗ
ȟ 

τ     

where  P, Q, and R are the simplified elastic coefficients, equivalent to  

ὖ
ὑ ρ  ‰

‰
  ὑ ρ  ‰ ȟ 

υ    

ὗ ὑ ρ  ‰  ὑ ‰ρ  ‰ȟ φ     

Ὑ  ὑ‰  ὑ ‰ȟ χ     

and Biot 's modified mass density coefficients: ”ᶻ, ”ᶻ, and ”ᶻ  are expressed as  
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”ᶻ  ‰” ‌   ρ  Ὥ„‰
ὋὮ‫

‫
  ”‰  ”ᶻȟ 

ψ     

”ᶻ  ”  ‰” ‌   ρ  Ὥ„‰
ὋὮ‫

‫
  ”  ”ᶻȟ 

ω     

”ᶻ  ‰”‌   Ὥ„‰
ὋὮ‫

‫
  ‰”   ‰” ȟ 

ρπ    

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

equation ”  ” ρ  ‰ , where ” is the density of the solid material and ‰ is 

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, Ὧ 

and Ὧ and the transverse wave, Ὧ can be calculated as  

Ὧ  
‫ ὖ”ᶻ  Ὑ”ᶻ ςὗ”ᶻ  ЍЎ

ςὖὙ  ὗ
ȟ 

ρρ     

Ὧ  
‫ ὖ”ᶻ  Ὑ”ᶻ ςὗ”ᶻ  ЍЎ

ςὖὙ  ὗ
ȟȟ 

ρς     

Ὧ  
‫ ”ᶻ”ᶻ  ”ᶻ

ὔ”ᶻ
ȟ 

 ρσ   

where Ў is given by  
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Ў  ὖ”ᶻ  Ὑ”ᶻ ςὗ”ᶻ  τὖὙ  ὗ ”ᶻ”ᶻ  ”ᶻ ȟ  ρτ     

the sheer modulus, ὔ of the poro -elastic medium can be expressed in terms of 

Youngɏs modulus, E1/ Srlvvrqɏv udwlr/ ƥ, and mechanical loss factor, Ɵm as  

ὔ  
Ὁ ρ Ὥ–

ςρ  ’
Ȣ  

ρυ     

The elasticity coefficient ὖ can be expressed as  

ὖ  
σ

τ
ὔ  ὑ  

ὑ ρ  ‰

‰
  
σ

τ
ὔ  ὑ  ὑ ρ  ‰ Ȣ  

ρφ     

where ὑ  is the bulk modulus given by  

ὑ  
ςὔρ  ’

σρ ς’
Ȣ 

ρχ     

 

3.4.2 Bulk modulus and equivalent density predictions with the JCA model  

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

airflow resistivity, ƫ; (ii) porosity, Ƽ; (iii) tortuosity, ƙh ; (iv) viscous characteristic 

ohqjwk/ Ƅ> dqg +y, wkhupdo fkdudfwhulvwlf ohqjwk/ Ƅ'. Note that the static thermal 

permeability, k' 0 [32] (denoted as q' 0 on pages 84 Ɋ85 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 not use d 

as an input to the JCA model that was applied in the current study. Also, note 
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wkdw iru ileurxv phgld dv ghvfulehg lq uhihuhqfh ^8`/ Ƅ dqg Ƅ' are usually  

calculated as functions of ƫ, Ƽ, ƙh  [30] and the shape factors  are c (usually equal  

to  1 for fibres)  and c' (i.e., c'=  Ƅ/Ƅ'). In contrast,  ƫ, Ƽ, ƙh / Ƅ dqg Ƅ' were used in 

the current study to calculate Ʃe and Kf based on the JCA model (eqs. (3) and 

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

process included the dynamic viscosity of air, Ɵ@41;5Ö43ʛ5 Pa s, the speed of 

sound in air, c0=343 m/s, the density of air, Ʃ0=1.21 kg/m 3, the Prandtl number, 

B2=0.71, and the specific heat ratio, ƛ=1.402.  

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

To characterise the bulk properties of a porous medium, the effective density, 

Ʃe and bulk modulus, Kf of a fluid phase (i.e., air) must be calculated by 

quantifying the viscous and thermal effects in the pores [5]. To calculate the 

effective density, Ʃe, we use the equation  

”   ‌” ρ   Ὃ ‫ , ρψ     

and to calculate the bulk modulus, Kf we use the equation  

ὑ  ‎” Ⱦ ‎ ‎  ρ ρ  
„‰

Ὥὄ”‫‌
 Ὃᴂ‫ ȟ 

ρω     

where  
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Ὃ ρ  ‫  
τὭ‌–”‫

„Ώ‰
ȟ 

ςπ     

and  

Ὃ ὄρ  ‫  
τὭ‌–”ὄ‫

„ Ώ‰
Ȣ 

ςρ     

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 al  [33]. by: 

‌‫  
’‰

Ὦ‫ή
 ρ  

ς‌ή

‰Ώ

Ὦ‫

’
 ‌  

ςς     

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 approximation in 1/ Ѝfor large ‫ ‫ 

”  ‌” ρ  ρ  Ὦ 
‏

Ώ
 

ςσ     

and for small the limit is given by ‫  

””  ‫‌  ρ   ,  ςτ    

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

model which uses  
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‌ᴂ‫  
’ᴂ‰

Ὦ‫ήᴂ
 ρ  

ς‌ήᴂ

‰Ώᴂ

Ὦ‫

’ᴂ
 ρ 

ςυ     

Where ή is replaced by the permeability ή  ‰Ώ Ⱦψ of a porous medium with 

circular cylindrical pores having a radius Ὑ  Ώᴂ leading to  

‌ᴂ‫  
ψ’ᴂ

Ὦ‫Ώ
 ρ  

Ώ

τ

Ὦ‫

’ᴂ
 ρ 

ςφ     

This arbitrary choice for ή 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 vlpsohu dowhuqdwlyh wr wkh MFD prgho wr suhglfw wkh dhurjhoɏv exon 

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,  ίӶ, porosity, Ƽ, and 

standard deviation of the pore size,  „. It is 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.,  

                                            Ώ ίӶὩ Ⱦ                                                             ςχ 

                                           Ώᴂ ίӶὩȾ                                                               ςψ 

                                             ‌ Ὡ                                                                 ςω                                                                            

                                           „
Ӷ  
Ὡ                                                            σπ           

The parameters defined by eqs. ( 27)-(30) were then used as inputs to calculate 

the effective density, Ʃc, and bulk modulus, Kp, 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], eqs. (13) and (16)).  

 

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

model  

The JCA model outputs, Ʃe and Kf/ frxog eh xvhg wrjhwkhu zlwk wkh dhurjhoɏv 

ƫ, Ƽ, ƙh , its bulk density, Ʃb, and/or its elasticity parameters {mechanical loss 

factor, Ɵm, and longitudinal stiffness, Ὀ  Ὁ ρ  ’Ⱦρ  ’ ρ ς’ ), where 

Ὁ lv \rxqjɏv prgxoxv dqg ƥ lv Srlvrqɏv udwlr¡ as bulk property 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, Ʃc and Kp, were translated into 

effective density, Ʃe, and bulk modulus, Kf, 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.,  

                                                                           ” ‰”ᶻȟ                                                                  σρ                                                                                                                                

                                                                          ὑ ‰ὑᶻȟ                                                                  σς                                                                                                                               

where ɒ*ɓ denotes the complex conjugate, which is required owing to the 

difference in the adopted Ὡ  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 vwdfnɏv hodvwlf iudph1 Lq wkdw fdvh/ d iuhtxhqf|-dependent Ɵm can be 

used to quantify the non -olqhdulw| ri wkh pdwhuldoɏv orvv phfkdqlvp lq wkh orz 

frequency regime shown in the experimental data. Finally, the layer depth, d, 

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 Ɇ 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  

ɒsduwlfohvzdupɓ (The MathWorks, Nat ick, MA) . To be more specific, the 

parameters ƫ, Ƽ, ƙh / Ƅ/ Ƅ', ”, and 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 l atter was the dominant parameter 

controlling the peak locations.  These parameters were not dominant, i.e., most 

significant, in the fitting process. Ɵm 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 

+ɒg|qdplfɓ, orvv idfwru jurxsv lv ghvfulehg lq d odwhu sduw ri wklv vhfwlrq1 Erwk 

E1 and v were estimated values in order to represent a finite, but small, elasticity 

ri wkh dhurjho vwdfnɏv vrolg iudph/ vr wkdw wkh iuhtxhqf|-dependent –  could 

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 each in -tube SPL for 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 ex citation levels,  and also 

note that the detailed process of the development of the frequency -dependent 
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+ɒg|qdplfɓ, orvv idfwru jurxsv lv ghvfulehg lq d odwhu sduw ri wklv vhfwlrq1 We 

finally note that D was specifically introduced to represent the finite, but small, 

hodvwlflw| ri wkh dhurjho vwdfnɏv vrolg iudph, so that the frequency -dependent 

–  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 

quantitatively.  

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 SPL was calculated by combining the narrow band SPL measured at 

the frequency points from 100 to 4999 Hz for which the absorption coefficient 

data w ere measur ed. This information was available as a standard report 

generated for each measurement taken with the Materiacustica impedance 

tube. The narrow band  SPL was 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 , ЍὼӶ marked in the legends. It can be seen 

that the two models represent the experimental result with very similar 

accuracy.  
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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.  

Material  
Ƨ [Rayls/m 

MKS]  
Ƹ ƕʭ ƀ m̂m]  

ƀ'  

[mm]  

ƥb 

[kg/m 3]  

E1 

[Pa]  
ơ ƛm  

Type 1  4318Ö436 0.999 3.0 36.1 36.1 35.5 775 0.396 
Eq. (7) and 

Table 3.3  

Type 2  4318Ö436 0.999 3.0 36.1 36.1 94.0 775 0.396 
Eq. (7) and 

Table 3.3  

Table 3.2 Bulk properties used for the 3P -Biot -TMM/ACM [30,33,34] to predict sound 

absorption coefficient spectra.  

Material  Ƹ sb [mm]  Ƨs 
ƥb 

[kg/m 3]  
E1 [Pa]  ơ ƛm  

Type 1  0.999 14.7 0.756 35.5 775 0.396 Eq. (7) and Table 3.3  

Type 2  0.999 14.7 0.756 94.0 775 0.396 Eq. (7) and Table 3.3  
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a) 

  

b) c) 

Figure 3.5  (a) The normal incidence absorption coefficients, ƙɏv/ of Enova IC3100 

(type 1) ; Cabot Corporation, Alpharetta, GA) at different incident SPL by experimental 

measurement (blue -solid lines), the JCA -Biot(poro -elastic) -TMM/ACM model 
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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 -elasti c)-TMM/ACM model 

prediction and experimental measurement  are shown . 
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a) 

  

b) c) 

Figure 3.6 (a) The normal incidence absorption coefficients, ƙɏv/ of JIOS AeroVa D20 

(type 2 ; JIOS Aerogel, Korea ) at different incident SPL by experimental measurement 

(blue -solid lines), the JCA -Biot(poro -elastic) -TMM/ACM model prediction (orange -




























