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Abstract

This thesis is concerned with manufacturing awbusticalcharacterisation of polymeric
fibres. The fibres studied in this work were made from a range of polymers andhtsrial
propertiesvared considerably. This work enabled us to develop a better understanding of
the applicability of various empirical driheoretical models for the prediction of acoustical
and nonacoustical properties of polymeric fibres. It was shown that these materaisbe
tailored for various noise control solutions in vehicles whilst meeting a range of design

criteria.

In anattempt to improve the acoustical performance of traditional acoustic absorbers thin
fiborous membranes were electrospumcharacteried and malelled. These membranes
presented fibre diameteyranging from 70nm t®>m and werel(0-250>m thick. Acoustic
testing revealed thatvhen used in conjunction witrelatively thin porous substratghey are
able to boost the value of the absorption coefficianf the substrate by up to 100% over a
broad frequaicy range. It was found thatxisting prediction models are not sufficiently
accurate to explain the measured acoustical pariance of nanofibrous membraneEhere
are intrinsic problemsvith the existirg standards for acoustic material characterisation which
make it difficult to aply them to nanofibrous membrane&everal approaches tprove
prediction and measurement methods, atmiminimise the observed errors were made and
the results were quantiéd. It is believed that this is the first systematic attempt to produce
a controlled range of nanofibrous membranes, measure their acoustical propectesfully

and explain them with a range of existing prediction models.

This thesis reports®lso pregnts recommendations on the improvements to the existing
material measurement and modelling methqasdpoints toa fundamental knowledge gap
that exissin this area of research. Closing this gap is important for areasieé control,

material engineeng andpolymerchemistry.






Acknowledgements

First and foremost, | wish to sincerely thank mypervisors Professor Kirill
Horoshenkov, and Doctor Anton Krynkin for donating their time, thoughts and help during my
time as a student at the University 8heffield. Their guidance and support truly drove this

PhD to progress as far as it @idd helged ensure | stay motivated and grounded.

There are several other people to whom | owe my thanks, and without whom there
would have been far more hurdles wamp and walls to circumnavigate. | am sincerely grateful
to Doctor Paolo Bonfiglio, whose knowledg@nd assistance in all things impedance tube
based proved to be exceedingly helpful. | also want to thank Professor Paul Hatton for
graciously allowing me aess to a range of equipment that | would otherwise not had, which
enabled me to synthesise the negials discussed in this work and further the scope of the
PhD.

Immense thanks must also go to the technical staff at the University of Sheffield,
especidly Les Mortonfor all of his assistance in the first half of my time here, and whose
enthusiasm ad spirit truly made me look forward to my time in the lab. Mathew Hall also
deserves a great deal of thanks for his help in the Jonas Lab in the lattef hatfRhDand
whose work was exemplary. Chris Hill also proved to be extremely helpful in sample
preparation and training with regards to the use of scanning electron microscopy, proving to

push my knowledge in its use.

Lastly, this PhD would not have lmegossible without the joint funding from the
EPSRC, the CDT for Polymers, Soft Matter, andd3adiod my industrial sponsor John Cotton
Group Ltd. Special thanks here must go to my industrial supervisor Doctor Michael Pelegrinis
for all his assistanceand Stephen Midgely for his insight relating especially to the

development of nonwovens for indusal usage.



Vi



Publications

Journal Publications

K.V. Horoshenkov, -B. Groby, A. Hurrelh threeparameter analytical model for the
acoustical propertig of porous medial Acoust.Sc.Am, 2019,1454), 25122517

A. Romanova, K.\Horoshenkov, A. Hurrelyn application of a parametric transducer to

measure acoustic absorption of a living green wighiplied Acoustics, 201945, 8997

T. Yang, R. Misay K.V. Horoshenkov, A. Hurrell, F. Saati, X. Xfostydy of some airflow
resstivity models for mulicomponent polyester fiber assempfpplied Acoustics, 201839,

7581

A.l. Hurrell, K.V. Horoshenkov, M.T. Pelegriftig accuracy of some modets the airflow

resistivity of nonwoven materigl&\pplied Acoustics, 201830, 230-237

C.J. Fackler, A. Hurrell, D. Beaton, N. Xiatagistical analysis of multilayer porous absorbers

with Bayesian inferencdASA, 20161394), 2070 doi.org/10.1121/1.4950139

Conference Publication

K. Horoshenkov, A. Hurrell, M. Jidoe nanefibers an emerging noise control solutiodASA,

2018,144(3), 17551755

A. Hurrell, M. PelegrinidNonwovens Next Top ModelProceedings of the Institute of

Acoustics, 201&38(1), 407

vii


https://doi.org/10.1121/1.4950139

viii



Table of Contents

Y 015 1 = T OSSPSR iii
Yol g [0 11T/ [=To [0 [T 1= £ PRSPPI 1
0] o] o= 14 [ L= PP PPPPPPPPPPRTPN vii
Journal PUDBIICALIONS..........cooiiiiiie ettt eee e e e e e e e e naaeaaeeaeeeeneeenee e M
ConferenCe PUBIICALIONS. .........iiiiiiiiiie e e e e e e aanaes vii
IS A0 o [0 PSP Xii
IS 0 = o] SRR Xviii
N0 g 1= o = L =R XXii
Greek SYMDOIS. ... XXii
ROMAN SYMDOIS. ..o XXiii
SCHPE SYMDOLS ...t e e e e e e e e e e s r e e e e e e annrne s XXVi
o] (0] 01/ 1 0P UR PR XXViii
Chapter L: INTrOAUCTION.........ueeiiiiee ittt e e e e e s s r e e e e e e ssbrnreeeesaanes 30
R o 0 o] =T o PSPPSR 30
1.2 AIMS QN ODJECTIVES . ...cciiiiiiiieii et e e e e e e e e 31
1.3 THESIS OULIINE. ... et e e e e e et e e e e e e e b b eeaeeeeennnnees 32
Chapter 2; LItErature REVIEW..........ccoiii ittt e e e e ee e e e e e e e e e aa e e e e e e e e e e e e e s e s eeaseaaaaannns 34
2.1 INtroduCtion t0 POIYMELS.......cco i e e e e e e e e e e e e e e e e e e e e e e e e e e e s eaaaaaaans 34
2.2 History and syntheses Of POIYESIELS. ..o 34
2.3 History and syntheses Of PCL........ooooiiiiiii e e e 39
2.4 History and Synthesis of thermoplastic polyurethane..............ccccccceevviiiiiiiencccnnnnnnn 44
2.5 How are fibrous materials producCed?..............cooiiiiiiiiiiiiieeiiiieee e 46
2.5.1 Meltspun fibre ProCESSING..........coooeiiiiiii e e e e e e e e e e e e 46
2.5.2Electrospun fibre proCesSiNg.........uuuuuuieerieiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeeeeeeeeeenneennnnn A0

2.6 Sources of NOISE IN AULOMODIIES..........uuiiiiiiiiiiiiiiiee e 57
2.7 Application of fibrous media BCOUSTIQIrODIEMS.........coiiiiiiiie e 58
2.8 Intrinsic material parameters affecting acoustic performance.............ccceeecuveeeervennnnnne. 61

P TR T o] (=T BT T L] (T RSP 61
2.8.2 AITTIOW RESISTIVITY . .ceee ittt e e e e e e e e e 62

iX



2.8.3 POIOSITY...cetteeeeiiiit ettt e e e e e e e e e e e e e e e e e e e e e 62

2.8.4 DBNSILY.....eeeeeee ettt e e e e et e e e e e as 63
2.8.5 TOMUOSITY.....ccie e e e e e e e e e e e e e e e eeaaaaaaaaaaaaaeeeseeessessaaaaannnnnnned 63
2.9 Extrinsic Properties Affecting Sound AbSOrptianN.........coovvivviiiiiiieiie 64
2.9.1 COMPIESSION. ....eeeteeeeiiiiitee et e e e e st e e e e e e e e e e e e e aa et e e e e e e e s nbbn e e e e e e e e aannnseeeeeeeeannreees 64
R | g T | « TP E PRSPPI 65
2.9.3 THICKNESS ...ttt e e b e e s nnre e s abr e e e s e 65
2.10 Modelling FIDrouS MEIA.......cccviiiiiiiiiiiiieeceee e ee e 66
2.1 CONCIUSION. ...ttt e bt e e e e e s e e e e st e e e e e e e e anreeeeaa 67
Chapter 3: Materials synthesis and characterisation OVEIVIEW. ..........eeevvevviiiiiiiiiieeieeeeeeeeeeeenn, 70
3.1 Nonwoven fIDrous MAaterialS............eooiiiiiiiiiiie e 70
3.1.1 IMPrOVING NONWOVENS.......uueiiieeiiaiitrneteassaaaisstseeeeessassstsreeeesssaassnsneeeeesssannrnneeeesseaanes 71
3.2 NaNOTIDrOUS MALETIALS. .....ceiii it e e e e e 76
3. 2.1 EleCtroSpUN fIDFES.....uuiiiiiiiiiieeeeeeeeeee e 76
3.2.2 SOlUtioN PreParation..........c..eeiieeieieiieeeee e reeeeeeeeeeeeees s d T
3.2.3 Poly(ethylene terephthalate) membrane generation................ccccccoeeeiiiiiiiiiceccenes 79
3.2.4PolyGcaprolactone) membrane generatiQn...........c.eeeeueeeriieenieeesieeeieeeseeeeseeee e 83
BL2.5 NXTINANQ. et e e e et ettt bbb e e e e e e e e e e e tebb i aeeeeaeas 89
3.2.6 Poly(methyl methacrylate) membrane generation...........ccccveeeveeeeeeiiiiiiiniinell 91
3.3 Material characterisation MethOdS...........oocuiiiiiiiiii e 94
3.3.1 Scanning El@ON MICIOSCOPY. ... .uutiieiiiiiiiiiiee ettt e et e e e e 94
TR I B =T ] | /OO PPOP PP PPPPR PP 96
3.3 3 POMOSIMEIIY. ...ttt e e e e e e e e e 100
3.3.4 AIflOW FESISTIVILY......cci i e e e e e e eaanes 102
3.4 CONCIUSION. ...ttt ettt e ekt e e ekt e e ek e e e et e e e anreeeen 104
Chapter 4: Acoustical properties of nonwoven materials..............coooeeeeciccciciviniiiiiiiieeeeee 106
4.1 Nonwoven acoustical CharaCteriSation.............ccuuveiiieeeiiiiiie e 106
4.1.1 Absorption COETTICIENT TNEOIY........uuiiiiiiiiieiee e 107
4.1.2 Surface iIMPedaBANEOIY..........coiiiiiiii e 108
4.1.3 Sound Impedance Tube TREOLY.........uui it 108
4.1.2 Sample preparation for acoustical characterisatian..............ccccceeeeeeeiiiiiiii s 110
4.1.3 Sound impedance tUDE SBD.............oooeiiiiiii e e e 111
4.2 Nonwoven acoustic characterisation resSuUItS. ... 112



4.3Nonwoven inversion MOAelliNg...........ooviiiiiiiiie e 125

4.3.1 MOAEI INITO@ICTION. .....eeeeeeiiiiitie it e e e e e e e s e e e e e s e eas 126
4.3.2 Accuracy of some models for multicomponent fibrous nonwovens...................... 147

4.4 CONCIUSION......eiiiiitit ettt ettt e e e s e e st e e e s aannee s 153
Chapter 5: Naofibrous membrane acoustic and modelling characterisatian......................... 156
5.1 Modelling of nanofibrous membranes............ccccvuvviiiieeiiiiiie e, 160
5.1.1 Material MOAEIING......cccooiiiiiiiiii e 162
5.1.2 MOUEI FEVIBW.....ceieiiiiieiet ettt et e e e e e e et e e e e e e e e e e e nnnees 170

5.2 Nanofibrous membrane characterisation reSultS.............cccvveiiiiiie i 176
5.3 Difficulties with modelling nanofibrous membranes........ccccccccvive 179
5.3.1 Prollems associated with sample mounting..............cccccee s 180
5.3.2 Problems associated With @irgap...........ccoouiiiiiiieieiiiieeeee e 181
5.3.3 MOUEI SENSITIVITY. ....eeteeeiiiiiiiiitee ettt e e e e e e e e e s s e e e e e e eanes 187
5.3.4 Knudsen Number CONSIAErationS...........couuuriiiiiiieeiiiiiee e 188

5.4 Acoustic characterisation of nanofibrous membranes.............cccccvviieiniiie e 191
5.4.1 Relationship of acoustic performance to membrane properties............................ 192
5.4.2 Impact of electrospinning parameters on acoustic performance............cccccccvvvuee 203

5.5 CONCIUSION. ...ttt e e e ek e e e e e e e bbb e e e e e e e e n e e e e e e e e nnrnees 210
Chapter 6: Conclusion and Future WQLK.............cccooiiiiiierreeer e 212
(ST (=1 =] [0 L PP PPPP T POPPPPRPPPTN 219

Xi



List of Figures

2.1

2.2

2.3

2.4

2.5

2.6

3.1

Image highlighting the needle tip, with the resulting Taylmwee and the
fibre jet whipping from the cone.

Schematic of a typical electrospinning rig-aetused in this PhD. (a) is
the high voltage power supply, connecttxl(b) the syringe and needle
tip. (c) is the syringe pump, and (d) is the colleethich can either be a
static plate or a rotating drum (both pictured).

Two SEM images of nanofibres spun from (a) 4% wt and (b) 10%wt
solutions of PEO in water. Image sourced from Deiéted|, 2001.

SEM images of nanofibres spun from (a) 10%, (b) 20%, (c) 30% PET
concentrations. Image sourced from LogssSilvaet al, 2008. No scale
bar was providedavithin the images. Note that with increasing

concentration the presence dfeads and ribbons decreases markedly.

SEM images of the exterior of PS fibres spun with varying weight rati
THF/DMF. (A) = 4/0, (B) = 3/1, (C) = 2/2, (D) = 1/3,d&) #mage taken
from Hsiehet al, 2010.

SEM images of the crossction of PS fibres spun with varying weight
ratios of THF/DMF. (A) = 4/0, (B) = 3/1, (C) =2/2, (D) = 1/3, (E) = 0/4
Image taken from Hsielet al, 2010.

Photographf current solutions for the reduction of airborne ise in
the automotive industry, (a) is a high density fibrous nonwoven made
from recycled textiles, (b) is a medium density fibrous nonwoven mac
from recycled denims, Both (a) and (b) are designed tosed behind
interior plastics such as the dashboamdd centre console (c) is a high
density nonwoven product, applied in areas such as the boot, (d) is ¢
lightweight nonwoven designed to be applied beneath carpets.

Xii

48

52

53

53

55

56

72



3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

4.1

4.2

4.3

4.4

An SEM image showing the tyalitibre density, diameter and
membranestructure obtained by electrospinning PET fibres.

SEM image taken at 5000x to highlight fibre diameter, density, and
membrane structure typically seen with the PCL based membranes.

Changes to fibrenorphology caused by spinodal decompasitusing
different solvent systems. Nanopores are clearly visible on the surfac
the fibre, as is beadnd-chain morphology.

SEM image of a NXTNANO membranes taken at 5000x.

SEM image of the PMMmembranes, taken at th&niversity of Surrey.

SEM example images of 1.0kx and 5.0kx magnifications, chosen to
provide good overall illustration of fibre density, structure, and size.

SEM image highlighting the damage to and uneven rethe edge of a
membrane caused by cutting the sample to size using standard sciss

SEM image showing the cleanliness of the edge obtained via cutting
the cryostat method.

In house built porosimeters, highlighting the two chaenbaffected by
Equation 3.4.

Schematic of a two microphone set up.

Comparison of the absorption coefficient values for the initial John
Cotton Group Ltd supplied samples. Absorption coefficient spectra
averaged from three repeats usitige 100mm impedance tube in a two
microphone setup.

Effect of changing the thickness of Memory Fibre 8, as modelled.

Effect of changing porosity of Memory Fibre 8, as modelled.

Xiii

82

86

90

92

94

97

99

100

102

110

114

117

117



4.5

4.6

4.7

4.8

4.9

4.10

411

4.12

4.13

4.14

Effect of changing the average fid&ameter d Memory Fibre 8 on the
absorption, as modelled.

Acoustic absorption coefficient for the raw PE fibre samples.

Relationship between the fibre diameter and absorption coefficient fc
GKS GKNBS FTAONB RAINBHIES NI ¥ I IR ¢
3002 Hz.

Acoustic absorption coefficient for the NW Blend samples and
standard Autobloc product. Spiea are averaged from three repeats of
measurement in a twanicrophone impedance tube.

Impact onabsorption from the addition of a skin to a 45mm thick
550gsm sample.

Increase in absorption seen through the addition of a skin to a 24mm
650gsm sample.

Examples of the measured and predicted (via optimisation) values of
normalised surface impedance for the Miki (left) and Padé
approximation (right) models for the blended samples found in Table

A simmaryof the measured, inverted and predicted flow resistivity
values for the material samples. The ineefrvalues are represented by
the PadeNUP and Miki models; predicted values the Ke@amgnan,
BiesHansen, and Gar&lompoli equations.

A compaison of the inverted (Miki, PadeNUP) and predicted (Kozeny
Carman, BieslansenGaratPompoli) values of airflow resistivity,
presented as the percentage variance from the measured value.

(a) Comparison of measured versus predicted valuesfbdwairesistivity
against relative density for the models based on capillarymobbtheory,

Xiv

118

120

121

122

124

125

144

145

146

150



4.15

4.16

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

and (b) the relative prediction error of each model. Figures taken fror
Yanget al, 2018.

(a) Comparison of measured versus predicted values of\wiriigistivity
against relative density for the models based on drag force themrgt
(b) the relative prediction error of each model. Figures taken from Ya
et al, 2018.

(a) Comparison of measured versus predicted values of airflow resist
against relative density for the models based on empirical theories, a
(b) the relative prediction error of each model. Figures taken from Ya
et al, 2018. Figures taken from Ygat al, 2018.

Comparison of the absorption coefficientfor nn >Y GKA O
membrane versus empty tube response

Images highlighting the first method used to mount the membrane. A
can be seen, the membrane is cut oversiztj placed over the
substrate in the tube. When inserted the mating éaaf the impedance
tube ensures a tight seal.

Image highlighting the second method used in lieu of pinning the
membrane. The membrane can be seen wrapped around a 45 mm
diameter melamine sample. The folds of the membrane can also be
as straght sections relative to the curve present in other areas.

SEM images of the PMMA samples (Top left: 15kV, top right: 18kV,
bottom left: 21kV, bottom right: 24kV).

A comparison of measured and predicted values of impedance using
W[ Y2RSt ®

Acoustic results from the samples obtained in collaboration with the
University of Surrey.

SEM images of the fibre density and size fidranging the needle tip
diameter.

An extreme example of the circumferential @apjissues arising from a
shortage of synthesised membranes.

XV

152

154

158

159

160

162

170

175

177

182



5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

Diagram illustrating, the radius of the sound impedance tube, the
radius of the sample mounted in the tube, agdhe thickness of the
airgap.

Results of using the airgagorrected value for median pore size in the
two layer model.

Comparisa of the differences in real parts of the membrane and
substrate for samples V2 (top) and V3 (bottom). The real part of
membrane is represented by the combined real part of the melamine
and membrane.

Absorption spectra for the top fourgsforming membrane samples.

Comparison of fibre diameters in Samples Il (left)and Il (right).

Absorption spectra for membrane samples Il and lll, highlighting the
impact that changes to fibre diameter have.

Visualcomparison of tickness differences in Sample 1l (left) and V
(right).

Absorption spectra for the three thickest membrane samples,
highlighting impact of membrane thickness on low frequency absorpt

Absorption spectra for CF @d _C, comparindie impact pore size has
on acoustic performance.

Comparison of pore sizes in Sample CF_B (left) and CF_C (right).

Comparison of 15kV PMMA and 5gsm TPU membrane samples,
highlighting the importance of pore size on astic performancef the
membranes.

Absorption spectra for melamine substrate plus melamine substrate.

XVi

184

187

189

192

194

195

196

197

198

199

199

201



5.21

5.22

5.23

5.24

5.25

5.26

5.27

5.28

SEM images comparing density of Samples CD3 (left) and CD1 (righ

Absorption spectra for membrane samples CD1 @8, highlighting the
single instance found where density had a significant impact on acou
performance.

Comparison of Samples V1 (left) and V3 (right), where it can be seer
V3 has greater entanglement, much larger fidiameters, and less
regular fibre morpology.

Comparison of absorption spectra in samples with increasing collectc
distance.

SEM images of Samples CD1 and CD3, showing difference in spatia
arrangement of the fibres and fibidiameters.

SEM images of the fibidiameters and membrane structures from the
0.514mm (left) and 0.838mm needle tips (right).

Absorption coefficient for 280% PET in TFA membranes on the top ¢
16mm layer of melamine foam used asubstrate.

Absorption spectra fovaried solvent systems.

XVii

202

203

205

206

207

208

209

210



List of Tables

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

Material properties of a range of nonwoven materials supplied by <
Cotton Group Ltd.

The sample composition of the blends made up by Joation Group Ltc
to test hypothesis of smaller fibresiproving acoustics in current solution
These particular blend ratios relate to the composition of some succe
acoustic material solutions currently sold in the automotive industry.

Material properties of the blends made up by John Cotton @rtal.

Material properties of the blends made up by John Cotton Group Ltd.

Concentrations and electrospinning parameters used in the
experiments with PET.

Electrospinning conditions for the five initial P&arived membranes.

Electrospinning parameters used to study the impact upon fibre diame

Evaporation rates of the chosen solvents for PCL. Values of evapo
rates taken from theHandbook of organic solvent properties (Smallwo
London, 1996).

Solvent ratios and electrospinning parameters for initial experimenta
into spinodal decomposition.

Xvili

73

74

83

85

87

89



3.10

3.11

3.12

3.13

3.14

4.1

4.2

4.3

4.4

4.5

4.6

Electrospinning parameters and solvent ratios used in the experinvatits
DMSO as the 'bad’ solvent. *X = THF/CF.

Properties of the NKNANO membranes.

Parameters for electrospinning of the nanofibrous membranes produce
collaboration with University of Surrey.

Material characteristics of the Autobloc sample, supplied by John Cc
Group Ltd, used to ensure that imasing the thickness within airfloy
resistivity testing has no impact on measured values.

Experimental data from the AFD AcoustiFlow 300, showusgages anc
standard deviation for single and double thickness samples of Auto
supplied by Jam Cotton Group Ltd.

Material properties of the melamine substrate used to mount 1
membranes for acoustic testing.

Intrinsicmaterial parameters of the samples presented in Figure 4.2.

Airflow resistivity equations based on tleapillary channel flow theory.

Airflow resistivity equations based on the drag force theory.

Airflow resistivityequations based on empirical data.

The material compositions of the eight samples used in the repo
experiments.The percentages show the relative composition of fibres v

XiX

89

91

94

104

104

112

114

137

138

139

142



4.7

5.1

5.2

5.3

5.4

5.5

5.6

5.7

a particular fibre diameter value. The binder fibre has a fibre di@met
HAN®HND >YO&

The key material data for the eight samples used in the repo
experiments.

Material properties of the four PMMA samples.

Output parameters for melamine in the first step of the 2L model.

Input parameterdor melamine in the first step of the 2L model.

Input and output parameters used in the 2LDensity model for the melar
substrate. As with Table 5.3, the value of porosity here is much lower
in Table 5.1. This again is because this vauabtainal from fitting the
acoustical parameters.

Predicted and inverted values of airflow resistivity for the PMMA samj
In the case of the 2L model, the majority of the inverted values for air
resistivity are very low. The 2LDensity mbd#empts to account for this
by considering the surface density of the membrane.

A

WSONASOSR LI NI YSGISNRBR FT2N KS T2

WSONASOSR LI NI YSGSNAE FT2NJ GKS ¥
model.

XX

143

162

168

168

171

173

176

176



5.8

5.9

5.10

Material parameters for the 26 nanofibrous membranes fully characteris
Fibre diameter is presented as an average of 100 measurements
specimen, and the standard deviation.

Calculated values for each of the parameters, leading to, ,, , and
@ for the 15kV PMMA sample.

Effect of considering nslip conditions on the materials used in this wor

XXI

179

186

191



Nomenclature

Greek Symbols

Absorption coefficient
Geometrictortuosity

Tortuosity in the nembrane in the twelayer model with membrane surface
density

Pressure drop encountered during measurements of airflow resistivity
Airflow velocity

Real positive coefficient whose values depently on the assumed pore shape
Stdic viscous permeability

Permeability of microporous network in double porosity material
Permeability of macroporous network in double porosity material

Air density

Fibredensity

Density of a sample/specimen

Dynamic density of air ia porous material with nomniform pores
Approximation of dynamic density in a single pore

Airflow resistivity

Thermalflow resistivity

XXii



%0

%0

%00

%0

Sandard deviation of the logiormal dstribution of the material pore size. For
fibrous media with a relatively high porosity 1t

Standard deviation of pore size in the thayer model

Standard deviation gdore size in the twdayer model with membrane surte
density

Value of airflow resistivity, taking into consideration an airgap

Airflow resistivity of a single pore

Thermal flow resistity in a single pore

Porosity of a samplapecimen

Airflow resistivity in the membrane in the twlayer model with membrane
surface density

Total porosity in a material, in Pilon equations (Pilon, 2002)

Totalporosity value in a double porosity material

Distance between the front of the sample and microphone 1 in an impedance

tube
Specific heat ratio

Angular frequency

Roman Symbols

[ 2yaidlyd Ay DFENFA YR t 2 Ydualiedf 25985 &

Mean molecular pathway

XXlii

wSa



0 T

e

"OF

(s}
Qax

| 2yadGtyd Ay DFNIFA YR t2YLREA WbSg w
Bulk complex compressibility amporous material with nomniform pores

Bulk complexcompressibility in a single pore

Speed of sound iair

Fibre diameter in denieg unit of weight equivalent to the weight in grams of
9000 metres of the fibre

Fbre diameter
Padt approximant for viscosity correction term
Frequency of soundwave

Describes range ofrédquencies in which impedance was measured in an
Impedance tube

Denotes dransfer function in sound impedance tube theory
Height of a sample/specimen

The acoustic intensity which propagates through and is absorbed by the
material

The acoustic intensity incident on the surface of the material

The reflected acoustic intensity

An imaginary number, with the value= J1

Denotes the imaginary part of the surface impedance describing the acalus
reactance

Knudsen number

Dimensionless empirical constant in Bléansen equation
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Dimensionless empirical constant in Bléansen equation

Dynamic bulk modulus of aim a porous material with ncaniform pores
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a giventemperature

Wavenumber in air
Wavenumber
Wavenumber in a porous material with namiform pores

Molecular weight, the sum of the atommeights of each monomer unit
making up the polymeric molecule

Mass of a sample/specimen

Prandtl number

Pressure

Amplitude of sound pressure

The absolute value of the pressure complex reflection coefit
Acoustical resistance, denoting the real part of the surfaggedance
The reflection coefficient

Radius of sound impedance tube

Radius of material in the sound impedance tube, taking airgap into
consideration

Descriles the material surface

Distance between the two microphones itveéo-microphone impedance tube
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ir Median pore size of the membrane in the tdayer model with membrane
surface density

ir Corrected estimate of median pore size, taking into consideration an airgap

o Size of airgap, in Pilon equations (Pilon, 2002)

w Volume of a sample

() Describes the difference in air volume between two chambers according to

28t SQa fl ¢

W Pressureeflection coefficient

0 Acoustical velocity

® Surface impedance at the boundary conditions

Script Symbols

°C Temperature in degrees Celsius

ID Inner diameter

%RH Relative humidity, the ratio of the partial pressures of @aravapour to the
equilibrium vapour pressure of water for a given temperature

%w/w Weight per weight. Represents the weight of a reagent used in a solution, e.g.
in a 100g solution made up oD@ of NaCl (salt) in 80g ob® (water), NaCl
would be 20% vwv

Vio§ Root mean squarerror

Median pore size in the twdayer model
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Time correction in transfer function method of measuring sound absorption in
impedance tubes.
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Acronyms

BHET bis-(2-hydroxyethyl)terephthalate, monomer

BUuAC N-butylacetate, reference material for solweevaporation rate

CQ Carbon Dioxide, molecule

DAQ Data acquisition, a process of measuring electrical or physical phenomen
DCM Dichloromethane, solvent

DMC Dimethylcarbonate, solvent

DMF Dimethylformamide, solvent

DMSO Dimethylsulfoxde, solvent

DMT Dimethyl terephthalate, reagent

EG Ethylene glycol, reagent

eROP Enzymatic ring openingolymerisation
ETA Ethanolamine, catalyst

EU European Union

Hz Hertz, SI unit of frequency

ID Internal diameter

NO Nitrogen oxdes, family of molecules
PCL t 2 f-agrdactone), polymer

PET Poly(ethylene terephthalate), polymer
PLLA Poly(Hactic acid), polymer

PMMA Poly(methyl methacrylate), polymer

PS Polystyrene, polymer
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PU
PVC
PVDF
SEM
SiQ
Sn(Och
TFA
THF
TIiQ
TPA

TPU

Poly(urethane), polymer

Polyvinyl chloride), polymer

Poly(vinylidene fluoride), polymer

Scanning electromicroscopy, characterisation method
Silicon dioxide, catalyst

Stannous(ll) ethylhexanoate, catalyst
2,2,2trifluoroacetic acid, solvent

Tetrahydrofuran, solvent

Titanium(IV) oxide, catalyst

Terephthalic acid, reagent

Thermoplastic poly(urethane), polymer

XXIX



Chapter 1: Introduction

1.1 Problem

There is a drive to improve the acoustic insulation in automobidesa variety of
reasons. Firstly, there are numerous physical and psychological impacts that can occur when
we as humans are subjected to acoustic noise for extended periods of timesyttegbogical
and physicalmpacts alongside the impact on heaHlielated quality of lifeof being exposed
to excessive noise are well documeni@&ingeret al, 1973 Dockrell, Shield, 200&hepherd,
et al, 2011; Bakkerget al, 2012 and will not be cogred directly hereinlt is important to note
that the external nese generatedby automobiles has been monitored and controlled in the
UK since 1929, so it is apparent that this issue has been a long standing one. In 1978,
Europeanwide noise limits werantroduced that limited the external noise produced by
automobilesto 82 dB(A). This was progressively decreased to its current value of 74 dB(A),
which was enforced in 1996 (Vehicle Certification Agency, 2012014, Regulation (EU) No
540/2014 (Publiations of the European Union, 2014) was introduced, which is degitp
phase in both tighter noise limits and stricter testing conditions; the noise limit for new
automobiles will be 68 dB(A) by 20dthe same document also noted that traffic noise harms
health in numerous ways, citing noiselated stress as being adtor in exhausting physical
reserves, limiting the effectiveness of organ function, and being a potential risk factor in the
development of medical conditions such as high blood pressuneant attacks (Publications
of the European Union, 2014). Addit@lly, noise produced by vehicle tyres has been tightly
controlled and reduced in a similar vein to the external noise limits, through Regulation (EC)
No 661/2009 (EuLex, 2009), further fhlighting the significance of noise control in

automobiles.

Alongside the numerous regulations and directives from both national and EU bodies, there
are other factors that have tbe considered in the design and implementationawfoustic
solutions to atomobiles. Manufacturers are keen to improve efficienaidsackedpartially

by legislations relating to G@missionsand more recently NOemissions. Of courséhe
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greatest improvements in these areas will be controlledghains inengineand propulsio
technologes, but there are still fairly significanthallengesin decreasingvehicle weight
Commonautomotive acoustic solutions tend to holy(urethane)(PU foam based and as
such can be quite high in both density and thicknésswitch to nonwovempolymerbased
materials would have the potential to decrease btk weight and thickness of the materials

whilst maintaining or improving upon the level of astia performance.
1.2 Aimsand objectives

The main aim of this PhD project was to explore the use of poljibres for acoustic
absorption andinsulation, sgcifically for use within the automotive industry. Initially this
called for an understandingf dhe materialsthat are currently used for acoustic purposes
within the industry, and what the key points of interest are for industrial manufactuiers
faciltate change Experiments wergerformed on a range of reavorld acoustic solutions
taken from several manufacturer brands and models understandthe current level of
acoustic performance, as well &sgauge theoptimal material parameters such as detysi
fibre diameter, and thickness.These experiments suggestdbat there should be two

avenues of approach to the problem of acoustic solutions in automobiles.

The first avenue was tmvestigatemaximising the acoustic performance of the types of
solutions currently in place, through an understanding of how the material parameters impact
the acoustics and hence how those parameters can be optimised to attain the greater
performance. The second approach was to produce a different type of acoustic sotuten,
with the potential to decrease weight and thickness of current solutions whilst rziainiy

or improvingthe performance.

Several additional aims werget as a result of these two approaches. Tdgtimisation of
current solutions entailed understandinbetter how the material parameters affect the
acoustic performance, in addition to looking into how changing some of those key parameters
- specifically airflow resistance and fibre diameter, could result in avpd performance

without requiring any chages in production industrially. Regarding the generation of
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parameters lead to the use of a membrane on the surface offar material,referred to as

a substrate It was shown that lis thin membrane (typically <56m) would provide a

substantial increase in thabsorptionof a porous substrat@and soallow the substrate to

become significantly thinner and lightérhe cevelopment ofnanofibrous membranes led to

aneedto gain anunderstandng ofwhy the membranes behave the way they aod why it

is difficult to predict their acoustical properties using existing theoretical and/or empirical

models.

There aretwo key novelaspects in this PhD. The firsbvelagped is to produce a range of
nanofibrous membranes for acoustic absorption application and to understand better their
effect on the acoustical properties of a porous substrate. Jé@ndnovelaspect is tagan

an increasedinderstandngof the problems assciated with the process of measurement and
predictions of the acoustical properties of nanofiborous membraaeasd to quantify the errors

associated with these processes.
1.3 Thesis Outline

The second chapter of this thestarts by inroducing the basie of polymers with a
focus on the polymers used within the PhD projd@bie basics behind botthhe acoustics and
process of thepreparation of polymeric fibreare covered along with the synthesis of both
the monomer and polymer unitsfeeach material Within the samechapter keymaterial
parameters arexplained along with their impact on the acoustic performance of a material.
A discussion of the key sources of noise in automobiles occurs, to give context to the range of

frequencies hat need to be mimised to improve performance.

Chapter three covers the chemical side of this PhD project, detailing&terialpreparation
methods and observations dboth the nonwoven materials, anthe nanofibrous and
nanoporous membraned he rangeof solvents, procgsing parameters, and polymers used
to producethe membranes is documented, along wahy problems associated with it. This

chapter discusseiow these problemscan be managed, as well as providing some
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information on what was found tde the most stableor reliable approachegor the

productionof nanofibrousmembranes.

Chapter four discugs the characterisation and modellingf the acoustical properties of
nonwoven medialt explairs the parameterinversionprocess and explores theedformance
of somecommonpredictionmodels.Two indepth studies are presented dmow to choose
the best model and how to get the most accurafgrameterinversion forthis kind of
materials. This chapter concludesth a discussin of the downsidesof the existing models

and explainswhy it isimportantto developa better model forthis type ofmaterials.

Chapter fiveopens witha discussion of how thgynthesised membranesere characterised,
before presenting the fully characterised merabes Following this, work on agimpting to

model these membranes in presented. The observed results from this modelling are then
discussed, with the aim of evaluating why the results from these models is generally poor and
highlighting the difficultiesn applying current models to theseaterials. The latter part of

this chapter studies the acoustic performance of these membranesastethpts to relate
changes made during the synthesis procedure, such as voltage or solution properties, to the
attained aoustic performanceThe aim of tis work was tadevelopthe understanding of

how the acoustic performance can be customised and tailored throughout the synthesis of

nanofibrous membranes

Chapter six concludes the the&g reviewing the findings from each previous chapter and
the key pants identified within It also discusses the areas in which future work would be

undertaken and how perhaps this could be best achieved.
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Chapter 2: Literature Review

2.1 Introduction to polymers

A polymer is defined as a macromolecule that is made upanfy repeated units. The
repeated unit is referred to as a monomer, and its properties dictate the chemical and
physical properties of the resulting polymer. A wide range of material propeca@sbe
attained by modifying this monomer unit, including ginal properties like conductance,
stability, tensile strength, as well as thermal properties like degradation profiles, transition
temperatures and melting points. Acoustically, different momesmcan also indirectly impact
absorption. From an industrigloint of view, these will all impact the processing of the fibre,
and so its general suitability for a given application. Polymers with relatively low degradation
properties will be less suitetb applications where they are exposed to heat and moisture
cycles, whilst polymers that are harder to solvate will be less favourable due to the cost of

more effective solvents.

A range of polymers were studied in this thesis. All initial work was damegu
poly(ethylene terephthalate)as this is the most readifvailable of the polyesters and was a
material of key interest for our industrial partner, John Cotton Gragp lLater work moved
on to polycaprolactone andpoly(methylmethacrylate)in a bid to reduce the cost of
production, as these polymers are far easto solvate and so require cheaper, more

environmentally friendly solvents.

2.2 History and syntheses of polyesters

¢KS (SN)Y WL &alily df SoNdersRrade OpNdbnmassterdérived backbone
Of this family, the most commonly encounterpolymer and the onenost commonlyutilised
within this PhD is poly(ethylene terephthalate) (PEDther variants include pai§
caprolactong (PCL), athpolylactic acid (PLLAET is a synthetic poher that is used widely
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in the form of fibres, flmsand molded parts such as bottleSpproximately 60% of all PET
produced ends piin usage as a fiborend PETaccounts for 30% of the global fibre market

na, 2013)Its commonality and widespread usagerethe main factor in why PET was chosen
as the nain focus of this workPET was first patented by Winfield and Dickson in 1941 and
was found to have favourable propertibecause ofts high melting point (26%), hydrolytic

stability, and strengthwhichrivalled nylon (Paul, 1985)

The synthesis of HEnvolvesa two-step reaction, in which the PET monomer is fornaedl
then underges a polycondensation reaction to form the polym@&here are different
methods toform the PET monomewith most modern methods bgnning with the acid
(terephthalic acidTPA, or dimethyl terephthalatg DMT)) as it is available commercially in

largequantities

The first of these methods is the direct esterification reaction (Reatibyin which the acid

reacts directly with the alcohplisually ethylene glycdEQ, to generate the monomer

0 H,C—CH, o2 0

H. (‘O\\c c// S HO/ @}o —\ C—< >— c//
HO\C/ C\O:/:/ \OH (H/ :o/ \OH
H;/”C_Ci;i\\c c//o i__ HO—CH O\\c c//O
H—O{-})) \OH H\C o/ \OH

Reaction2.1

The second method starts from a dimethyl ester instead of the acid (Red#pand is an
example of an ester interchange reactidrnis is a twestep reaction, first generating the acid

and then the monomer
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Reation 2.2

The second step of the PET thesis is a polycondensation step to generate the polyrrer
this step, ethanel,2-diol (GHs(OH}) is eliminated in a condensation reaction to generate the
PET polymer (Reactidgh3). This leaves us with a polympre-cursor, which in the case of
fibrous PETis then fed directly into a variety of processes to generate the filileese

processes includmelt-spinningand electrospinning

e} O o] (o]
HO—CH, \\C O C// H,C —OH Antimony(III) oxide catalyst \\C O c// Hot
QC_O/ \O_Cé 510-530K. -C,H,(OH), O/ \O_Cﬁz
n

Reaction2.3

In terms of synthesis conditions, the direct esterification ro(Reaction2.1) wouldinvolve
mixing the two monomers (TPA and EG) into a slurry at a molar ratio 6f3.:0ne study
found that low monomer feed ratios and high temperatures or 280°C can enhance the
solubility of the TPA monomer (Kared,al, 1996) Catalts are not required for this step of
the reaction The ollectionand analysi®f water formed during the reaction can be used to
estimate the conversion percentage of the reactidhis noted that the addition of PET

monomer, also known as b{&-hydroxyethyl)terephthalate (BHET), can be used to speed up
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the rate of the reaction, but this is primarily employed in commercial applicatiue to

having large amounts of the required feedstock.

The ester interchange pathwakldaction2.2), utilises the monomers DMT and EG, which are
mixed at molar ratios of 1:2-2.3 and the relevant catalysts addetihe reaction proceeds
under a slow stream of nitrogen and a temperature of between-2I@C The byproduct
methanol can be collectednd analysedo allow for the estimation of reaction conversion
Completion of the reaction can be determined once methanol stops distilling, leaving the

desired end product BHET

A further studyinvestigated the effects of adding TPA to the polycondensatiogestaf
Reaction 2.1 and found that its use as an additive resulted in the reaction proceeding at a rate
two to three times faster than normaThey proposed that the carboxylic acid group present
on TPA was able to form an ion pair, via autoprotolysis,thagroton n was then able to

catalyze the reaction (Chegolyat,al, 1979)

With regards to the use of catalyststhe generation of the PET monomeelatively few have
been appliedn acommercialsetting (RavindranathMashelkar,1986) This is beause it is
challenging to find a catalyst that accelerates both steps within the reaction without also
promoting side reactionsNaturally, this is undesirable as it will result in decreased vyield of

the final product.

As a resultatalysts are generallynly used irthe direct esterificatiorand polycondensation
stages; typicallytwo catalysts are generally selected for use within the reacfidre catalysts

with good commercial acceptance for the direct esterification stage are generally acetates of
zinc, magnesiumsodium and calcium due to their solubility and high catalytic effect on
transesterification Of these, an early studfound that sodium acetates had the highest

catalytic efficiency (Yoda, 1971)

Esterification catalysts within PET synthesis typicallytr&ath the EG monomer, leading to

the formation of a metal alcoholate and acetic adidtetic acid is removed in the raam,
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which drives the reaction equilibrium righEquation2.1 presents the equilibrium reaction
for this step of the reaction, wherg represents the metal catalyst aril represents an

abbreviation of any chemical groups attached to the active sitharreaction
0 0060 ¢cYO@ O OY ¢o0OO0ULO
Equation2.1

Catalysts for thepolycondensationstep are generally antimony(lll) oxides or antimony
triacetate derivatives in industrial applicatianBhere have been a number of earlier studies
confirming the method of catalysis (Raflet,al, 1974; Tomita, 1976a,b; Kamatani, Konagaya,
1978; Kamatankt al, 1980) The catalysts allow for the eordination of the metal ion to the
estercarbonyl bond, increasing its polarity and its desirability to nucleophilic attack by the
hydroxyl end groupdt is worth noting that the activity of these catalysts iropesas the

reaction proceeds

One of the main issues surrounding antimony catalysis, detipéie widespread usage, is

health concerns related to antimony compounds making their way into the final prodsct

a result, Acordis introdued a supposedly environentally-friendly and harmless catalyst

Y | Y S nl®@é mid1990s This catalyst is primarily only suitable for PETs that will be used

within the textiles industry as it does lower the tenacity of the fibre by 1@%pni€

composed of Ti@and SiQ@in a ratio of 9:1, and has been shown to b& 6mes as active as
antimony-based catalysts (Thi€rebe, Rabe, 2000yhe mechanism of catalysis for tH&/

o ncalyst is still poorly understood, and monot mentioned here It is also worth noting
GKIGhn® Aa adAaftft y20 O2yaARSNBR (2 obbtwhs A RSH
worth mentioning due to environmental considerations which is iman theme repeated

throughout this work

Other studies have shown that titanidbased catalystsra the most active metal ion based
catalyst, but are also seen to impart yellow colour to the polymer (Sktat,1984) Titanium

based catalystare dso prone to hydrolysis forming oxoalkoxides, which have reduced
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activity and introduce haziness to tholymer (MacDonald, 2002)This colouration and
haziness arendesirable in industrial application®ptimum concentrations for titaniurand
antimonybased catalysts are.Ax10* and 24x10* mol/mol BHET respectively (Shatt,al,
1984) A paper by Macbnald also found that germanium oxide could be used for the
catalysis, but despite superior activity it has high costs which rule it out frolustrial

consideration (MacDonald, 2002)

As a resultand despitethe mentioned health concerns, the two most camonly used
catalysts for the synthesis of PET are sodium acetates for the direct esterification stage, and

antimony(lll) oxides for the polycondensation stage.
2.3 History and syntheses d?CL

PolyGcaprolcatong (PCL) was one of several polymers synthesised by the Carruthers
group towards the early stages of the 1930s (Van Natta), 1934). It is a hydrophobic and
semicrystalline polymer with a low melting point (821°C) and good solubility @ah became

commaecially viable due to its biodegradability.

PCLs primary use was as a biopolymer in the biomedical field (Chandra, Rustgi, 1998; Okada,
2002; Nair, Laurencin, 2008; Hutmacher, Woodruff, 2010) typically within drug delivery
applications dued a resorbablaature and the ability to have tailorable degradation kinetics

and mechanical properties. More recently, PCL has excelled in the-gssgjgeering field,

which stemmed from the realisation that PCL has some of the best rheological arelagsico
properties of any biodegradable polymer, making it excellent at synthesising a wide range of
scaffolds (Zeiret al, 2002;Lee,et al, 2003; Huanget al, 2007; Luciankgt al, 2008). Further
advantages of PCL are its inexpensive synthesis robtsg significatly cheaper to
synthesise than other members of its polyester family. This is partially due to its relative ease

to solvate.

One thing to consider with the application of PCL to fields other than biomedical is the

biodegradability mention arlier. Within the human bodyPCL can degrade in a period of
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months depending on the molecular weight, degree of crystallinity and the degradation
conditions The best case scenario for degradation is a matter of yaeesdl.et al, 1997;
Gross, Kalra, Z12; Sinha,et al, 2004; Sunet al, 2006; Penagt al, 2006; Lamet al, 2007)

The rate of degradation withiautomobileswould have to be assessed anauld need to

take into consideration heat cycling and whatever environmeatgdosuresghe material 5
subjected to, for example any heat cycling, exposure to UV, oils, solvents, or water.
Degradation ofPCL occurs in several stages. Firstly, the amorphous phase is degraded
resulting in an increasen crystallinity but no changenithe molecular weightSecondly,
cleavage of ester bonds occurs, which causes mass loss and a decrease in molecular weight.
This cleavage is essentially sedtalysedyy the carboxylic acid groups that are lost during the
hydrolysis step of the cleavag®inhagt al, 2004), btiit can be further catalysed through the

use of enzymes in nature or the body (Lanal, 2007).

Synthesis of theGcaprolactone monomer is produced industrially from oxidising
cyclohexanone in peracetic acid (Roceal, 2003).This synthesis reactiocan be seen in
Reaction 2.4nd utilises a catalyst composed of antimony trifluoride and silica in a ratio and

method currently still protected by patent law.

0 0
Q Q
4 . Y
O0——>0OH OH

Reaction 2.4

The preferred synthesis of PCL proceeds throughngopening polymerisation othe
monomerEGcaprolactoneThe ringopening polymerisation is the preferred route as it able to
yield PCL with a greater molecular weight and lower polydisperstigre are four main
routes through which ringppening polymesation can occur: anionjicationic; monomer

activated; and coeordination inserted. The route which is seen is dependent on what catalyst
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is used. A basic representation of thea@alination inserted pthway can be seen in Reaction
2.5, as this is the m&t common form of ring opening\n alternative synthesis route is through
the polycondensation of-Blydroxycaproic acid, but this yields polymers with lower molecular

weight and a lower polydispersity value (Labet, Thielemans, 2009).
8 0

U XU

Reaction2.5

Thereare three different catalytic sgtems involved in the synthest§ PCL: metal based,
enzymatic, and organic. Ftite metalbased catalysts theain typesare alkali and alkaline
based catalyst9Of these two, alkalinbased catalysts are typiliamore dtractive. There are
further metd-based catalysts in the form of pcanetal, rare-earth metal, and transition
metal options. Alkaltbased catalysts are typically ionic compounds, which results in
transesterification in the polymerisatioleading to poor control over the reaction. Alkadin
based catalystsn the other handare attractive due to high activity and low toxicit®latel,
et al, 2009) The most commorlkalinebased catalysts are magnesium aradcium,both of
which are extremely abundant and widely used through nature, makimem both a cheap
and biologically benign catalyst (Browning, 196Bhe mechanism for catalysis by aikyl
magnesium compounds is believed to be initiated by alkyl transfehe g-caprolactone

monomer. Bulkier alkydimagnesium based catalysts are able to produce greater reaction
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speeds, which is attributed to a minimisation in sigactions caused by the bulkier ligands
acting as a steric barrier (Ko, Lin, 2001). In thee=ad akyl-calcium catalysts, catalysis routes

depend on the type of calciwbased system that is used.

A third alternative system is based on poor metiaased ctalysts, including aluminiusor
tin-based catalysts. These type of catalysts are widelgt,udgspit their relatively low activity
for the ringopening polymerisation of lactones. Their usage is predominately down to good
control over the reactiorg especially aluminiuabased options (Plategt al, 2009).The most
commonly used catalyst for éhringopening polymerisation offcaprolactone is the tin
based stannous(ll) ethylhexanoa(8n(Oct); its commonality largely dueto its easeto
handle, readily soluble, and commercially viable. In order toSrg©ct) for the ringopening
polymerisation it mgt be used in conjunction with a nucleophilic compound in order to
initiate and control the reaction. The nucleophilic compound usegpigEally an alcohol such
as ethanolamindETARNd a general reaction scheme for the catalysis andap®ningusing
N(Octp and ETAcan be seen in Reaction 2.6ther alcohols which can be used for the
reaction include butanol which in a study was fiouto lead to the greatest increase in the
number of active sites, which yields a faster polymerisation rate. Therelsoetransition
metalbased catalysts and raxarth metal catalysts, but due to the relative scarcity of these

types of catalyst due ttheir cost, they will not be mentioned in further detail.

In terms of enzymatic rirgpening polymerisation (eRO®)s is relatively new method that
typically utilises lipases. The lipases then react with the monomer to form a complex, which
then goes a to react with an alcohol. In eR@tethodspolymerisation, degradatigrand the
deactivation of the enzyme have been shot happen simultaneously (Sivalingam, Madras,
2004). The proposed method for these enzymes will not be shown, despite being pdopose
several years ago there is still some ambiguity as to how the reaction occurs. However, the
proposed route is believed foroceed via ringppening of theg-caprolactone very early in the
polymerisation, followed by linear condensation to form the polyrfi2dong.et al,1999). One
possible explanation for the lack ofdustrial uptake of eROP methods could be tharge

variety of reaction conditions and reaggs that have to be monitored and selected.
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As an example of thisyhen considering théipase enzyme, its catalytic activity is dependent
on its origin and the type of lipase (Kobayashi, 2000). Furthertt@echoice of solvent
particularly with regards to hydrophobicitigas also been shown to have a significant impact
on the efficiency of polymerisatiofKobayashiet al, 1998) Hydrophilic solvents result in a
much lower conversion of monomer to polymer and the resulting polymer alfersifrom

a lower molecular weightAdditionally, water levels must be manageatefully too as water

is proposed to be the initiator of the eROP.
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The last type of catalysis used within Hogening polymerisation afcaprolactone is organic
compound andnorganic acid catalysts. Therenst much work completed on this type of
catalysisand it is not particularly prominent in industry, due to the various cost and
environmental concerns associated with organic and inorganic acids. Their major advantage,
however, is that they are able tatalyse both the alcohol and the monomer which increases

the reaction rate.

2.4 History and Synthesis of thermoplastic polyurethane

Thermoplastic polyurethane (TPUXxlas&d as dinear segmented block copolymer.
A comlymeris a polymer made up from two or more different monomer units, and the term
block copolymer defines a copolymer that is made up from blocks of each monomeg unit
also known as block macromolecules. The tamadr segmented here means that the biksc
are separatd linearly, that is to say the chain is in a straight line with no branchimg
essentially appears to have arBRA-B arrangement (where A and B are different monomer

units).

TPU idully thermoplastic which means that it is both elastimdameltprocessableAll TPUs

gAftft 0S 0O2YLRASR 2F WKINRQ 0ft201 FYyR WwWazftiQ
compositiorsT 2 NJ (4 KS WirhaNdaed aliphaficOAromaticdatks will be composed

from isocyanates with @ng of resonance bais, such as a benzene ring. Aliphatic blocks will

also typically be composed froisocyanates buwill lack the ring of resonance bonds which

make aromatics inhereht stable.

With regardsii 2 G KS Waz2FadQ o6ft201 YIONRBY2f $0rdaf S Al
polyester, andthe composition will vary depending on the end applicatidine molecular

weight and the ratio of the two block macromolecules can also be varied, leading gha hi

degree of customisability in the end products characterisit® mdecular weight of WK I NR Q

blockmacromolecule will be fairly low (6000My,), relative to theW & 2 F { @hicbwill A
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a much higher molecular weight (6@@00My) (Ye.et al, 2008).The high molecular weight
sections provide high flexibility whitee lower molecular weight sections affect hardness and

the moduli (Coaet al, 2006).

There are a variety of symesis methods for TPWepending on the type of block
macromoleculesused Most commonly, TPUs will be synthesised through solution
polymerisdion. Solution polymerisation is a synthesis method in which all the reaction
reagents (monomer, catalyst, init@at etc) are dissolved iasolvent or solvent system in the
reaction vessel. Once startate reaction will proceedand the synthesised polymenill
remain contained and solvated in the same reaction vessel. The resulting polymer will have
increa® the viscosity of the solution, and as such the volume of solwargtbe monitored

and increased throughout the reactiohe reaction rate can be otrolled by altering the
amount of catalyst or initiator, which is of key importartogvards the end of the reactian

As a result of thithe choice okolvent,initiator, and catalyst are of considerable importance.
The effect & viscosity will have a nateableeffect on the mechanical propertiegspecially
tensile strength but will also have a significant impact on additional properties like elongation
at break and hardnes#s an example, whilgtimethylformamide DMB is readily available
and relatively cheap as a solvent for TPUs its highitgpipoint of 138C makes it difficult to
remove fully from the polymer during the drying stag€&hishas a detrimentaéffect on the
mechanical propertiesshowingas much as a 400% decrease in tensile streagtha 25%

decrease elongatiog which will make the material much more britt{¥e et al, 2008).

There are no chemical reactions shown for TPU as the exact process of monomer synthesis

and polymerisation | not known for the TPU materials sourced irPthi3.

Altering the properties ath components of the polymers was not a focal point of this

work, however, so this was not explored in greater detail and will not be covered further here.
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2.5How are fibrous materials produced?

Fibrous media is generalipade through one of two processes: msftinningor
electrospinningThere are advantages to using either methods, for example-spatining is
a more costeffective and faster process, but electrospinning allows for higher Bpsarface
area and smadr fibre sizes, as well as improved mechanical properilé®e specific surface
area of an electrospun polymer on the nanofibre scale can be as much’® ém#6 greater
than that of a conventionally processed polymer on the nscede (Huanget al, 2003)
Interestingly, processing via electrospinning malgo allow the polymer to retain its
electrostatic chargewhich can then be affected by external fields and polaritihanging the

electrical propertieof the polymer (FrengtChronakis, 2003)

Changedo the polymerstructure, for example introducing star confirmations or branching

could result in difficulties when utding electrospinning methods, and so mstiinning may

be more appropriate for these polymer variatioBsdzS (2 G KS lirdaéangfbri@a A y b ¢
media, this section will focus primarily on electrospinning which was used throughout this

work.
2.5.1 Melt-spun fibre processing

Melt spinning is a costffective method, with the potential to attain high prodtion
speeds at low coswith very little need for posprocessing in terms of washing, solvent
extraction, or any other methagl In the meltspinning processgranulated polymers are
melted and extruded through a spin head, generating filameAisis then blown over the
filaments,cooling them, before a lubricant is applied to allow the filaments to be spun into a
fibre. One significant advantage of medpiming over other approaches is that it does not
require solvation of the polymer granules, and therefore does not have assdéssues with

solvent suitability, drying time, or waste disposal.

The speed at which the spin head rotates has an impact oraligament of the filaments

within the fibre ¢ which is a key factor in the tensile strength of the fib@ontrol offibre
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diameter can bananagedby altering the size of the headisut despite thismelt-spinning is
unable to obtain fibres as small as tleoprocessed via electrospinningr centrifugal jet

spinning
2.5.2 Electrospun fibre processing

Electrospinning, shortened NB Y WSt SOGUGNRAGFGAO ALIAYYAYy 3
polymer melt solution- I £ &2 O f f- & Rxtrikded thRoaghJanCelédeally charged
needle at dixedrate. Afixedrate is employed taensure the size of the dope drop at the end
of the needleremainsconstant. The electric field imparts a charge on the surface of the
polymer dope, and as the intensity of the electrichhrge is increaseiti causes the polymer
dope drop to form a conical shape (a Taylor corégure 2.} at the end of theneed S Q &
capillary At a certain intensity, a critical value will be reached at which the repulsive force of
the electrostatic charge overcomes the surface tension of the polymer dope and a charged
Wwa2SiQ 2F GKS L}t & YSNI R2 L)§lorkane TReettr@KundelgdefR FNR Y
I Wg KA LILIA daithg WiKERE Sobventtbmponent of the dop@vaporates, yielding a
charged polymer fibre which then lays itself on a grounded metal screen (F@hanakis,
2003)

Needle tip ¢l ef 2N

Polymer jet

Figure 2.1: Image highlightinthe needle tip, with the resulting Taylors cone and the fibre jet

whipping from the cone.
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The basic components required in order to electiospre a syringe driver/pump, a high
voltage power supplgnd some form of collectorA simplistic schematic falectrospinning

can be seen in Figu&2. The syringe driver is used to provide a constant and regular flow of
the polymer solution to the needle tip, while the power supply is responsible forupelg

of a stable and variable voltage to the needle ¢iresulting in the electrostatic repulsion
required for spinning. The collector can be static or rotating and is required to provide a

surface that attracts the whipping polymer jet, so gathering fibees.

There are a number of ways in which one camtoa the resulting fibre within the
electrospinning process. These can broadly be split into two tepmexessing parameters

and chemical parameters. The fornretatesto the physical setup of the electrospinning rig,
such as voltage or collector distz1 the latter relates to the dope solution, such as
concentration or viscosity. The following paragraphs explore in greater detail a few methods

that can be used for theontrol of electrospinning.

With regards to chemical parameters, two of the most artant within this area are
the concentration and solvenfThe effects of changing these two parameters on spun PET
fibres has been well studiedLfpesda-Silva,et al, 2008 Peace,et al, 1999. The most
commonsolvents for PET tend to be either chloriedtphenols or strong orgamacids2,2,2
trifluoroacetic acid (TFA) is one such example, used eitmeits own or mixed with
dichloromethane (DCM)he mixed system gwreferable as it only requires a small amount
of acid to solvate PH hisavoids anysignificant degradation of the polymer chainasesult
of esterification occuting between the hydroxyl end groups of PET and TFA (Peaes,
1999)

In thestudyby Lopesda-Silvaet al, they found that PET pellets were easily dissolved atro
temperature within a period of 4 hours solvent mixtures up to 70% DCKbovethis value
30% (w/v) PET concentrations could not be dissolNewvas also reported that for PET

solutions with <10% (w/v) a polymer jet could not be formed during electrospinnng
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processNotably, at lower PET concentrations there was still a high number of droplets being

formed in conjunction with a small amount of fibrous media (Legasilvaet al, 2008)

Increasing amounts of TFA in the solvent mixture was also founttitease thehinning of

the polymer jet during the electrospinning procesghich results in greater splaying and
splitting. Increasingthe volumeof DCM increases the rate of solvent evaporation and so
reduces jet instabilitiesReportedly, electrospinnowith solvent mixtures of 40:60 or 30:70
TFADCM resulted in narrower but less stable jetscausing multiple breakdowns and
decreased yieldLopesda-Silva,et al, 2008) These variations in the polymer jet yielded
differences in material properties thatere visible on a macroscopic levidigher TFADCM
ratios generated fibres that were softer and lustrous, whilst lower:DEM ratios generated

more brittle fibres with rougher surfaces

Several morphological impacts were also reportéar example, athigher volumes of TFA
branching of the fibres was seen to occur, but this appeared alongside an increase in the
irregularity of the fibres with increasing amounts of flat and beaded morphologies being seen
This is proposed to be caused by thgher boilng point of TFA, which results in slow

evaporation of the solvent from the jet

More generally, there have been several papers identifying a trend that as the polymer
concentration increases so does the average fibre diameter and the numlifiereflefecs,

such as beading, or ribbons, decreases (Deigzall, 2001; Zhonget al, 2002; Shenoyet al,

2005; Tanet al, 2005; Guptaet al, 2005) At lower concentrations, the solutions have low
viscosities and so the surface tension of the g8otuis thedominant factor of the morphology

of the fibre Alow viscosity and high surface tension system is more likely to yield droplets as
opposed to fibresdue to the polymer jet collapsindilternatively, & high concentrations
polymer solutions are dominately the surface viscosity, which can yield problems due to

the inability to maintain the flow of the polymer solution to the needle tip

It was also foundhat at lower viable oncentrations (i.e. concentrations at which fibres are

dominant) the fibres hadn irregular and undulating morphology and variation in diameter
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along its length(Deitzel,et al, 200J). Increasing the concentration was shown to form more
regular anduniform fibres with larger overall diametershis effect can be seen in Figz8
and 2.4.

Another factor that will impact both the formation and the type of fibre yielded through
electrospinning is related to the combination of two solvents. It is nmdammon to mix
solvents, either to reduce the volume of toxic solvent used or to caahg viscosity or
chemical properties of the polymer solution to make it easier to spin. It has also been found
that nanoporosity can be introduced on the fibres usingambination of two different
solvents, by a mechanism known as spinodal decomposiipmodal decomposition refers

to the mechanism describing the rapid-omxing of two or more liquids or solids from one
phase into two ceexisting phases. In a singlewent system, the polymer jet is only subject

to one constant change in solvent congiton.

When a second solvent is introduceglspecially one with a significantly different evaporation
rate - then the composition of the system is subject to heterogesi@hanges. As the more
volatile solvent evaporates faster, the ratio of solvents gliprogressively decreasing whilst

the concentration of the polymer will be increasing. It is also typically noted that the solvent
evaporation occurs from the surfacé the jet as opposed to the core of the jet. When this is
combined with the diffusionof the polymer being lower than this evaporation rate an
alteration in the jet characteristics can be observed both locally and generally, giving rise to
variations in maophologies and the introduction of surface features such as pores

(Katsogianniset a, 2015).
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Figure 2.2Schematic of a typical electrospinning rig-sptused in this PhD. (a) is the hi
voltage power supply, connected to (b) the syringe and negaléc)iis the syringe pumg
and (d) is the collector which can either be a stattepbr a rotating drum (both

pictured).

There have been several publications looking at the introduction of nanoporosi
polymer fibresvia this approachThe first examplesuccessfully generated highly poro
polystyrene (PS) fibres by altering theapeur pressure of a tetrahydrofuran

(THR:dimethylformamide DMB solventblendalongside the PS concentration in the
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4% PEO/water 10 % PEO/water

Figure 23: Two SEM images of nanofibresisgrom (a) 4% wt and (b) 10%wt solutso

of PEO in water. Image sourced from Deitzel),e2@01.

Figure 2.4SEM imags of nanofibres spun from (a) 10%, (b) 20%, (c) 30% PE’

concentrations. Image sourced from LojlesSilva, et al, 2008. No scale bar was
provided within the images. Note that with increasing concentration the presence

beads and ribbons decreas markedy.
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polymer solution (Hsie, et al, 2010) The vapour pressure can be altered by varying the ratios
of each solvent within the blendn their paper, it was reported that polymersolutionof 5
%w/w PS in a 1:3 ratio GiHF to DMF resulted in the greatest specific surface aregparel
volume The effects of changing the ratio of THMF is shown in Figur@s5and?2.6, where

the ratio is varid and the exterior and interior of the fibres can be se€&hese figures clelgr
highlight the impact that combining and varying two sohsenain have on fibre formation,

and so this must be tightly controlled.

Within thisexampleTHF has a fastevaporation rate than DMF, so increasing the ratio of
DMF results in a decrease in thepour pressure As vapour pressure decreasebe
solidification rateof the polymer jets slowed due to a decreased solventiporation It was
observed that both pre formation and pore size are heavily dependent on the relative rate
of solvent evapartion (and so jet solidification) to spinodal decompositidn this case it
applies to the P&nd THEDMFmixture, and its seration as one vapwises and the other
forms the PS fibrdt is noted that faster solidification rates (through high vapouegsaure)
can preserve the polymeich phase, generating nanopor&€3onversely, a decrease in vapour
pressure allows for bettertpaseseparation (spinodal decomposition), which generatesep
structures on a larger scale and with smooth surfadé® nanopoosity formed in this way
can also go beyond surface pores, it can also be introduced as open porous networks running

throughoutthe fibre. This can be seen kgure 25 and 26.
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(D) (E)

Figue 2.5: SEM images of the exterior of PS fibres spun witgamgight ratios of
THF/DMF. (A) = 4/0, (B) = 3/1, (C) = 2/2, (D) = 1/3, (E) = 0/4. Image taken from Hsie
2010.

When forming nanopores anmportant consideration to make when alterirtge polymer
concentrations is that lower polymer concentrat® will make it easier for the solvents to
evaporate If the polymerconcentration reaches sufficiently low volumes, then it is possible
to observe the solvent evaporating faster than the ratevaich air and vapour can enter the
fibre ¢ leading to the ciapse of the fibre structure into a more ribbon like shapéngside

the ribbon morphology sufficiently lopolymerconcentrations caalso lead to the formation

2T YonSiHGRNG y 3 Q ie¥, avNidhikie liketyTaused bynstability of the fluid jets
because of the low polymer concentration combined with solvents featuring high dielectric
constants and conductivityAs such is it cri@l to manage the concentration of the polymer

jet well toavoid unwanted morphologies.
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Figure 2.6: SEM images of thesssection of PS fibres spun with varying weight ratios
THF/DMF. (A) = 4/0, (B) = 3/1, (C) = 2/2, (D) = 1/3, (E) = 0/4. Imagdrtakdrsieh, et al,
2010.

It should benoted that the nanopores demonstrated by Figure 2.6 would not be considered
to6S W2LISYyQ LIB2NBa | 02dzadiAolftte a GKSe& | NB
would not have an impact on the acoustic perf@nte. This figure simply demonstrates the

degee of pores sizes and structures availalsleen usingspinodal decomposibn.

Moving on to the processing parameters and considering firstly the voltage
parameter,increasing the current will increase the mélssv rate from which the polymer jet
moves fom the tip to the grounded collector plate, with some papers linking ithiseased
rate to increase fibre deformation in the form of bead structures (Deitegl, 2001) This
increase in mass flow rate ergely governed by the decrease in time takermvercome the
surface tension of the dope solutiomhe change in voltge is also able to change the shape

of the Taylor cone and where the jet originates from withinltitwasfound that at lower
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voltagesthe fibre jet originated from the base of the Taylor cone, which had a shape in
FANBSYSyYyd gAGK ¢ etibra Nayar, 1064)5H2 Nadafibes iwhich hiNeS R
produced at this low voltage were found to have a cylindrical morphology with verpdad
defects By increasing the voltagiae total volume of the droplet decreases, and the jet is
seen to originate fro the liquid surface within the needlét the highest voltages the jet was
observed to originate from the tip with no visibdgoplet bang formed(Deitzel,et al, 2001)

As this voltage increasdtle number of defects was seen to increadeugh the cyihdrical

morphology of the fibre was still dominant

Controlling the low rate does not have any significantparct on the fibre diameteor the

fibre shape It was found that increasing théofv rate only results in more polymer solution
than needed beingresent, forming an excess at the needle. fipwas noticed from the
authors own experimentation that the foration of such an excessdh a detrimental impact

on both the stability and the yield of the spinning process. As the excess forms the solvent
begins to evaporate from it and the excess dries; ultimately leading to a blockage and bringing

the spinning to dalt.

Collector distanceefers to the distance between the tip of the electrospinning needle and

the collector. Generally, this value rangesnfr 1020cm as this allows the polymer jet

sufficient time to evaporate its solvent and form a stable fibreustt. Of course, theange

can be both shorter or longer as needed depending on the choice of sotviess volatile

solvents may need a greaterstince to allow them to properly drincreasing the collector

distance has been shown to result in a deceeasfibre diameter (Mazodw, et al, 2012) as

f2y3 a4 GKS RA&alGlFIyOS adrea gAGKAY (GKS Ww2LI
electrostaticfield (Dinget al, 2010; Bosworthet al, 2012).

If the collector distance is too short, the solvent will fwve enough time to propér
evaporate and this could lead to the formation of fused fibres. The same can occur when the
collector distance is t large producing fused fibres and a much larger fibre diameter
(Ghelichget al, 2015). This increase in féodiameter is proposed toedbcaused by a reduction

in the electrostatic field strength. As ghelectrostatic field strengtldecreases there is a
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correspondingdecrease in the stretching of the polymer jdeading to larger fibresA
decrease irstretching cause aimcrea® inthe sze of the fibre strand which in turn increases
the volume of solvent trapped within the strand. Once the strand hanleposited on the

collector the solvent continues to evaporate, causing the fusing with other sltgzbstrands.

2.6 Sources of n@e in automobiles

One major source of noise in automobiles is the vehicles drivetrain. The internal
combustion engine ithe primary source of all noise (Helmer, 2002), due to the combustion
process which resonates thronghe engine components such asthylirder block, heads,
valve covems well as other major components such as the gearbox housing. It has also been
found that the fuel pump and injector systems contribute to engine noise substantially. The
addition of brced induction to the drivetraifurther increases engine noise but is of a higher
frequency; this is generated due to the rotation of thebine vanesin eitherturbochargers
or superchargers, which rotate at extremdlghrevolutions per minuterpm). Exhaust noise,
caused by the opang and closing of the exhaust covers during each cycle of the engine, is

also a major source of noise in automobilesx@adl 982).

Suspension systems also contribute to narsan automobile These systems typically have

a frequency lower than 5081z andoften under the frequency of 2581z¢ this type of noise

Ad Y2NXIEFffte NBFSNNBR (2 | &caWp®Reval 30@R) aikih &4 S Q
again structural borneéNoise here is caused by compression and wetabof both shocks and

dampers, asvell as the springs.

Another source of noise in automobiles can be described as road noise and is caused by the
interaction of automobiles tyres and the road surface. The tread pattern of the tyre allows air
to become trpped in the tyre tread before beghsqueezedout as the tyre rotates. This
occurrence produces a high frequency noise that increases as the speed in@eds® as

the frequency of the air being sucked into and thrown out of the tread increases). The
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vibration of the tyre sidewall whenhie automobile is in motion also adds to the noise
(Mohanty, Fatima, 2006). Road noise is predominantly airborne and es dot tend to

resonate through structures.

2 KSYy AY Y20GA2y 3 |y | dzi 2 Yhe @rAwihiéh cande fétded@tiirgha (2 W
any panel gaps present in the automobile, such as door and frame gaps, and any seals, such

as windows and the windsacee. This can be referred to as wind normgeichis predominately

airborne andbroadin frequency. It is also proportional to the speefithe vehicle, with noise

increasing as the speed of the vehicle increases (Mohanty, Fatima, 2006).

The passenger cavityf any vehicle will have a specific acoustic mode at a given sound
pressure (Hargon, 2004), even very small levels of structuralneonoise¢ when applied
across large panel areas, such as a roof or dashlpeath cause significant increases in the
sound pressure of the interior causing excitation of resonant modes of acoustidioibra
(Freymann, 2000). This can induce or enhanoee low frequency noise which can be a major
cause of disomfort for passengers (Camergaat al, 2010). bw enough frequeniesof noise

may induce nausea and/or sickness.

Due to the combination of structaf and airborne noise, the frequencies encountenecn
automobile can vary across a range of a few Hz up to several thousand Hz. It is therefore
important to limit the nose within a passenger compartment for the sake of passenger
comfort as noise can lwa numerous negative siefects, including, mostesiously, loss of
hearing, but also having negative impacts on psychologicaldsix@and increasing stress

(Grosset al, 2011).

2.7 Application of fibrous media to acoustic problems

Acoustic noisein automobiles is typically reduced via four potential mébds

dampers, isolators, acoustic absorbers and acoustic bardesustic barrierand absorbers
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are typically used tdecrease airbornaoiseproblems, whilst dampers and isolators are used

to decreag structuratborne noise (Sah2002).

An acoustidarrier is a material thapreventsthe propagation of sound through any medium,
for example the bulkhead between the pasger cabin and the engine compartment af a
automobile. Barriers are typically nggorous materials with a high density and a compdyab
large size. Soundavesare prevented from propagating througtne barrier due to thebulk

resistanceof the material which thenpreventsthe excitation of air on the other side of the

material

An acousticabsorber can be defined as a product tladtorbs energy in the incidergound

wave andreduces the strength ofeflections. By doing s reduces sounéuild up and
reverberation within arenclosed area, such as a passergggrAbsorbers are typically porous

in nature Foams andibrous media areused extensively for this purpose. These materials
allowacoustiovaves toenterthemto berapidly attenuaed asthese wavespropagate When

a porous material (such as a nonwoven) is exposed to a sound wave, the air molecules within
the pores are forceda vibrate. Tle viscous friction, inertia, and thermal exchange effects in
the material pores results in the loss of acbagnergy.There is futher energy loss caused

by the sound wave scattering on individual fibres of the material, causing funticgorhal

based losses (Zwikkegfosten, 1949).

A damper is a material that is specifically used to dissipate the vibrateagy present in

the vehicle structure. By reducing the vibratiorextergy,it also reduces sound radiation,
generally through a press transferring vibrational energy into heat losses (Rao, 2003).
Damping can be attainedsingviscoelastic materialayers,but the methods,ocation and
effectiveness of thee materials varies and requires a large amount of experimentation
(Subramania, et al, 2004). The performance of a damping material can be affected by factors
such as molecular structure, visetadic properties and volum. Given that viscelasticity is
subject to temperature, damping materials are also sensitive to temperatbamges and

their acoustic performance can be altered as such (Saha, 2011).
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The mat traditional and more common approacb control airbornenoiseis with acoustic
barriers.Acousticharriers are typically characterised by transmission tpshich is theratio

of the incident sound energy to the transmitted sound energy after it has passed through the
material. A greater sinsmission loss mearmore sound energy has been prevented from
propagating. This type of approach is most useful for areas where parsée transmitted

into the cabing for example at the bulkhead between the engine and cabin compartments or
on large pael areas such as ¢hroof. Transmission loss can be improved by utilising multi
wall constructioncombining two or more barriers with slight gap (either filled with air or a
decoupling material). It is worth noting that the transmission loss of a ruali acoustic
barrier is dependent on several factors: the surface density and stiffness, the size of the gap
or of the decoupler mateal, and the stiffness/construction othé decoupling material

(Wentze| Saha, 1995).

The most common approach toeduchg airborne noisein a space with a noise source
through the application of acoustic absorbeforous materials are a common clasis
acoustic absorber and argpicallymore efficient atcontrolling higher frequency airborne
sound (Sagartzazet al, 2008).Acousticabsorbers are typically applied to or built into areas
such as the headliner, floor lining, carpeting, door cavitiests and other interior trim
components. The acoustic absorber approach is becoming more common withire
automotive indistry andis an dernative to a relatively heavgound barriers (Buskirk,
Middleton, 1999) This is importanas the move towards morkghtweight components and
automobiles iggraduallyoccurring driven by efficiency requirements and regulatioSs®und
barriers tend to éllow the massdensity law, whereby increasing transmission loss is most
easily obtained through an increase in thmelss and mass of the materiyer. Sound
absorbers on the other hand tend to be lightight highy porous materialssuch as foams

or fibrous mediawhich are orders of magnitude light than sound barrier media
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2.8 Intrinsic material parameters affedng acoustic performance

The aoustic performance of Abrousmaterial is governed by iistrinsicproperties.
Thereare a wide range of material properties, which will have varying degrees of impact upon
the acoustics, and it is important to understahow each parameter affects the performance
so that research can be focused on the parameters thiithave the most ginificant impact

and make the greatest contribution to increased acoustic performance and decreased weight.
2.8.1 Fibre Diameter

Different fibrous mediacan be made up from a variety of different fibre diameters, or
even a range of filer diameters, desdoed by two standard units: denier or micrometre.
Denier is a unit of weight equivalent to the weight in grams of 9000 metres of the. fibr
Micrometre simply describes the diameter of the fibre in terms of micrometres. The two

terms are mterchangeable, anthe fibre diameter in microns can be determined from:

) Q
Q p@BW

Equation2.2

whereQ is the fibre diameter imicrometres,Qis the fibre diameter in denier, arid is the
fibre density in kg/m. Denier is a unit of weightascribing the weight in grams of 9000m of
fibre.

Both Delany and Bazley and Bies and Hansen no#cpdsitive correlation between the

2dzy R F0ad2NLIIA2Yy O2 @giibrd danétef (Ddany; Bazely, M T BiesS ONS | a
Hansen, 198D
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2.8.2 Airflow Resistivity

Airflow resistivity, *, is arguablyone of the most importanparametersinfluendng
sound absorptionn fibrous mediaHigher values adirflow resistivityresult in thehigher rate
of decrease irthe amplitude of the sound wavie these nediavia viscous frictin and inertia
effects(Conrad, 1983)ingard reported thain the case ofibrous media the flow resistance
perunit thickness of that material is inversely proportional to the square of the fibre diameter
(Ingard, 1994)However, anaterial with higher fbw resistivity also makes it more difficult for
the incident sound to penetrate it to be rapidly absorbéde arflow resistivity is typically
measured in an experiment whereby a material sample is placed within a tube and artonsta
airflow is passed through theample(ISO9053, 1991 Within this experimentthe airflow
velocity,—, the pressure drop through theample,¥r), and the sample thicknes& are
measured. The airflow resistivity, canthen be defined as:
n
T =0Q

Equation2.3
2.8.3 Porosity

Porosity % is definedas the ratio of the volume of air withimY' I 0 SNA | f et LJ2 N5 ;
total volumeof the material(Allard,et al, 1989) In the case of acoustics, there is much greater

y U

importance given to pores whidre interconnected anddpenrQ 12 (0 KS Ay OARS
GKFY GKSNXBX A& G2 LR2NBa gKAOK wBE WwWOft2aSRQ |y

Fa an impeding sound wawe be dissipated via friction, the wave hadae able toenter the
poresof the material Thismearsthat there mustbe sufficienty high operporosity to allow
the waveto enter andpass through the materiglores The numler of pores per unit volumg
their size, andcconnectivitywithin a porous material aréherefore important considerations
whendesigninga materialfor acoustic absorptiorOpen and closed pores will have different

effects on the level of absorption in aaterid. Open pores, meaning those which pass
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through the material with no terminus, offer greater thermal and viscous losstge energy
in the passing sound wave. Closed pores, meaning pores which have a terminus and do not
pass through the material, Wtend to act more like resonatorsontributing to the material

stiffness mainly andnly reducing the amplitude of specifrequenciesof sound
2.84 Density

The material @nsity isan important factor in dictating the sound absorption
properties of fibros medialt also controls the flow resistivity andaterial cost This study
highlightedthat increasing density correi@d to an increase in absorption for medium and
high frequenciesKoizumi,et al, 2002) An increase in densitywill inherentlyincreasethe
number of fibresper a givenvolume which will in turn increase the flow resistivity and the
number of wavefibre interactions, so increasing the amount of acoustic absorption via higher

frictional losses as thenpeding sound wave propagates throutjie material.

It is important to note that in fibrous nonwoven media, density is dependent on porosity

according to theequation:

Equation 2.4

Despite this relation, it is possible to vary densiiyhout changing the value of porosity or
vice versa. An example of this would be in the case of hollow fibres, wifickassed as open
pores ¢ will increase theporosity of the material but not necessarily have an impact on

density.
2.8.5 Tortuosity

The tortuosity| , is definedby Zwilker and Kostemsa | YSI| adzNB 2 F GKS

of a passage through the pores of the material, relative to the thicknessf0S a I Y LI S¢
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(Zwikker Kosten, 1949)The tortuosity canalso be described as the influencetbé interior

structuresuponthe acoustical properties (Knapeet al, 2003)

The tortuosity predominantly affects the location of the quartewavelength peakn the
acoustic absorption spectrum of a habdcked layer of a porous materidlhis differs from
both porosity andairflow resistivity whichtend to control the height and width of tfs peak
(Allard, et al, 1989. It can also result in an increase inoastic performance; increasing
tortuosity will slow down the sound wave andcrease the number of interactiorsetween

the soundwavend the pore structure per unit length.
2.9 Extrinsic Properties Affecting Sound Absorption

In addition to the range oihtrinsic properties presented in Section 2.8 of Chapter 2,
there are several extrinsic properties of materials which can impact the sound absorption
properties.

2.9.1 Compression

Compression is of considerabimportance when consideringpplicatiors of the
acoustic treatment. In the cas# nonwoven materials such as cotton or natural fibneshe
automotive industrythey will typically be applied in headliners, carpeting, seating and other
interior trim pieces, all of which will be subjected to compressias they are usedThis
compression will result in a chga in the physical properties, including density.
Unfortunately, he impacts of compression on the acoustical properties of a material have

not beenvery well reviewed

It has been observed that éhabsorption properties of a materiahay decrease when it is
compressed Castagnedeet al, 200Q Horoshenkovet al, 2001) During compression, the
fibres within the material are broughnto closer proxinty but are not physicdy deformed,
resulting ina slightlydecrease porosity but more significantlyincreasel airflow resistivity
and tortuosity From this, it would be expected that absorption may incrediseugh this is

not alwaysthe caselt is propsed that the primary cause for the decreasehe absorption
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is the reduction in the materials thickne§$hework by Castagnédeonductedcomputational

modelling and numerical predictionte estimate the effect of compression and foultttht

this effect can be predicted with an analytical model, @igh the Johnsorl £ £ | NR & Slj dzA @1
FtdzARé Y2RSft o!ftfl NRZ mMdpdov

2.9.2 Air Gap

It has been found that thetroduction of an air gap behitha porouslayer results in
an increase ithe absorption coefficiente.g Ingard, 1994There is amptimum valuefor the
width of the air gap aftemwhich no further increasénas a significant impacithe same
experiment reported thatn air gap has aldmeen found to havenore substantiaimpact on

mid- andhigh frequenciegingard, 1994
2.9.3Thickness

Generallyjncreasing the thickness of a material will increase its acoustic performance
up to a limit. Morespecificallythicknesshas been shown tampact the low frequencies
acoustic performance of a material more significantly than higher frequern(tieahim,
Melik, 1978) In the case of automobiles there is a greater source of lower frequency noise
from a combination of drivetrain noise, wind noise and tyre n¢Baxa, 1982Helmer, 2002
Oh, et al, 2002 Mohanty, Fatima, 2006han there is higher frequerycnoise, making this
parameter rather important for acoustic treatments in automobileseparatestudy found
that optimal sound absorption can be attained when tttl@ckness of anaterial is roughly
equivalent to onetenth of the wavelength of thempeding sound wave (Coates, Kierzkowski,
2002)with the optimal airflow resistivity of ¢” dsee pag 36 in Ingard, 1994). Hereis

the air density andbis the sound speed in air.
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2.10 Modelling Fibrous Media

The first mathematical explanations tfe physical nature of sound absorption in
porous media occurred in the T&entury and were largelyased on recent developments in
analytical fluid mechanicswv I & f STHh8oikyl Sowd o wl & f SA IXKENIMKY2rirQ &
Worlesungen ber Mathematische RyskQ 0 YANDK2FFZI mMyTtcUO @HSNBE | Y2
prolific of such worksZwikker and Kostethen wrote the first dedicated textbook on the
theory and application of sound absorbing materials (Zwikker, Kosten, 1949). Whese
became the basis faa range of theoretical acoustical models foonpus media, several of
which will be presented later in this thesis. Most theoretical models basethese earlier
texts assume thatigid frame porous media can be modelled as a stack of capillary ties,
whichthe fluid trapped in them is a homogenotlsid with a frequency dependent complex
characteristic impedange , and a complex wavenumhbé® ¢ which isrelativeto the speed
of sound,Q) in the porous space and the rate of its attenuatidine abitly of sound waves to
enter the porous space in the stawmf capillary tubes is determined by the value of

characteristic impedance and boundary conditions

Modelling the frequency dependent behaviour of the characteristic impedance can be
approached in twavays: (i) theoretical and (ii) empirical. Thetical models treat the viscous
and thermal effects in th capillaries separatelyy introducing complex expressions for the
dynamic density; 71 , and compressibilityd 1 of thefluid.] is the angular frequency,
equal to¢" "@Where Qs the frequency in Hertz [Hz]. The influence of these characteristics on
sound speed, attenuation and pedance have beeknown for a longitne and are described

in the three early works (Kirchoff, 18@Rayleigh, 1867; Zwikker, Kosten, 1948 numerous
analytical forms have been developed to predict their frequency dependent hbelvav
(Zwikker, Kosten, 1949; Biot, 1956; Attenborough, 198bnsonet al, 1987%.

In reality, any realistic porousnaterial is significantly more complex than a simple stack of
parallel capillary tubes. To account for treemiempirical factors were considered alongside

measured macretructural data. This ultnately ledto a physicallsfounded model being
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suggestedAllard, 1993which proved to be excellent, but reqenlthe knowledge of viscous
and thermal characteristic lengtltstwo parameters which are difficult antime-consuming

to measure. From this, seral simple empirical models wedeveloped which made ef a
phenomenological approach teolvingthe viscous and thermal characteristic lengtlesg(
Delany, Bazley, 197Miki, 1990; Allard, 198, Voronina, Horoshenkov, 200Garai, Pompoli,
2005. In addition to these comparativelymsple models, there are also a range of increasingly
complex empirical models based around both macemd mcro-structural material
parameters(e.g. Biot, 1956Allard, 1993; Horoshenkowt al, 1998)which are able to
accurately describe thacoustical processes in porousedia provided those parameters

have been well characterised.

Both the history and development of simple through to complex theoretical and empirical
models are already well covereul literature (e.g.Attenborough, 1982; Horoshenkov, 2006;
Egabet al,2014;Horoshenkoy2017) and so will not be covered in further detail within this

thesis

2.11 Conclusion

There are a wide variety gfolymers that can berocessed intdibres for use as
nonwoven medh. The type of polymer used is typically dictated by two factors, cost and
desired properties in the finished produd®ETfor exampleis a cheap option with good
processability and the ability to be processed from recyateetlia, whilst PCL has good
biodegradability, so can be used in applications which have short prddetines before
disposal. In addition to the variety of polymers that can be used there is also a variety of
different processing methods that can be ds® obtain the fibre. The mostommonly used
methods aremelt-spinningto obtain fibres on the microscale, and electrospinning to obtain
nanoscale fibres for specialist applicatiofifie industrial sponsor of the PhD was able to
provide PE and recycled microscale fibres for the invgations into nonwoven fibrous

media, whilst the work done looking into more specialist applications such as the membranes
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was done via electrospinning here at the University of Sheffield. Electrospinnifigistse
highly controllable and custosable pracess, which can be used to dictate not only the
material properties (such as fibre diameter, fibre density, and thickness) but also additional
properties like fibore morphologyg which can be useful in certaspecialist applications like
filtering. This chpter hascovered indetail the methods and approaches that can be used
during electrospinning to tailor the resulting fibrous product to a certain design. In the case
of this Phthe main focus was to rededibre size and increase fibre density, with tien of
increasing airflow resistivity and hence ttreermal and viscous losses within the material. It
was also found that it is possible to change the morphology of the fibre, by introducing nano

porosityto the surface of the fibre, and this is of sigrant interest for acoustical applications.

We have also covered the typical sources of noise in an automobile, and differentiated
between the two types, airborne and structural. The work in this PhD &mtws reducing

the airbornenoise, such as thatgerated by the engine and drivetrain, wind resistance, and
the deformation of tyres and the air trapped withtheir treads. Overall, these sources
produce noise across a wide frequency range, typicaliy 260 Hz up to 5000 HAs such,

any noise solutin has to be effective across such a frequency range, as opposed to being
effective at a single frequency. It was also found that the most common solution to airborne
noise in automobiles is curregtthrough acoustic absorbers, whiahe typically lightweght,
porous, fibrous media. This then dictated the direction this PhD took, looking at ways to
improve the performance of such media without significantly increasing their thickness or

weight, bothof which are at remium in the automotive industry.

This chapter has also presented the key material parameters which affect the acoustic
performance of a material, which gave a better understanding on how to first approach the

task of improving the performance of nonwoven materials currently uasdacoust
absorbersinindusty ' yR K2¢g (2 LROISYydAlLffte 32 | 062dzi RS
insulation in automobiles. Those parameters are the fibre diameter, the airflow resistivity,

and the densityg all of which increse the acoustic performanday enhancingthe thermal

and viscous interactiorendincreasing thattenuationwithin the materialpores In addition

to these parameters which have the largeftect on the acoustic performance, there are
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some further parameters that must be considdrgven the application of these material. In

an automotive environment, it is quite plausible that any acoustic materials will be
compressed either during installation or use, and so understanding how that can impact the
acoustic is importantKnowing thathe acoustic performance witle affectedreinforces the

need to develop materials with an even greater acoustic performance when uncompressed,

to counter the effects of compression in the end application.
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Chapter 3 Materials synthesisand dharacterisation overview

This chapter covers the synthesis of the materials that were investigated throughout
the course of this work. Initially this studyasfocused on nonwoven fibrous media typically
used within the automotive industry as acoustic absorbéte relationship between the
various material properties, such as fibre diametayerthicknessand material density, and
the resultantacoustic performancevere studied Subsequently, it was discovered that the
addition ofathin, high resistive layentthe surface of a traditional nonwoven material results
in a substantial increase in the acoustic absorption coefficient. As a resislsttidy was
extended into the synthesis of nanofibrous membranes and their noise control applications.
Electrospinnig was chosen as the fibre processing technique as a result of its high degree of

experimental control.

The acoustical properties of these materials were carefully characterised. This chapter also
covers the range of material characterisation methedschwere usedto understand what

controlsthe acoustic performance of both traditional and nanofibrous nonwoven materials.

3.1 Nonwoven fibrousmaterials

John Cotton Group Ltd supplied a wide range of nonwoven samples with varying
material properties. These matials areeither being developed for automotive applications
or are alreadyused in the automotive industry to contrairbornenoisein the cabin They
areand are applied to areas beneath the carpets, in the boot and behind the dashboard. The
acousticaproperties of these materials were measured and correlated with intrinsic material
properties such as fibre diameter and density. This allowedHeraptimisation of samples
to fit a certain automotive application. Modelling was used to understand b#tieobserved
acoustical behaviourFigure 3.1 shows some photographs of these materials to give an

understanding of the type of materials typicaliged for this purpose.
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Figure 3.1: Photographs of current solutions for the reduction of airborne ndfse in

automotive industry, (a) is a high density fiborous nonwoven made from recycled tex
(b) is a medium density fibrous nonwoven made from tedydenims, Both (a) and (b) a
designed to be used behind interior plastics such as the dashboard anel camsole (c)
is a high density nonwoven product, applied in areas such as the boot, (d) is a lightv

nonwoven designed to be applied beneadinpets.

3.1.1 Improving nonwovens

A range of traditional nonwoven materials made of polymeric fibres vibre
diameters much greater thanidm were supplied by John Cotton Group Litheyhada wide
variety of material properties such as fibre diameter, thickneensity,and porosity. The
properties of these materials can be seerTable 3.1 The fibreRA I YS (G SNJ F2 NJ WwS o :
YR Wwt/ 5SYAYQ Aa lFoaSyid Fa | NBtAIFIoES Sada
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the recycled materials. It can be seen that somearals have identical porosities and fibre
densities but different values of bulk dsity. This is somewhat unexpected as porosity and
density are typically dependent upon each other, but in this case it is potentially caused by a
number of factorsuch &compression or the type of fibrée.g. hollow fibrespresent in the
material. Forexample, some materials in this table will have been heat pressed, increasing

the measured value of densityibdecreasing the thickness.

Material ample | Fibre diameter | Thickness "Q| Bulk density | Fibre density | Porosity
Q [nm] [mm] " [kg/m?] " [kg/m?] %o [-]
Autobloc 23.65 15.07 49.00 1381 0.96
Memory Fibre 8 18.83 21.43 17.57 1379 0.99
Rebound Felt N/ A 21.21 121.50 1378 0.91
RPC Denim N/ A 20.96 43.82 1383 0.97
PE Sample 3 24.71 22.87 27.94 1383 0.98
PE Sample 8 14.36 21.15 21.71 1379 0.98
PE Sample 10 14.36 21.18 24.68 1379 0.98
WT3950b 23.74 26.81 38.47 1383 0.97

Table 3.1 Material properties of a range of nonwoven materials supplied byCaatam
Group Ltd

Subsequently, John Cotton Group Ltd processed amoufacturedfour additional materiak
to our specification thaivere used to studyhe hypothesis that decreasing the fibre diameter
can have significant gains on the acoustics, and that altering the blend of current solutions

according to this hypothesis can haftgther benefits These samples were referred to as
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Gbz2 . f Sy R shkpwdthe inatial composition in terms of fibres for each of the four

blends, whilst Table 3.3 shows the corresponding material properties.

Samplecomposition
NW Blend 1 55% 24.79m fibre, 20% 20.24m fibre, 25% binder fibre
NW Blend 2 55%24.79mm fibre, 20% 12.40m fibre, 25% binder fibre
NW Blend 3 55% 20.24m fibre, 20% 24.7%m fibre, 25% binder fibre
NW Blend 4 55% 12.40mn fibre, 20% 24.7%m fibre, 25% binder fibre

Table3.2 The sample composition of the blends made ugddiyn Cotton Group Ltd to test
hypothesis of smaller fibres improving acoustics in current solufidrese particular blend
ratios relate to the composition of some successful acoustic material solatioestly sold

in the automotive industry.

"Imm] " [kg/m? Q [kg/m?] %0-]
16 11.789 1380 0.99
19 7.992 1380 0.99
18 14.846 1380 0.99
22 8.574 1380 0.99

Table 3.3Vlaterial properties of the blends made up by John Cotton Group Ltd

In addition to the abovesolutions, an investigatiomto the impact of fibore angle and
processing method on airflow resistivity was conducted in collaboration with the University

of Liberec, Czech Republitir&e samples (WM, ST T1, and ST E2¢produced ly different
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processingmethost { LISOA YSy & 6 A lerémailkuSingYotan@petp@ictlarE &
processingTheW{ ¢ ¢ re<d YIRNBV At lestraiefdto dppciB@ndrdtiuced by vibrating
perpendicular technology. Eacifi the three samples was tindreated using heapressing in

order to yield a range of specimens with varying thickness and densities. The material
properties of these specimerase presented in Tabl8.4. Each specimen had the same fibre
content- 30% lollow PET45%monofilamentPH, and25%iii-bicomponent PET

The quoted porosity values do not take into account the voids in the hollow fibres, as they
are classed as closed powmasd are inaccessible to #ow so have little to no effect on airflow
resistivity or sound absorptioffhe quoted values of airflow resistivity in Table 3.4 are taken
as the average value plus or minus the standard deviation, which were takenHeorasults

for ten tests perspecimen.

The third area of work for improving the performance of nonwovenstiasaddition
2T I A1AYy®P W{1AYyQ Aa GKS GSNXY dzaSR G2 RS&AON
another material, typically referred to throughout this work a$th W& dzo a G NI 6§ SQ® DSy
layer is also made up of nonwoven fibrous media diigh flow resistance, and can then be

further processed, through perforation for example.

In the case of the nonwoven fibrous materials utilised in the early stagessoivtrik, most
experimentation was based on materials with lightweight perforat&ths composed of
polyesters, which were lightly bonded to the underlying nonwosahstratewith adhesive.
The skins were provided by John Cotton Group Ltd, and had a fibsitglef 1380 kg/m,

and a thickness of around 3@mn.
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Specimen Porosity Bulk density Thickness Airflow resistivity
%d[-] " [kg/m? "Imm] . [Pas/m?]
WM 0.976 21.07 24.09 5757 £ 589
WM 0972 24.45 20.76 7319 + 243
WM 0.970 36.71 19.00 8630 + 408
WM 0.969 27.54 18.43 10329 + 376
WM 0.959 35.56 14.27 14990 + 285
WM 0.959 35.87 14.15 15410 + 167
WM 0948 45.56 11.14 22230 + 433
STT1 0.981 16.87 28.36 4011 + 316
STT1 0.973 23.54 20.32 7498 + 332
STT1 0.972 24.54 19.49 7412 + 328
STT1 0.965 30.94 15.46 13400 = 27
STT1 0.958 36.88 12.97 16750 + 442
STT2 0.981 16.93 27.48 4108 £ 199
STT2 0.978 19.49 23.87 5337 £ 217
STT2 0.974 22.48 20.69 7029 + 356
STT2 0.969 27.61 16.85 10180 + 259
STT2 0.960 34.95 13.31 13370 + 199
STT2 0.949 44.60 10.43 20470 + 87

Table3.4: Material properties of the specimens used in the experiments assessing the

accuracy of flow resistivity prediction ind@mponent fibrousnaterials.

75



3.2 Nanofibrous materials

The development of nanofibrous materials in this PhD was iedjy the effects of
the skin on the acoustic absorption by nonwovens. There was an interest in understanding
the reasons for this phenomenon through modelling and experimentation. It wasoélso
interest to understand the effect of the diameter of nanafib on the airflow resistivity of
the skin and effect on the overall absorption of the porous layer system. One of the easiest
ways of doing this was to decrease the pore size of the skindwcheg the fibre diameter
below 1 pum and increasing the fibreemsity. This section of the chapter will cover the

synthesis of the range of membranes used in this part of the work.

3.2.1 Electrospun fibres

There currently exists a wide range of methodshwi electrospinning that can be
utilised for the synthesis afanofibrous or nanoporous membranes. The Isdsir all of these
methods § the generation of a polymer solution, consisting of the chosen polymer dissolved
in the chosen solvent system, and thieysical spinning of it according to chosen parameters.
Section 2.5.2 in Chapter 2eviewed in detail the existing methods of fibre electrospinning.
This section will outline the specific methods that were used in Bh® which were

predominately chosen for their relative ease of synthesis and stability.

All initialwork on electrospinning took place at the School of Clinical Dentistry, University of
Sheffield. This wrk was completed using an-louse manufactured electrospinning rig
consisting of a needle flow pump, a high voltage power supply and a collectoe dieethe

key components required for an electrospinning rig, but they can be expanded according to
the desired fibre properties. For example, the addition of a focusing, donnected toa
secondary power supply and a rotating collector plate can be bengficial in producing
aligned fibresA schematic of the electrospinning sep used for the completed work can be

seen in Figur@.2in Chapter 2
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Furtherelectrospinning work took place within the department of Chemistry at the University
of Sheffield Experiments were again conducted on arhouse built rig, comprising of the
same components as that at the School of Clinical Dentistry, but with a vafietgedle
optionsvarying from single needle seps to multiple needle satips. Multiple needlesllow

for more solution to be spun in a given tifn@me, increasing the speed of the experiment as

well as having the potential to change the density af tesulting fibres.

In addition to this, some membrane samples were produced in collaboration \ih t
University of Surrey and were synthesised at the Advanced Technology Institute within the

Nanoc-Electronics Centre.

3.2.2 Solution preparation

Thepreparation of the polymer solution is a key step in the electrospinning process as
it will determine mauy of the chemical parameters which will impact the resultagpustical
properties of the nanofibrousnembranes. Ensuring that the concentration of thaution
and so its viscosity and electrical propertig® accurateis crucial. During this work the
polymer solutions were prepared according tiee followingtwo methods.Both methods
were equally effective in terms of the resulting polgnsolutions but had varying levels of

simplicity and some advantages during preparation.

The first method, (a), uset prepare the solutions was to weigh out all materials into the
same glass vial. Typicaltize first stepinvolved weighing and zerointhe mass of the glass
vial that the polymer solution would be stored in, followed by weighing out the correct mass
of polymer granules, before reeroing the scales. The second step involved weighing out the
mass required for each solvent, transferring thérom solvent flask to the glass vial through
the use of disposable glass pipettes. The final step of the procedsl Wweudhe addition of a

magnetic stirrer flea to the glass vial and placing it on a magnetic stirrer plate to dissolve.

The second methaqd(b), required the use of two glass vials, one for the weighing of the

polymer granules and one for the weighing betsolvent system. The order of the steps
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remained the same, with the polymer granules being weighed out first and into a zeroed glass
via. At this point, however, the glass wehsremoved from the balance and put to one side.

A second vialvasthen placed on the balance and zeroed, and the solvenis)e weighed

out into this vial. Thenagnetic stirretflealls then added to the second glass vial, and lastly
the contents of the vial containing the polymer granulesadded. This viavasthen placed

on the magnetic stirrer plate and left to dissolve.

With regards to the cbice of polymers, PET was the initial polymer of choice for this work
due to its low cost, recyclability and stabilitgll meeting the many requirements necessary

of a material suble for industrial use. Despite these advantages, PET has severaldesvns
when considering its application as fibrous acoustic media; the largest of which is related to
its processability. Namely, that it is difficult tissolvein most solvents. Tiifioroacetic acid
(TFA) is one of the few solvents that are capalbldissolving PET (Mahalingaet,al, 2015),

but it has its own drawbacks in that it is highly corrosive and acutely toxic to both humans
and any wildlife that may come into contact withvie waste streamsA combination of two
solvents can be used brder to try and reduce the volume of TFejuired forthe dissolution,

but TFAcannot be removed entirely. Typically, TFA is combined with dichloromethane (DCM),
a milder and significantless toxic solvent. The combination of two different solveistsiot
without its problems, howeveras he two different solvents will have two different
evaporation ratesThe evaporation ratdescribes the time taken for a solvent to change from

a liquidphase into a gaseous phase. This introduces a new factor which must be considered
and accounted for, along with spinodal decomposition (discuss&gation2.52 in Chapter

2). This means it there is a great expense associated with the use of PET,gatgpdrom

the initial cost of the two solvents and the high costs of safe disposal. This high cost of
processing the material countarcts the relative affordability of the polymer feedstock

making PET an expensive material to use overall.

PET was purclsad from SigmaAldrich in granular form, with 30% glass particles as a
stabiliser.During scanning electron microscopy (SEM) analysis, the glass stabilisers were not

observed to vidily impad the formation of fibres in electrospinning and exist only taliise
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the polymer in its granular form. The glass stabilisers are not chemically bound to the polymer
(Hahladakiset al, 2018).The PET granules were dissolved into trifluoroacetic a&id);1©9%
reagent grade, sourced from Alfa Aesar. The solventneaurther purified before use and

no other materials were used throughout the syntheses. Dissolution occawed4 hours,

using a magnetic stirrer bar and plate. AL solution was theextracted and spun onto a
static collector plate covered in alumum foil. After spinning, the membranes were left to
evaporate for 8 hours before being placed in a desiccator for a further 24 hours, prior to
characterisationAll electrospinning for thenitial PETexperimentswere performed at 19°C

+1°C, and a humityi of 37% +2%, using a needle with 0.81mm internal diameter (ID).
3.2.3 Poly(ethylene terephthalate) membrane generation

The first work done with PET was the generation of five solutiotiswarying concentrations,

tabulated in Table 3.#herethe headingdescribe the main electrospinning parameters that

were altered within this first experiment.heconcentrationrefers to themassconcentration

2T t 9OMESOYE YR WeC! YIFHaaQ FNB (GKS YFraasSa 2F ¢
GKAT a0 deRHEGARZ NY+x2f GF3SQ yR WwWCiz2g NIGSQ R
these parameters in the setp of the electrospinning rig. These parameters and timegacts

are explained irsection2.52 in Chapter 2

This work aimed to determine the rangé @oncentrations at which it was possible to spin
PET in the solvent trifuoroacetic acid (TFA). The approximate upper and lower boundaries for
the concentration 6PET were taken from a range of literature sources which had electrospun
PET. Electrospinningarameters were based roughly as an average of parameters
encountered in those same sourcéisopesdaSiha, Veleirinho, 200; Strain, et al, 2015;
Wang,et al, 2015; Zanderet al, 2016. The humidity was relatively low 87 + 2 %RH at a

temperature of19+ 1 °C.

79



Conentration PET mass| TFA mass Collector Voltage Flow rate
[Yow/w] (0] [0] distance[cm| [kM] [mL/h]
22.5 1.125 3.875 16 18 2.0
25.0 1.250 3.750 16 18 2.0
27.5 1.375 3.625 16 18 2.0
30.0 1.50 3.500 16 18 2.0
32.5 1.625 3.375 16 18 2.0

Table 35: Concentrations and electrospinning parameters used in the first experiments with
PET.

Whilst all five samples dissolved in TFA, the 32% PET sample had a viscosity too high

to be electrospun suggesting thaB0.0%wasthe highest concentigon that could beused in
further experiments. 22.5% was fully solvated and easily spun, which led to the use of a lower
20.0% concentration being used as the lower limit in further experimerdscah be seen

from Table 3.5,5g of each sample was prepatleand electrospun using the conditions given.
The main problem encountered with all solutions over 25.0% was that the low humidity in
the lab lead to the needle becoming blocked frequently. The higher concentration means a
lower volune of solvent and as shthe solution dries quicker at the needle tip. In the case

of the 30% sample this led to some sputtering during the electrospinning, in which a stable

280 or&a y20 TFT2N¥SR a2 (KS &az2tdziAz2y 61 a WaLk

Figure R shows an SEM image of ehtypical fibre diameter, density, and membrane
structure obtained using PET in electrospinnifpase refer to Section 3.3 in Chapter 3 for
more information on how this image was taken and how data such as fibre diameter, density,
and membrane structurevasobtained. It is apparent that these samples are relatively thick

with a relatively low fibre density, as there is a very visible deyftheld affect. Fibre size is
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also quite varied, with most fibres being aroungrh but somesmaller 500 nm fibrearealso

visible, along with a stack of three fibres around gm.

SEM HV: 15.0 kV ‘ WD: 9.18 mm : VEGA3 TESCAN
View field: 55.4 ym ‘ Det: SE 10 uym
SEM MAG: 5.00 kx | Date(m/dl/y): 07/11/18 Sheffield University - BioMedical Sciences EM Unit

Figure 3.2: An SEM image showing the typical fibre density, diameter and membr

structure obtained by electrospinning PET fibres.

Following the initiagxperimentation a separate stdywas completed to look into the effects
of varying the electrospinning parameters on the fibre diameters of FRS three main
parameters that can be altered arBow rate, collector distanceand voltage. A total diive
samples were spurlhe full raage of concentrations and other electrospinning parameters
usedto produce these samples is shomrilable3.6. In this instance 10g of each solution was

prepared, and 1mL waspun into fibre.
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During the spinning dg&ample | it was found that the colleatdistance was too great, leading
to fibres forming off the collector plate. Therefqr@ subsequent experiments at the same
concentration the distance was reduced to 14dfr Sample 1l the flow rate was increased
in order to increase the mass flow atal prevent the solution drying at the tips occurred

towards the end oSpinningSample I

Sample| PET Cormmtration [%ww] | Collector Distancgcm] | Voltage[kV] | Flow RatdmL/h]
I 20 16 20 2.0
Il 20 14 25 2.0
Il 20 14 18 2.5
v 25 16 18 2.0
\% 27.5 15 18 2.0

Table 36 Electrospinning conditions for the five initial REEfived membranes.

In a further bid to deal with the issue of the solution dryinghat needle tip due to the low
relative humidity an experiment was conducted to determine if @singthe needle
diameter would help to reduce this problem. Due to the-gptof the electrospinning rig, and
its location, it was not possible to directly rdool the humidity. Therefore, for these
experiments the concentration of 25.0#8w was chosen sit had been found the most stable
and consistent solution during the electrospinning. A sidgjsolutionof PETwas made up
and dissolved overnight. The eteospinning conditions were the same as usedSample
IV: a collector distance of 16cm, vaj@of18kV, and flow rate of 2.0mL/h. An 18 gayge338
mm gID) needlewas used to spin 1mof the solution, before a 21 gau@g@.514 mmgiD)

needle was usetb spin a further 1mL of the same solution. 18 gauge was the largest needle
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tip that was compatike with the rest of our setip and was observed to make no difference

to the problem of the Taylors cone drying out and so no further diameters were tested.

3.2.4Poly(Ecaprolactone) membrane generation

Following on from tk work on poly(ethylene terephthalate)alternative polymers
from the polyester family were investigated. This began with some studies or{@oly
caprolactong (PCL). In this instance PCL was purdhasem SigmaAldrich, average
Mw=14,000, and dissolved in a ratio of 90:10 dimethylcarbonate (DMC) : dimethylformamide
(DMF) at a concentration of 1084v. 15mL of polymer solution was synthesised, usingdl.5
of polymer, and set to dissolve on a magneticrer plate for 4 hours prior to electrospinning.
The first membrane produced from this solution was electrospun usifg8a8 mmglD
needle at a flow rate of 1.5mL/h, with a collector distance ofcif, at a viitage of 17kV.
Temperature throughout th experiment was 22.3°C +0.3, and the relative humidity was

31.4% £0.2. A total of AL of polymer solution was spun.

A study was alscarried outto look atthe impactof changing key electrospinning parameters
(i.e. flow rate, voltage, collector distancepon the resulting fibre diameter. For this wogk,
12.5% PCL in 90:10 THF:DMSO solutas used, and parameters were varied as illustrated
in Table3.7. For this assaya total of 0.1ImL of polymer solution was spun for each of the
tests, temperature vas 22°C 4 °C, andoRHwas 40% 8%. This is a very small volume of
polymer, which may ultimately have impacted the observed properties and acoustical
performance of thee materials. Unfortunatelythe volume that was able to be spun was
governed by timeconstraints on shared and in demand lab equipm@ifite tests were spun
onto a static collector plate, covered in aluminium f&ilgure 3.3 shows SEM images of the
typicalfibre diameter, density and membrane structure for these B&ted membranes. It is
immediately apparent that the fibre density is much greater than with the PET samples, whilst

the fibre diameter is roughly the same, averagingm or so for each fibrenithis image.
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Sample Collector Distancfem] Voltage[kV] Flow RatdmL/h]
V1 20 16 1.00
V2 20 18 1.00
V3 20 20 1.00
CD1 16 16 1.00
CD2 18 16 1.00
CD3 22 16 1.00
FR3 20 16 1.50
FR2 20 16 1.25

Table 37: Hectrospinning parameters uséd studythe impact upon fibre diameter.

The next step in the electrospinning process washange the solvent system. The aim here
was to introduce some sort of surface characteristics to the fibre, either through changing the
morphology to introduce baded or ribboned sections, or pores on the surface of the fibre.
As previously stated, spdal decomposition was the method chosen to try and develop this
sort of characteristic. Spinodal decomposition requires the use of a solvent system featuring
at least two different solvents with different evaporation rates. The firsst of spinodal
decanpositiondzi A f AASR (g2 W32 2 BndDMFGbod 8nd podr savers) t / [ =
refer to how well they are able to solvate a solute. If #wdute is fully dissolved quickly and
without needing heat or stirring it is a good solvent. A poor solvent negyire heating,
stirring, and a lot of time to fully solvate the solute, if it can dissolve it &t laié combination

was chosensince both solvents are good at dissolving PCL whilst offering different

evaporation rates. Later work resulted in the mdiuction of DMSO to the solvent system,
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chosen due to its relativelyoor solvation of PCL and its differentaporation rateTable 3.8
shows a comparison of the evaporate rates of the four solvents used in the experiments
relating to spinodal decompositn. N-butylacetate (BUAC) is a reference material for
evaporation ratsand is assigned a relative evaporati@te of 1. The evaporation rates listed
are relative to that of BUAQ\ higher value equates to the solvent being more volatile and

evaporating nore rapidly.

| \ 3 /" [/
SEM HV: 30.0 kV WD: 9.09 mm ‘ VEGA3 TESCAN
View field: 55.4 ym Det: SE 10 um
SEM MAG: 5.00 kx Date(m/d/y): 05/04/18 Sheffield University - BioMedical Sciences EM Unit

Figure 3.3: SEM image taken at 5000x to highlight fibre diameter, density, and mem

structure typically seen with the PGased membranes.
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Solvent Evaporation Rate @25°C
(Reference: BUAC =1)

CF 11.6
DMF 0.17
DMSO 0.026
THF 6.3

Table 38: Evaporation rates of the chosen solvents for PCL. Values of evaporation rates

taken from the Handbook of organic solvent properties (Smallwood, London, 1996).

Initially two solutions using the DMF/THF solvent system vpeepared The soltion ratios

and electrospinning parameters can be seen in T8®e Solutions C and F were spun at a
temperature range of 23.5°C @&.6°C, with a relative humidity of 27.2% Qt7/%. The
preparation of these solutions was significantly easier than thoseop®dd with PET,
yielding a much lower viscosity solution that was easier to electrospin. The electrospinning
process also ran much more smoothly, with no visible sputtering.drity issue that arose
throughout the process was the formation of enlarged [des/ cones, which if left to get
suitably large were seen to collapse and disrupt theT&is waoccurringrepeatedlyin the
case of the THEE solution, highlighting the fad that the process parameters were not fully
optimised. The parameters were adjsted to increase the flow rate in a bid to reduce the
enlargement of the bubble formation. Ultimately, this did little natigate the enlargement

of the Taybrs conesThistest was labelled as C(ii) and spun for another 0.52ongenerate
Sample THF_Q(iDespite the formation of the enlarged Taylors cone, it did appear to be

more stable than that of the ones seen at the lower flow rate used in solution C; at no point

86



did the @ne collapse, despite the size of enlargement ultimately exceeding that siteim w

solution C.

For solution F thdlow rate was reset to 1mL/hand the applied voltage was increased to
18kV. After the limited success in the reduction of the Tiaytmne through increasing the
flow rate, it was thoughthat increasing the voltage mint reduce the issue by increasing the
rate at which the solution was turned into a polymer j&his provedto work, with no
significant enlargement occurring and the spinning remaining stable, with no stuttering or
breaks, for the full 0.68mL spiAt the time it was asumed that by increasing the flow rate
there would be a greater concentration of solvent at the needle tip, thereby reducing the
problem. It was also assumed that increasing the voltage would increase the rate at which
the solution was corerted into a poymer jet, so decreasing the amount of time spent at the
needle tip. In reality, the greatest contributor to this issue is humidity which | was unable to
control throughout the experiments. Increasing the voltage resulted in a more staibleirsgp
setup bu did not solve the problem. Instead it just changed the location of the problem,
resulting in the fibres hamg beadon-chain morphologies instead as the jet began to break

down before reaching the collector.

As opposed to using two goodlsents, a switch to a poor solvent in combination with a good
solventwas tested The first system tried in this manner was a combination of THF and DMSO.
A further solvent system wgalso introduced, CF and DMSO. The ratios and electrospinning

parametersfor tests using this system can be seen in Tadle.
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Solution PCL corentration DMETHF | Collector distance Voltage Flow rae
(Yow/w) ratio [cm] (kM [mL/h]
THF_C 12.5 20:80 20 17 1.00
THF_C(ii 12.5 20: 80 20 17 1.50
THF_F 12.5 50 : 50 20 18 1.00

Talde 39: Solvent ratios and electrospinning parameters for initial experimentation into

spinodal decomposition.

Solution PCL Solvent ratio | Collector distance| Voltage | Flow rate
concentration [X : DMSQ] [m] [kM [mL/h]
[Yow/w]
THF_A 12.5 90:10 20 16 0.75
CEB 12.5 90:10 20 16 1.00
CF C 12.5 80:20 20 16 1.00

Table 310: Hectrospinning parameters and solvent ratios used in the experiments with

Figure 34 shows some of the alterations to the fibre surface, iaeed though spinodal

decomposition using the two solvent systems described above. What is noffideathese

DMSO as the 'bad' solvent. *X = THF/CF.

imagesis whether the nanopores are open or closed.
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SEM HV: 10.'.0 kV \ WD: 9.69 mm | |
View field: 136 pm Det: SE ‘ 20 pm

SEM MAG: 2.04 kx | Date(m/d/y): 10/03/18 Sheffield University - BioMedical Sciences EM Unit

Figure 3.4: Changes to fibmeorphology caused by spinodal decomposition using diffe
solvent sygtems. Nanopores are clearly visible on the surface of the &ibrie beaehnd-

chain morphology.

3.2.5 NXTNANO

In order to complement the range of na#ibres produced through theletailed
experimentsthree nanofibrous samples were acquiredrih NXTNAO LLC (Oklahoma, USA).
Two of these samples were made frohetmoplastic polyurethane (TP3nd the remaining
sample was made fromaby(vinylidene fluorid¢ (PVDF). The propertiestbEse materialsas
stated by NXTNAN@re summarisedn Table3.11.
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Smple "Qum] i [um] Q [nm] " [kg/m?
11gsm TPU 20 0.45 271+113 0.011
5gsm TPU 20 0.70 379+155 0.06
8gsm PVDF 20 0.80 330+218 0.008

Details on the synthesis of these materials such ascermmation, viscosity, solvents, or

electrospinning parameters like voltage, distance, etc were not shared as the company was

Table 3.1: Properties of theNXTNANO membranes.

looking tomarketthese materialsn the future.

Figure 3.5 shows some SEM images of the membranes, highlighting fibre sizensitg d
which is typical for the NXTNANO membranes. It is apparent from comparisobathitithe

PET andCL membranes that the fibre density is significantly higher, with both smaller fibre
diameters and much smaller intéibre pore sizeslt also appearss if there is some fusing

present, identifiableby the branched and linked appears of fibres, witlunded joins and

more circular pore structures.
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SEM HV: 30.0 kV WD: 12.89 mm

View field: §5.4 ym ' Det: SE 10 ym
SEM MAG: 5.00 kx  Date(m/d/y): 01/15/18 Sheffield University - BioMedical Sciences EM Unit

Figure 3.5: SEM image ®NXTNANO membranes taken at 5000

3.26 Poly(methyl methacrylate) membrangeneration

An additional four nanofibrous membranes were obtained through a collaboration
with Dr Simon King and Dr Vlad Stolojatthe University of SurreyThese membranes were
poly(methyl methacrylate) (PMMA) based, due to its relative eaksolvaion and its
availability within the University of Surrey. PMMA with,#1120,000wassuppliedby Sigma
(Merck KGaA, Darmstadt, Germangid made up to a concentration d20%w/w in
combination witha solvent system of Acetic Acid : Formic Acid, varying io fratm 1:4 to
1:1 depending on theelative humidity(¥RH. The volume of acetic acid was increased to
lower the solution volatility in lowe¥RH environmentsDue to significant instabilities being
encountered during the electrospinning process, the pageters used were varied constantly
throughout the experimets in order to maintain ideal flow. The parameters that were kept

constant can be seen ifable 312. In each case 1@1L of solution was spun, and a rotating
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collector drum was used to serve two nposes: to allow for slightly thinner more
homogeneous files; and to yield a larger samplgtilising a rotating collector drum allows
the fibre to be further stretchednd it also allows for slightly more aligned fibeboth of
which contributeto increased homogeneity in the resulting membrandr the stretching of
fibres to occur, the rate of rotation must be greater than the rate of deposition, accelerating
the deposited fibre away from the jet. The polymer must still be solvated at thig.dbthe

rate of rotation is too fast relative to the rate of deposition then instead of stretching, the

deposited fibres will be fragmented (Robb, Lennox, 2011).

The flow ratewas varied throughout the experiments to maintain an ideal flow in relatoon

the chosen voltage and fluctuations in humidi#higher kV valuevouldincrease the rate at
which the solution is consumed, requiring greater flow rates. Variations in humidity, even
minor percentagesaffect drying time at the tip of the needle asdthe flow rate had tobe
altered to avoid an excess or insufficient volume of polymer solution at the tip. Further
attempts to minimise this included using a hot water bathhe enclosed electrospinning set

up at the University of Surretp try to ensue a stdle humidityand a relatively constant

temperature.
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Sample Conentration | Voltage | Humidity | Temperature| Collector Collector
P [Yow/w] (kM [% RH] [°g distance | speed[rpm]
[cm]
15kV 20 15 80 30 20 10
PMMA
18kV 20 18 80 30 20 10
PMMA
21kV 20 21 80 30 20 10
PMMA
24kV 20 24 80 30 20 10
PMMA

Table 3.12 Parameters for electrospinning of the nanofibrous membranes produce

collaboration with University of Surrey.

SEM HV: 15.00 kV
View field: 270.0 ym
SEM MAG: 931 x

WD: 15.47 mm
Det: SE Detector
Date(m/dly): 04/15/19

50 um

MIRAW\ TESCAN
~

University of Surrey n

Figure 3.6: SEM image of the PMMA membranes, taken dfitineersity of Surrey
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Figure 3.6 shows an SEM image of the typical fibre diameter, fibre density, and membrane
structure seen within these PMMA sampledrEidensity and diameter is similar to that seen
with some of the later PET sampl&ection 3.3 in Chapter 3 provides infation on how

fibre diameter, fibre density, and membrane structure are assessed via SEM.

3.3 Material characterisation methods

Thee are a number of approaches that can be used to characterise the material
parameters ofnanofibers, but it is not a trial task Perhaps the most crucial thing to
characterise initially is the fibre diameter. In the scope of this wditke diameter wa
characterisaising scanning electron microscopy, whichrisnaaging method that allows for
the visualisationand characterisatiorof the dimension ofindividual fibres either through
built-in or externalimage analysisoftware.Other importantparametesto considerarethe
material density and thickness whichare important for understanding their effects on the
measuredacoustic performanceand for modellingthe acoustical properties of nanofibres
In this PhD the ensity wasneasured byveighing thematerialswith a balance and thickness
was measuredfrom scanning electron mioscopyimagesof the membrane edgeThese

approaches are described in detail in the following sections.

3.3.1 $anningHectron Microscopy

Scanning electron microscopy (SEMa type of microscopy that utilises a focused
beam of electrons to reveal adtier level of detail and resolution thahat attainablewith
optical microscopyThe esolution,in microscopy terms, is defined as the ability to distinguish
objects in closeproximity as separate. Optical microscopes typicéliwe a maximum
resolution of 200nm, whichis limited bythe wavelength of light wave# the case of SEM
the resolution is close to 10m, due tothe substantially shorter wavelengtbf the electron
beam. In addition to a greater resolution, SEM can offer greater depth of field than optical

microscopes, which allows greater topographical detail to be seen. SEM can also offer
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microanalysis of the samplesuch as its chemical composition othe crystalbgraphic,
magnetic or electrical characteristicsThese factors make SEM a very powerful
characterisation methodScanning electron microscopy was performed chEESCAN Vega3
microscope (TESCAN, Kohoutovice, CZ), using the accompanying TESCAN softwala packag
the Faculty of Science Electron Microscopy Fadiityversity of Sheffield.

Throughout the scope of the PhD the samples were alwaysgmltter coated.The primary
purpose for the sputter coating is to reduce the electrdmarging that can occur]lawing for

higher accelerating voltages to be run without compromising resolution too significantly.
Charging was a common occurrence in the type of sam@ed within this PhD as they are
plastic based and therefore nesonductive. This lack of conduaty results in the material

acting as an electron trap, accumulating electrons (this is the process ndh@& I NHA y 3 Q
resultingin very bright regions that can mask surface detail or information. By sputter coating
the material any electron traps are ra@wved as the electrons can be channelled along the
samples. There is a secondary advantage to sputter coating the samples usedmstwork,

and that is to lower the risk of damage to the samples. As the electron beam passes over the
sample some of itenergy will be lost as heat to the sample. This heat is capable of damaging
the structure of biological samples or softer matésiauch as plasticsespecially on smaller

scales such as those enmtered throughout this workAll sputter coating was donen an
Edwards S150B Gold Sputter Coater (Edwards, Sussex, UK). The deposition time is two
minutes at a voltage of 1Kv and a ant of 20pA. The thickness of gold deposited under
these settings has not been directly measured but has been estimated aoobed 20 nm.

To allow for comparability between sampleémagesof fibre diameterwere always taken at

similar working distancesthe same acceleration voltages and the same levels of
magnification. Typicallythis equated to magnifications of0DOx, 250@ and 00x. These
magnificationswere chosen as they were found to provide a good overview of sample

structure, and a good estate of fibre diametergFigure 3.7). For the determination of
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membrane thicknesghere was no set magnification used, as it daged on the mounting

method and thickness dhe membrane.

b et BUN S
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SEM HV: 30.0 kV WD: 9.09 mm || | VEGA3 TESCAN
View field: 276 ym Det: SE 50 pm
SEM MAG: 1.00 kx | Date(m/dl/y): 05/04/18 Sheffield University - BioMedical Sciences EM Unit

SEM HV: 30.0 kV WD: 9.06 mm | | VEGA3 TESCAN
View field: 55.4 ym Det: SE 10 pm
SEM MAG: 5.00 kx  Date(m/dly): 05/04/18 Sheffield University - BioMedical Sciences EM Unit

Figure 3.7: SEM example images of 1.0kx and 5.0kx magnificatiwsgn to provide good

overall illustration of fibre density, structure, and size.

3.3.2 Density

Density isa seeminglyrelatively easy parameteto measure. For the nonwoven
samples, density values were given by the manufacturer (John Cotton Group Ltd), but it was
also measured independently using a Kern KBZN@Kern & Sohn GmbH, Germany) digital
scale. Onceircular nonwovensamples were cutd size for acoustic or airflow resistivity
experiments they were accurately measured using a set of digital callipers, weighed, and then

the density(" )was calculatedrom the volume of the samplév) and its mas$a ) as

Equation 3.1
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el =

Equation 3.2

where, Qs the height of the specimgm], i is the radius of the specimgm], & the mass

[kd], wis volumelm?], and” is the density kg/m?].

For the electrospun materials this was not a feasible option as thasswas too low to be
measured accurately by the Kern KB2@D0 scale. As a result, weight was measured using
an Ohaus AX124 analytical balanGHAJS Europe GmhHswitzerland). Thickness, or the
specimen height, was taken from SEM measurements, ghotlnis proved to bea much
hardertaskthan expected.Two approaches were initially attempted: (i) tilting the stage of
the SEM to trfo get an edgeénview, YR 60 A A0 | G0SYLWGAYy3 (2 WwW¥2t R
to allow for a clear view of the edgeo®® approaches had advantages and disadvantages, as
well as commonalities. With regards to the first method, this is a rather simplistic approach
that did not involve any specific preparation or special materials. In termsaaipte
preparation it only requirel the sample to be cut and placed on an SEM stub. Once the
sample has been prepared and is inserted into the Sfidthe stageistilted to a chosen
reproducibleangle enabling an edgen view on the sample. Thesond approactnvolved

the folding of one sle of the sample sthat it sits at a 90° angle to the rest of the sample.
Thiseliminated problems associated with parallax errors in the micayge and its software

as were seen in the first approadBoth of these approaches were found to suffer from the
same problemgselated to the cutting and mounting of theample during the preparation
stage. It was found that significant tearing, delamioat and rounding of the sample was
occurring¢ making measuring the edge thickness particularly challenging, as illustrated in

Figure 38.
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Figure 3.8SEM image highlighting the damage to and uneven nature the edge of

membrane caused by cutting the spi@ to size using standard scissors.

In order to minimise this, a cryostat was used to try and ensure a cleaof tue sampleo

make thethickness measurement more accurafhe cryostat used was a LelcM1860 UV
(LeicaBiosystems, Milton Keynes, URhe membrane sample was placed intecia OCT
compound/tissue freezing mediurand rapidly frozen using liquid nitrogen. Ti®zen
sample, now encased the solid OCT mediumwasmountedonto a stub and placed in the
cryostat at a temperature 0o20°C.The cryostat washen used to shave 100 pum thick €&

off the encaseesample until it could be seen that the sample had been reached. The encased
sample was then removed from the stub, turned through 180° and remouméaithe stub.

The shaving procedarwas repeateduntil it was apparenthat the sample had beereached
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anda cleanedge had beemchieveal. Cuts were made at both ends to ensure that two clean
edges were present on the sample, making identification of the clean edges easier when
mountingand viewing the sample vlBEM. The encased sample weashoved from the stub

and placed in déonised water to dissolve the resin, after which the sample was blotted on

filter paper anddried prior to processing for SEM.

SEM HV: 12.0 kV WD: 7.99 mm VEGA3 TESCAN

View field: 277 ym Det: SE 50 pm
SEM MAG: 1.00 kx | Date(m/d/y): 03/29/18 Sheffield University - BioMedical Sciences EM Unit

Figure 3.9SEM image showing theeanliness of the g obtained via cutting with the

cryostat method
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3.3.3 Porosimetry

The estimation othe porosityfor the nonwoven samplewas accomplished through
an inrhouse manufactured rig which measured ttigference involumes of air between an
experimentalchambe and a calibration chamber 2 & f Swaa then bisédo calculate the
difference in air volume. 2 @ f SQ& f | #VariotR My, isrSexpedrieritally derived
gas law describing the increase in pressure occurring in aggEsvolume decreases @le,

1662). It can be described mathematically as:

Equation3.3

In equation3.3, U is the pressure (Palis the volume (%), and'Qis a constant that applies

for a given mass of confined gas and a given temperature.

In the inrhouse built porosimeter there are twchambersunder the same tempeature, so

the equation3.4 comes into effect, showing that with an increase in volume pressuill
decrease proportionally, and vice versa.Sa LA S GKS RSLISYRSyYyOS
temperature, there is no meartsy which to control it on this rigA roundrobin test revealed

an accuracy of 1% as assessed by comparisons of calibratiorlesaamalysed through
alternative methods at a variety of institutions globally (Horoshenled\gl, 2007). The in-

house built porosimeters shown in Figure 3.10.

Equation3.4

Asthe volume of air in the sample chambisr decreasedy the addition of a sampldehe
pressurein this chambemwill increase. By then increasing the volume of air present in the

opposite chambemwntil the pressure btween sample and calibration sides agqual it is
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possible to determine the difference in air volume. This volume of air can then be used to

estimate porosity using Equatid@b5 as follows:
v o ©
o P o
Equation3.5

w is the difference in aivolume between the two chambers (or the volumeanfdisplaced

by the sample), andis the volume of the sample.

Porosity was estimated for the nanofibrous membranes using thaterialdensity,” , and

fibre density” , according to the fthowing equation:
%o p —

Equation 3.6

Figure 3.10: In house built porosimeteighlighting the two chambers affected by Equation
3.4.
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3.3.4 Airflow resistivity

Airflow resistivity is one of the key parameters in determining the acoustic
performance of porousmaterial Itwaseither measuredirectly or inverted from acoustical
data. Direct neasuremenswere conducted through the use o#vo airflow rigs, initidly using
an AFD AcoustiFlow 300 dev{@kustik Forschung Dresden, Dresd8ermany,) paired with
AFD 311 softwaréAkustik Forschung Dresden, 2017). The AFD AcoustiFlow 300 was able to
non-destructively measure the airflow resistivity of any ogssroussample in accordance
with the standarddirect-flow method (1ISO9053:1991, 19P Testingf nonwoven samplem
the AFD AcoustiFlow 300 was performed using 100mm diameter samples, cut usirg an in
house manufacturedirclecutter. In order to ensure perfect fit of the samplef TFEape
was applied to the inner edges of the samptdder to minimise any air gap that could have
led to an erroneous result. In all cases, measurements of each sample were performed for a
minimum of fivespecimensGenerdly ten repeatswere usedto ensure repeatability and

accuracy of the resul@orosenkov,et al, 2017).

In the case obamples of particularly low density or with higher values of airftegistivity

the design of the AFD AcoustiFlow 300 meant that the samples could be blown up the sample
tube or deformed under the pressure from the inded airflow This would yield erroras
results as the actual air pressure at the surface of the sample would be significantly lower
than assumed by the device. In the case of lthe densitysamples, this was countered by

the addition of a second layer even third layer of te sample to increase the maasd wall
friction without drastically changing the material properties. In order to ensure that this did
not have an effect on the reported values of airflow resistivitypawoven samplevas tested

for ten repeats at bth single and double thickness. The samplgquestion was supplied by
John Cotton Group Ltd, ansltheir Autobloc productpropertiesof whichare summarisedh

Table3.13.
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Sample Fibre diameter| Bulk density | Fibre density Porosity Thickness
Qm | * kgl | [kg/m] el "ofmm]
Autobloc 23.66 1381 60.35 0.96+0.001 17+0.2

Table 3.B: Material characteristics of the Autobloc sample, supplied by John Cotton Group

Ltd, used to ensure that increasing ttickness within airflow resistivity testing has no

For Autobloc ofa single thickness, the average valuehsf airflow resistivity retrieved from

the ten repeats was 10812203 Pas/m?. For double thickness, the averagmlue from the

ten repeats was 1014868 Pds/m?. The minimum value for airflow resistivity occurred within
the double thickness tests, equalling 99689Aa2;, the maximum value for airflow resistivity
was seen in the simghickness tests, equalling 112®as/m?. Table3.14 shows theaveraged
results for the ten repeats for each of the thicknesses. The difference between the two
average values eqtesto 1.07%, a valugvell below the type of percentage error typically

taken as experimentalreor in this field and as such the thickness does not have an effect on

impact on measured values.

the measured value of airflow resistivity (Hurrell,al, 2018).

Sample Airflow resistivity Sample Airflow resistivity
. [Pds/m? . [Pés/m?]
Doulle Average 10143+ 68 SingleAverage 10812+ 203

Table 3.2: Experimental data from the AFD AcoustiFlow 300, showing averages and

standard deviation for single and double thickness samples of Autobloc, supplied by John

Cotton Group Ltd.
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Modelling the aiflow resistivity was carried out usinga variety of approached-or this

purpose one of the empirical models discussed3action4.3 of Chapter 4wasadopted It

has previoushpeenshownthat these modelscan be accurate to within 0.5% for polyester

basSR FAONRAzA YIFGSNRFf & 6AGK | 0dzf Px WiknddSuNR [Ttk YR
(Pelegriniset al, 2019.

Thealternativeroute used for the modelling of airflow resigity was throughthe inversion
process as outlineth Chapter 4.3This process was based on the applicatiorthaf Miki or
the Pac approximation modedto surfaceimpedance data obtained from an impedance tube

experiment(refer to Section4.3.1in Chapter 4.

3.4 Conclusion

This chapter has presented the methodologiésr both the synthesis and
characterisation of the nonwoven fibrous and nanofibrous materials. In the case of nonwoven
materials, John Cotton Group Ltd supplied a range of sanpie either preexisting
specifications, which meet automotive industry reaumrents, or to specifications given as a
result of optimisation work conducted during the PhD. Nanofibrous materials were
synthesized in house viectrospinning andvere also spplied through collaboration with
NXTNano (OK, USA) and University of Surfeyrey, UK). The variation of both
electrospinning and solution parameters allowed for a reasonable control of material

properties like fibre diameter, thickness, and pore size.

The intrinsic material properties were characterisation alongsideithacoustcal properties.
Material properties were retrieved from measurements of mass and thickgessnpleted
via the use of balances and eithedlgegers or scanning electron microgmo Other material
properties likethe airflow resistivity and porosity wereegerally retrieved from the use of

flow resistivity rigs and porosimeters. Where the porosimeters was deemed unsuitable due
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to time or accuracyonstraintsdue to there not beingufficient amounts of samp)gorosity

was attained through inversion modelyj applied to themeasuredacoustic propertieor
through measurement of the membrane density and thicknelse acoustical properties
themselves were measured using a 45mm add@mm sound impedance tubsupplied by
Materiacustica and set up in 2-mic configuration. Nonwoven specimens were tested
individually, whilst nanofibrous specimens were tested using Melamine as a substrate due to

their inherent material propertieg namely thickness on the microscale and a low stiffness.
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Chapter 4:Acoustical poperties of nonwoven materials

In addition to the range of material characterisation methods used and presented in
Chapter 3, the materialstudied inthis work were also characterised acoustically. T¥as
significantfor several reasongirstly, theend goal of thigrojectwas tounderstand and to
improve the absorption properties of these materials. Secortdhpugh the characterisation
of these materials acousticalliywas possibléo assess the accuracy of a variety ofdals
that are used by ademia or in industryThirdly,by obtaining values of absorption coefficient
and surface impedance Was possible toinvert the intrinsic material parameters dghese
materials acoustically. Assuming a model can accurately repsothe acoustic performee
of a material sample, it can hence be used to invertititeansic material properties of that
same sample. A reliable acoustical model can allow for a rapid characterisation of a range of
fibrous media properties that are othetse much trickier and ore costly to measure nen
acoustically. Theoretically this also facilitates the optimisation of a material through

modelling rather than throughepeated batchproduction and testing.

This chapter will present the methods used dooustically characteristhe materials. It
presents the theory behind those methods, as well as the approach taken for their modelling,

and the models used.

4.1 Nonwoven aoustical characterisation

The two most commonly used descriptas$ the acousticperformance of porous
media are the absorption coefficient and the surface impedancEhesecan bemeasured
experimentally using a sound impedance tukleich allows forrapid and accurate testing of
a material sampl€lSO10534, 1998) Testing can take as little as 30 seconds saanple
depending on the frequency range swept. This process can retrieve a range of acoustical
parameters including the absorption coefficient, normalized surface impedance, reflection

coefficient, and transmsson loss.
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4.1.1 Absorption oefficient theory

Theabsorption coefficient is defined as a ratio between the acoustic intemgiigh
propagates through and is absorbed by the mateifaland the acoustic intensity incident

onthe surface of the mateal, ‘O(Ingard, 1994),

" © 00 O
|k o O p O
Equationd.1

whereOis the reflectedacousticintensity.

The absorption coefficient can also be defined in terms ofaeolute value of th@ressure

complexreflection coefficientgYs
| p SYs,
Equation4.2

wheresYsis theratio:
— SYs.

Equatior4.3

Broadly speaking, this means that the absorption coefficient is the ratio of simti@nisity
that enters the material and never leaves it to the sountensity that is incident on the
material. A larger value of absorption coefficient means that the material is good in terms of
damping sounenergy For example, a value of 0.6 would mean that 60% of the sound energy

that enters the material is absorbed by it.
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4.12 Sufaceimpedancetheory

The acousticsurface impedancas the ratio of the amplitude of theotal sound
pressureon the material surfacel , in the incomingand reflectivesound wave to the

acousticalelocity, v, at the materialsurface’Yi.e.

Qo

€
c| €2
<

Equation4.4

where® is the surface impedancs,is theacousticvelocity, and'Yrefers to the surfaceand
i =</ 1. The surface impedance is made up of two parts, real and imaginary, in which the

real part is the acastical resistanceY , while the imaginary part describes the reactanoe,
4.1.3 Sound Impedace Tube Theory

A sound impedance tube is a standard characterisation method that israst,
destructive anceasyto use(see 1ISO 105233, 1998) It can beapplied toa range of materials
from loose fibres to nonwoven materials, to fully bound and fornpedducts. Impednce
tubes can also be set up in a variety of configurations to retrieve different characteristics of
the tested samples. The most commoonfigurationusedthroughout the scope of this thesis
has been the twemicrophone setup, for which ageneral schematic can be seen in Figure

4.1.

A two-microphone setup can retrieve three acoustical parameters from testifigy the

absorption coefficient, ; (ii) the reflection coefficient)Y, (iii) and the surface impedance).
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Figure 41: Schematic of a twmicrophone set up.
In a twomicrophone setup, the reflection coefficienty, is derived as follows,
Y °© © Q
O ©
Equation4.5

Here'Q is the wave number in air, arid correspondgo the distance in the impedance tube

between the front of the sample and microphone 1.
"Ocorrespond o a series of transfer functions, each of which is defined as,

n o nre

O R Y Q
Equatior4.6
W NH®
o ] 0
n w nHQ
Equation4.7
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O AHE Q YO
S) D) Q YO

Equation4.8
In the above equationsi @ ), oris the distance betweermé two microphones.

The surface impedancé), is givera complex number. Its real padescribes the resistance
of the material to sound, and the imaginary paescribes any changes in the phase of the

incident wave during propagation

Equatior4.9
whered® 7 ¢or the characteristic impedance of air.
4.1.2 Sample preparation for acoustical characterisation

For the early work conducted on fibrous nonwoven medggcimensvere prepared
by cuttingwith an inrhouse manufacturedircle-cutter (45mm and 100mm in diameter) in
combination with a pillar drill. The specimens prepared from each sample were tested in
triplicate in all cases for both tubes. No further preparation was conducted on the samples
prior to testing, with the exeption ofthe use of FFHEape if samples were slightly undersized.
This was done to reduce any air gaps at the edge of the material which could otherwise give
erroneous resultsFor the nonwoven samples used at the early stages of thisti®® was
sufficient material for all testing to be completed using both the 100mm and 45mm tbe.
the nanofibrous membranes, specimens were preparedinying to size using a form and
sharp pair of scissork was found that the inherent properties of the membramasant they

were unable tdbetested individually, and si@sting of membranes was done using melamine
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foam asa substrate. Melamingfoam was chosen as the substrate as it is a Wwethwn
material, which is easy to characterise afod which the propertiesdo not appear to be
susceptible to minor fluctuations in temperature or humidity in the local environmé&hée
material properties of themelamine foam substrate can be seen in Tablé. These
properties were obtained using the standard material charaztgion methods described

within this chapter

Substrate| 'QJmm] | %o[-] | , [PaASYm?] | " [kg/m?]

16 0.97| 1.59x10 11.00

Table4.1: Material properties of the melamine substrate used to mount the membranes for

acoustic testing.

All melamine foanspecimens wereut from the sameample a Imm thicksample provided

by Foam Techniques Li@Foam Techniques LtdVellingborough, United Kingdom)he
melamine foam itself is an opetsell material produced by BABASF Ludwigshafen,
Germany and marketed as Basotect Gkhese membranes wergther wrappedaround or
placed upon themelaminesubstrate.Experiments werearried out to study the effect of
mounting the membranesand the observations from these experiments are presented in

Chapter 5.
4.1.3 Sound impedance tube seip

The actudacoustical teshgwas performed using two sound impedance tubes with
diameters of 45mm and 100mmwhich wereboth supplied by Materiacustigateriacustica
S.R.L Ferrara,ltaly). The sound impedance tubes were-sgtin accordance witiS010534
2 (1ISO10532, 1998 Materiacustica S.R,[2010. The two tubes havevo key differences
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the diameter and the frequency rangthe 45mm tube hd a frequency range of 594200Hz,
whilst the 100mm tube hé a frequency range of 5@ 1600Hz. To ensure comparability
betweenthesetubes the same software, microphones, microphone sensitivities, amplifiers
and DAQs were use@he twotubeshave different frequency ranges as thée diameters

and mic spacings amdifferent. Microphonespacing is largelgesponsiblefor low and high
frequency limits in impedance tubes, and the diameter also dictates the high frequency limits.
This is due to the need to avoid any nplane waves within the tube (Materiacustica, 2016
ISO10534 details expressions for determining the frequency rafage given diameter tube

with a given mic spacing (ISO10534, 1998).

4.2 Nonwoven acoustic characterisation results

The acoustic performance of theonwoven materialgs presented in the following
section. The results are laid out chronologically, follgvtheir preparationmethods as

outlined in Chapter 3.

The first acoustic testing was performed @anange osamples supplied bjohn Cotton Group

Ltd, with the aim of establishing which material parameters have the greatest impact on
acoustic performanc#or this type of nonwoven material. Figure 4.2 shows a comparison of
the acousticabsorption coefficienof these materialsas a function of frequenc The key
intrinsicmaterial parametersvere first presentedn Table 3.Dbut are repeated in Table 2.

to allow for easier interpretation of Figure 4.2.
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Material sample | Fibre diameter | Thickness | Bulk density | Fibre density | Porosity

Q [mm] "Omm] " [kg/m3 " [kg/m?] %o [-]

Autobloc 23.65 15.07 49.00 1381 0.96
18.83 21.43 17.57 1379 0.99

N/A 20.96 43.82 1383 0.97

24.71 22.87 2794 1383 0.98

14.36 21.15 21.71 1379 0.98

14.36 21.18 24.68 1379 0.98

WT3950b 23.74 26.81 38.47 1383 0.97

Table 42: Intrinsic material parameters of the samples presented in Figure 4.2.

FromFigure 4.2t can be seen that thenaximal performance is obtained in the case of PE
Sample 10, whilst the minimal performance is shown by PE SampletiBapproximately
400Hz the performance of the materials is nearly identical, suggesting their compositions are
not effective at low frguency sound absorption, and that there is insufficient variation in the
material parameters of each material to create a significant diffeesim performancePrior

to 400 Hz the spectra for PE Sample 10 and PE Sample 8 have very similar gradients to the
other materials. ldwever, at around 400 Hz the gradient of both these PE Samples is seen to
increase sharply. As has been discussed in Section 2.8.6 low foggalesorption is primarily
dictated by thickness (Ingard, 1994), amxtept forAutobloc and W3950b all samplesave
comparable thicknesses. It is well documented that decreasing fibre diameters instease
value of the absorption coefficient, (Delary, Bazely1970)and so the obsefed increases

in gradient match what we would expect to seesbd on literature
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Figure 4.2: Comparison of the absorption coefficient values for the initial John Cot
GroupLtd supplied sampleébsorption coefficient spectra averaged from three repee

using the 100mm impedance tube in a twicrophone setp.

PE Sample 8 and 10 have the smallest fibre diameteane 30% smaller than the next sample,
and so it follows tht they have the greast absaption. Despite having identical fibre
diameters, tle two samples do not have identical performance. This indidatesthere is at
least one more parameter atting the overall absorption. From cgaring their intrinsic
materialparametersthe one parameter that isoticeablydifferent between them is the bulk
density.lIt is reportedin the literature that there isa correlation between increasing density
and increased values bfin the medium to high frequencies (Koizuetial, 2002). PEBample
10 has the greater bulk density of the two samples, anitlssgreater performancésee Figure

4.2)is to be expectedbased on the literature
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Three samples, Memory Fibre 8, RPC Derand WT3950b all exhibit very similar
performance(Figure 4.2)n spite of having differing material properties. By comparing their
material properties in Tablé.2 in Chapterd it becomes apparent that there is more than one
parameter that impacts the acotis properties. The three parameters that ameticeably
different between these materials are the fibre diameter, the thickness, and the bulk density.
By comparing Autobloand WT3950b, two materials with similar fibre diameters and density
but differentthickness we can say that thicknekses not have as great an impact as the bulk
density or the fibre diametert wastherefore deduced that the bulk density and the fibre
size haethe greatest impact on the acoustic performance. This is most appaselutdiking

at PE Sample 8 and PE Sample 10. Both have a fibre diameter ofid¥z3®l a thickness of
around 21.2mm, however PE Sample 10 has a significantly better absorptionieogffihie
only parameter that is different between PE Sample 8 and PEI8dfps the bulk density,

whichwas assumed taccount for the increase in the absorption coefficient

To better understand the relationships between fibre diameterensity and thickness
observed above a simple experiment was conducted via modelline acoustical
performance otthe Memory Fibre 8 sample (Tabde2) was modelled usinthe Miki model
(covered in detail in Section 4.3.1 in ChapterEgch of the above paragters were then
taken and nodified individually to assess their impact on the aipsion. Figures 4.3; 4.5

show the changes in absorption observetien these parameters are changed.
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Figure 4.3Effect of changing the thicknessMemory Fibre 8, as modelled.
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Figure 4.4: Effect of changing porosity of Memory Fibre 8, as modelled.
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Hgure 4.5:Effect of changing the average fibre diameter of Memory Fibre 8 on the

absorption, as modelled.

The most noticeable impact ahanging the thickness (Figure 4.3) of the material is that the
absorption curve shifts to the left at lower frequaas which agrees withthe reports in
literature (Ibrahim, Melik, 1978Ingard 1994) High frequency absorptiodoesnot increase

in the amemanner, and within the frequency range modelled appears to be subject to a law
of diminishing returns. Thicknesalso requires a substantial increase in order to have a
notable increase in acoustic performance. If we addrésble 42 again,the increases in
thickness between two materials witbther comparable noracoustical parametersis
approximately 5mng and fdl within the 20mm and 30mm range spectra in Figure 4.3. Such
an increase in thicknessuld have dargeimpact on the acoustigsncreasing the absorption
coefficient by around0% (0.2-0.3)in the midfrequencies(2500Hzand 12.5%6(0.4-0.45)in

the high-frequencies(5000Hz).This can be seeexperimentallyby cmparing PE Sample 3
and WT3950b.
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Considering porositywhich can also be used to infer information on bd#asity,it can be
seen thatporosity does not have a linear relationship with absomptiBorosity values close
to unity can actudy exhibit lower absorption values than less porous materiéla mateial
has very high porosity it witlave a very low flow resistivityfthe flow resistivityis sufficiently
low this will result in veryew viscous or thermal losses as tingpeding soundvave cannot
propagate through the materiaReferringagain to Table 4. Memory Fibre 8 and RPC Denim
have similar noracoustical parametersxcept forporosity, whichchangsby a value 0f0.2

¢ this wil also be accounting fathe slightchange in densityThe calculatedvalues of the
absorption as shownni Figure 4.4suggests there should be much greater change in
absorption thanseenexperimentally. Combining this observation with the literature rgpo
on the increase in absorption caused by increasing deisiyzumi,et al, 2002, it is clear
that whilst this is clearly an important parameter to consider it is not the moluential

parameter forfibrous mediawhich are already highly porous

The last parameter that was identified as having a significant impact on the absorption of this
type ofmaterial is the fibre diameteHalving the fibre diametegffrom 8um to 4um)increases

the absorption of Memory Fibre 8 lmywer80%(0.42-0.8)at 2500Hzand approximately 40%
(0.7-0.95)at 5000Hz. This change in absorption is even greater Wdwking atlarger fibre
diameters(18um to 1Qum for example)which can be seen in Figure 42E Sample 3 and PE
Sample 8 highlight this vewyell experimentallyThis work confirmed that thicknesdensity,

and fibre diameter can all have largéfectson absorption values. Was also showthat for

these types of materials density has less of an impact thenkness or fibre diameter. From
this, thefocus switcled to the fibre diameters, as in ¢ghautomotive industry it is more of a

challenge to change the material density due to its negative impathickness and weight

In order to confirm thdibre diameter resultseenin Figure 4.%experimentally the nextset

of acoustic testing was conducted on r&k Tfibres which had not beeoarded or laid into a
nonwoven material These amples had a density of 48@/m? and the thickness of the
samples was 18 mm 2mm. The thickness varied as a result of keepingrstent density

despite changing the size and hence density of the fibkgscan be seen in Figure&4the
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absorption codicient is seen to increaseith a decrease in fibre diamete&enerally, halving

the fibre diameterresults in an increase ithe amustic performanceby 50% between the
frequency range of 1508250 Hz. This is a substantial improvemeant that it occurs across
such a wide frequency range is very beneficial for applications in the automotive industry,
where noise typically covers ade frequency range due to the variety sources (Section 2.6

in Chapter 2 The increase in absorption seen with decreasing fibre diameter is attributed to
the changes in the material structure that occur as a result of this decieatiameter As a
result, impeding soundwaves are forced to take a longer narrower and more tortuous path
through the material, making a greateamber of interactions with the fibres of the material.
This increasgethe amount offrictional and viscous losseso increasingie amount by which

the soundwave is dampene#igure 47 shows thatthe relationship between fibre diameter

and absorption i$inear.
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Figure 46: Acoustic absorption coefficient for the r&&fibre sampés.
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Figure 47: Relationship between the fibodameter and absorption coefficient for the three
fibre diameter samples, 12.7@m, 20.24um and 24.79m, at 3002 Hz.

The next step was to apply this knowledge to a current automginegluct and see if that

the observed impacts for raw fibres also apglie processed nonwoven materials. In order
to achieve this, a current automotive insulation product, Autobleas taken and compared

to four new blends of varying fibre diameters. A key point to note is that the composition, in
terms of percentage of elccomponent and binder fibre, remained consistent with the
original Autobloc product. NW blends4lhave theircompositions and material properties

summarised ir8.2 respectively, and the acoustic results for them can be seen in Fidure 4.
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Figure 48: Acoustic absorption coefficient for the NW Blend $amples and standard
Autoblocproduct.Spectra are averaged from three repeats of measurernmeattwo

microphone impedance tube.

As expected, this acoustic performance of the material is seen to iseveth a decrease in

fibre diameter(Figure 4.8)The greatest acoustic performemis seen with NW Blend dnd

the greatest increase in absorption performance occurs at a lower frequency range of 2500

3500 Hz, with an averageincrease of 75% over the astdard Autobloc product. Rather
interestingly at first glance is that NW Blends 1 and 2 are not significdiffgrent in
performance¢ or much better than the standard Autobloc product. NWeBd 2 has 20%

12.40uY FAONB Ay LX I OS 2 @nfibré, and &sSytiRfrom QuaresHltssin H 1 D+
the raw fibre testing we would expect an increase in performance. However, looking at the
remainder of the composition we can see that the remair9§6 is composed of 24.76n

fibre (55% 24.79m and 25% binderibre, which is also 24.79m). This means the average
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fibre diameter in the two samples is 23.861 for NW Blend 1 and 22.3in for NW Blend 2.

This is a difference of around 6% and so expl#ie similarities between their performance.
NW Blend 4, howevehas an average fibre diameter of 17.@& which is 24% smaller than

the standard Autobloc samplélhese materials are all not the same thickness, with the
minimal thickness being 16mm anklet maximal being 2tnm, so it would be expected that

the thickersample would have increased absorption at lower frequencies. It is observed that
the thickest sample, NW Blend 4, has the betterfogguency absorption, but the shape of

the absorption cure matches that seen in Figures4where thicknesses were ideaél As
such, it appears that the increase in absorption is being dominated by the fibre diameter and

not impacted especially by the thickndsshe rangeof thicknesses present

Whilst it must also be noted that NW Blend 4 has a greater thickness thardéimdard
Autobloc product (22nm v 15.07mm, respectively) this difference is caused by keeping the
fibre density consistent between the two samples. Autobloc has a much greater ddresity t
NW Blend 4, in addition to a substantially higher mass, beseéparameters do not seem to

offset the increase in performance offered by the decreased fibre diameter.

From this, it was gathered that the fibre diameter used in a material can be tailored to obtain
the desired acoustic performance with some controtowaterial propertiesike density and

thicknessg given both can be predicted from tlwmposition of fibre diameters.

The next set of acoustiharacterisatiorwas done on two materials whickere tested with

YR @AGK2dzi WwWai Ay wdalighhwgighoprioited Odiyasterdlayar Wita a 1 A Y
thickness of 30Qum and a fibre density of 1380kgAnFigures 4.9 and 4.10 show the impact

this skin has on two materials with different material parametefhie two materials
presented in Figure 4.9 antl10 were made to our sgcification by John Cotton Group Ltd

based on théwo most commonly seethicknessesand densiies seen in acoustic absorbers

in automobiles.Only 100mm impedance tube data could be recovered for these two
materials as the 45mm implance tube data andther data was lost due to file corruption

during a software upgradi| the Jonas Lab at the University of Sheffield.
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Figure 4.9: Impact on absorption from the addition of a skin to a 45mm thick 550gsm

sample.

It can be seen that &@m as low a$00Hz the skin yields improved absorption proper{@3%
increase) At 1000Hz there is a 28.4% increase in absorption, rising to a 33.5% increase at
1500Hz.This increase in absorption is believed to be caused by an increase in airflow
resisivity by theskin. The skin itself is 3Q0n thick and so it is unlikely that this increase in
thickness explains the increase in acoustic performance, especially when greater thickness
primarily affects low frequency absorptigtbrahim, Melik, 197Bandthe greatest gains seen

in Figure 4.9 occur beyond 1000HZe skin is also perforated, which means it is not
impervious and so the increase in absorption is also not being caused by a massretfect o

surface of the substrate (the 45mm 550gsm sariplthis case).
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Figure 4.10: Increase in absorption seen through the addition of a skin to a @86gsm

sample.

The performance increase seen through the addition of a skin in Figure 4.10 is even greater
than that seen in Figure 4.9here is &1.0% inaease in absorption at 500Hznd a92.2%
increase at 10001650Hz As with Figure 4.9 the increase in absorption is likely caused by the
increased airflow resistivity. A potential reason for the much greater performance seen here
is related toimpedance matching. Ths combination of skin and substrate may have better
impedance mismatch thahte combination in Figure 4.9, leading to greater absorptlors

also possibly related to the thicknesdt has been shown thabptimal sound absorption
occurswhenthe thickness of anaterial is roughly equivalent to ortenth of the wavelength

of the mpedingsound wave (Coates, Kierzkowski, 2002h the optimal airflow resistivity

of, ¢ dingard, 199% The combination of skin and substrate inuf&4.10 nay more
closely match this optimal airflow resistivity and thickness value ti@combination in

Figure 4.9.
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4.3 Nonwoven inversion modelling

The next challenge was to accurately model theoustical properties of these
materials to understand better #h dfferences in the absorption performanshown in the
previous section (Section 4.2)here are a wide range of models that have been proposed
and are used within both academia and indydior application to porous medidhe airflow
resistivity is diectly linked to the acoustic properties of fibrous medait isa key parameter
for consideration when modelling the type of media most commonly used in this Whekte
have been ®veral sudies since the original wotly Nichols (Nichols, 1947) whiphoposed
a relatiorship betweenairflow resistivity fibre diameter and density of a materiaf §ng.et
al, 2018. Despite this, it is not always obvious how accurately any of the proposedieqsi
or models can represent the true value of flow resistiwighin a nonwoven materialThere
are three typical approaches to modelling within acoustics: (i) theoretical models, (ii)
empirical models, and (iii) computational models. Theoretical mModgk based on nature
derived laws, like Newtdda f | ¢ . Thdse [@visaw Ren appliedto derive an
approximation of the desired parameter. Empiricabdelling isbased onthe relation of
experimentally derived datto the desired parameterfor example calculating the value of
absorption coefficient from measad airflow resistivity data. Computational modelling
normally refers to the inversion of the desired paramdiem a measured data setlike the

retrieval of nonracousticaparameters like flow resistivity or porosity from acoustical data.

Two studies wee carried outduring the PhDto look into a variety of both empirical,
theoretical and computational models with the aim of assessing whichwoafl beable to
mostaccuraely predict airflow resistivity values of a range of nonwoven fibrous media. The
first study looked into the prediction of airflow resistivity for nonwoven media of with a solid
core fibres, varying in fibre diameter, densities, and thicknesses. The ssttmtydooked into
predicting airflow resistivity for nonwoven media composediiferent fibre types, just as

composite fibres, and hollow fibres.
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4.3.1 Model introduction

Thefirst study completedwas to look into the accuracy ofome models for the
prediction of airflow resistivity It was aimed directly at fibrous nonwoven matdssuch as
those presented earlier in Chapter. Ihetype of modelused to invert the noracoustical
parameters of materialwill typicallydepend on a variety of factors, gluas what parameters
are to be recovered, and more intrinsic material paramstsuch as the fibre diameters, fibre
type and homogeneity of the sample&Siven that these materials were the focus of the PhD
at the time, being able to accurately model thewas of great importancelhe second study
looked into the accuracy of somether models, utilising different approaches to sound

propagation theories to again predict the airflow resistivity of nonwoven porous

The models usefbr the direct estimation ofhe airflow resistivityn these mediavere chosen

for the experiment reportedn the first investigtion were: (i) the BiesHansen equation(ii)

the GaraiPompoli equationand(iii) the KozenyCarman equation (Bies, Hansen, 1980; Garai,
Pompoli, 205; Kozeny, 1927; Carman, 193The equationdor the retrieval of airflow

resistivty are presented below.

() The BiedHansen equation (Bies, Hansen, 1980) is an empirical model getagn

airflow resistivity of a material to its fibre diameter and bulk density, i.e.:
” ,Q ” 0 3
Equation 410
where ,, is the mateial airflow resistivity [Pa s/d}, ” is the bulk density of the fibres
[kg/m?], Qis the mean fibre diameter ithe sample [m],t. and 0 are dimensionless
empirical constants; which have values of 1.53 and 3.18R1for glassyfibre mateials
respectivelyBies, Hansen, 1980). This equation, presented by Bies and H&amsgHansen,

1980),assumes that therés a uniform fibre diameter, which is less than>th, and that there

is a negligible binder fibre content within the material.
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(i) The KozenyCarman equation is also an empirical model, originating from the
1930s. Originally designed to relate the potpsof granular media to airflow resistivity
(Kozeny, 1927; Carman, 1937), it has since been adapted to estimate the airflowitgst
fibrous textiles, especially polymer fibres (Pelegrieisal, 2016).This modelwas adaptedy
taking intoconsideration the density of the sample, and corregfior it by relating thefibre
density (represented by the particle siZ@, in the KozemyCarman equation) to the bulk

density as seen in Equation 4.(Relegriniset al, 2016)

puyYTp %o
! Q %o

Equation 411

Equation 4.12

where* is the dynamic viscosity, a constant derived frotm®Pa SdzA f £ SQa Slj dzF G A 2
flow for a liquid (assigned the value of 1.81XRHsfor air, usedn this work). In this cas®
is the patrticle size, which was assumed to be equivalent to the fibre diamete¥dhd
porosity. The porositgan becdculated from the ratio of bulk material density, , to fibre

density,” , as shown in Equation@®in Chapter 3.

From the above two equationfEquations 4.11 and Equation 3i6)is apparent that the

airflow resistivity of a sample is inverselgpendent to the square of the fibre diameter.

(i) The GaraPompoli equation (Garai, Pompoli, 2005) mother empirical model
which, like the Bieslansen equation, relates airflow resistivity to the fibre diameter and fibre
density. This equation wasorn out of experiments by Garai and Pompoli and based on the
BiesHansen equation to predict the airflowsmstivity of polyestebased fibrous materials. It
was found that the Bieslansen equationcan significantly underestimate the airflow

resistivity \alues ofsome types ofibrous media. Garai and Pompoli later suggested that this
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was as a direct result ¢fie polyester fibres they were studying having a larger fibre diameter
than the fibreglass samples originally modelled by Bies and Hansen. IndkeldBisen
equation, fibre diameter was assumed to be homogenous and of a size smaller than 15um.
This is notthe case for most commercially used polyester fibres, which means that the
constants proposed in the Bies and Hansens work were not sufficierdlyade to predict

airflow resistivity of polyesters.

Garai and Pompoli proposed a new model, which theyNéfel 2 | & GKS aySé
Obwavé ODFNIAZ t2YLREAZ HAnpOd

, 0
Equation 413
where
5 0 &0
Equation 414
and
6 U

Equation 415

Garai and Pompoli proposed new values for the constants relating to fibre diameter, labelled
0 andV in equation 414 and 415, respectively. They reported that values®f ¢ & Y w
and6 p& myielded the best fit for polyesteilfres, and as such those values were used
throughout the scope of this PhD theg¢Garai, Pompoli, 2005 was also reportedhat an
analysis of four different types of polyester materials with varying surface treatments and
varying binder fibre percenge that no noticeable impact on the precision of their equation

was observed.
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The airflow resistivity values predicted withetbethree modes were then compared to those
deduced via two mathematical models, which are able to invert the airflow resistifity
fibrous media from their acoustical propertieshe method for determining the acoustic
properties can be seen iBection4.2in Chapter 4Themathematicalmodels werethe Miki
model (Miki, 1990) and the Pad approximation model(Horoshenkovet al, 2016), and a

summary of each follows.

Inversion modelling is essentially the retrieval of unknown material parameters from the
relationship with known material parameters. Within acoustics it is common to predict the
surface impedancax "Q, of a hardbacked porous material, with a thickne¥,from known

values of characteristic impedande, and wavenumberQ, as seen in Equation:

Equation 4.6

The surface impedancdata is normdly used instead of the absorption dates surface
impedance measurements are more sensitive to calibration effécis possible tobtain a
good absorption curve with a comparabpoor calibration. This is not the case with
impedance,and as such usinthe impedance data ensures that the material has been

accurately measured acoustica#lpd the inverted values are as acate as possible.

The airflow resistivity of the same material can then be inverted by finding the minimum of
the function defined g Equation 417, whereg¢  "Q is the measured surface impedance
spectrum,& "Oh, is the predicted surface impedance spectrum, dfds the range of

frequencies at which the impedance data were measured.
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ROIN a Q a oh ©° &t

Equation 417

In this thess, the minimisation problem was solved computationally using a NéNtkd
optimisation algorithm (Nelder, Mead, 1969)he NeldeiMead optimisation algorithm is a
pre-existingfunction in Matlab, whicHacilitated ease of modelling. A recent publicaticssh
also justified its use by showing that models run with this optimisation ggaésticresults
that agree with both direct nomcoustic measurements and results from otheorm
common optimisations, such as the Bayesian optimisatittoroshenkovet al, 2019) Then
the inversion was carried out using either the Miki model or the&auproximation model

initially (Miki, 1991 Horoshenkovet al, 2016).

Hrst published in 198, the Miki model was suggested to be an improvement to the
empirical model of Delany and Bazely (Delany, Ba2870). The@roposed modifications to
the DelanyBazely model enabled greater accuracy anbetter causality across a broader
frequency rangeghan those omjinally attained with the DelanBazley mode(Miki, 1989).
Accordingo the Mikimodel, the characteristic impedance of porous media can be calculated

accurately from:

a'Q 0Q QR

Equation 418
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where

Q
I '"Q p T ™

Equation 4.9

“Q 8
WQ T T

Equation 420

Miki also modified thecomplexwavenumber for sound propagation in porous media, now

represented as:

’E‘Q nQ | “Q"Q T “Q

Equation 421
where
“Q C“ "Q Tj[gz 8
R T een
Equation 422
. cll "Q Q 8
F'Q ——p T™TTwW
w ”
Equation 423

In equations 417 ¢ 4.22, f is the frequency of the sound wavel], is the sged of sound

in air [n/s], andi =+ 4 (Miki, 1989).
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Proposed in 2016, the Padé approximation model is a new model that approximates

a viscosity correction function that affects both the characteristic impedance and

wavenumber in a poraaimaterial with noruniform pores (Horoshenkowet al, 2016).This
viscosity correctiorfunction corrects for deviations from Pousefdd [ | ¢ & AwithK
frequency Viscosity inporousmedia is frequency dependenyith two limits: (i) when the
sizeof the boundary layer igreater orcomparableto the fibre diameter, and (ii)whenit is
much lesor comparable tahe fibre diameter, introducing in¢ial effects orrigid skeleton

The characteristic impedance and wavenumber are represented by tlogvioli equations:

a ] "1 ¥6

Equation 424
and
Q1 1T "1 01,
Equation 425
where 6 1 pf0 1 describes the bulk complex compressibiliy; describes the

dynamic bulk modulus of air in the pa€ 71 describes the dynamic density of the air in

the pores, andw=2 tf is the circular frequency.

OKLl y:

ThePadé approximant theory is derived from the expansion of a given function as a ratio of

two power series, determining coétfents of the mmerator and denominator. A power

series is best described as an infinite series of the expression:

B &d.

Equation 426
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In the work by Horoshenkost al, Padé approximants are used for expressing the dynamic

density (Equaon 4.27) and complex copressibility (Equation 30).
" p T O ,
Equation 427
where the viscosity correction terfQ | , is given by a Padé approximant so that:

P —l —T
P —l

"0F

Equation 428

where] QT

~

In the above Padé approximation (Equation2d. the coefficients—; -h—;

oIcQ” ,and —; —y F—; are positive real numbers.
. [
61 2 2
[ p T "Of
Equation 429
where
O P —nl  —l
P —l
Equation 430
The coefficients in Equatioh30are—;, —;T—, ,—; ~ PACQ7 h— -and
the frequency dependent parameterfis Q0 7,
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In Equation 430, S,is the air flowresistivity of a single pore and is the thermal flow

resistivity in the pore. The thermal flow resistivity is commonliyodelled as thermal
permeability,an expressionwvhichdescribes the thermatxchanges between thigame of a

material and the impeding and reflected soundwavpsmarily affecing low frequency
behaviour(Lafargeet al, 1997) It is the thermalequivalentof 5  NO& Q& [1858) 0 5 ND
whichdescribes the relationship between tipgessure gradient at either end of porous media

with a fluid flowing through it Np, is the Prandtl numbeg defined as the ratio ofviscous
permeabilityto thermal permeability andvas calculated to have a valuel680 for aypical

, value of 0.3 isthe specific heat ratio, ang is the standard deviation of the legormal

distribution of the materialpore size. Generally, for fiborous media with a relatively high
porosity,, 1t (Horoshenkovet al, 2016) which woud mean that the viscouand thermal

permeabilities were equal

The equations presentedboveare for single pore materials, and as such bulk materials with
a plurality of pores will require some parameters to be changed so that the effective flow

resistivty is expressed as:

Equation 431

Equation 432
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with

'Q-I ”
%0”

Equation 433
0 for a single pore must also be replaced, becoming:
0 %D
Equation 434
where
T QT
%n
Equation 435
and
o 2
b %0
Equation 436

The equations for the characteristic impedance and wavenumber can be used to predict the
surface impedance of a hadshcked porous speciem of thicknessQusing Equation 44. In
this case, the flow resistivity of the fibrous material specimen can be inverted by finding the

minimum Equation 4.7.

There are othertheoretical and empirical modelthat can beused to predict the

airflow resstivity of fibrous mediaThesecan be segregated into capillary channel theoretical
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models, drag force theoretical models, and empirical models. The capillary channel
theoretical models are based on works completed by Hdgeiseuille and later Kozeny
Caman (Kozeny, 1927; Carman, 193¥ithin this theory, it is assumed that the flow thrdug

a porous material behaves in the same was as conduitliletween parallel cylindricalibes,

and so is subjected to side friction as it moves through the material.

In the case of drag force thearit assumes that the fibres making up the walls of the pores

are rigid obstacles to flow. As such, each fibre that is encountered during the flow through

GKS YFGSNAIFE FRR&a NBaradlyOoSa&®2 WAl F WRNAY3 QO b
total resistance to flow within the material (Scheidegger, 1963). The empirical models
estimate flow resistivity based on the values of other measureable material characteristics,

such as density, fibrdiameterdistribution,and fbre orientation A summary of &h of the

models and their equations can be found in the published work (Yedrad,2018), whilst the

equations used to estimate airflow resistivity can be seehahles4.3to0 4.5:

Model Airflow resistivity calculation
KozenyCarman(Kozeny1927; p Ymp %o
Carman, 1937) " 0 %o
Davies(Davies, 1953) Pt p % Sp LE %o
” IQ
LindNordgren(LindNordgren, pCyYp %o
Goransson, 2010) " 'Q %o
Doutres(Doutreset al,2011) pC'Yp %o
” IQ
PelegrinigPekgrinis,et al, 2016) p Ytp %o
” IQ

Table 43: Airflow resistivity equationsasedon thecapillary channeflow theory.
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Model

Airflow resistivity calculation

PO P %o
LangmuirLangmuir, 1942) " . 0 %
Q 1lp % p® ¢p %o —<
Hasimoto(Hasimoto, 1959) oCp %o

" Q Tdp % p8 X0

o¢p %o
KuwabargKuwabara, 1959 " A 0 %o
Q llp % pd c¢p %OT
For flow parallel to fibre direction:
X6 P %o
Happel " 11p % 0 TP % p %
(Happel, 1959 For flow perpendicular to fibre direction:
XE P %o
"o 10 o PP %
Q 1 lp %o o o %
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Tarnow

(Tarnow, 199%

For flow parallel to square lattice:

POP %o
? Q | Tp %o T® C%o

Fa flow parallel to random lattice:

POP o
TQ  p& Yimlp % @ ¢ @ C%o

For flow perpendicular to square lattice:

PO P %o
Q Tp %o %0 T& o

Forflow perpendicular to random lattice:

POP %o
Q TTimlp % TR @ 0 %o

Table 44: Airflow resistivity equationsased on thalrag force theory.

Model Airflow resistivity calculation
BiesHansen(Bies, Hansen, 1980) o Yoot " 8
” IQ
. . n 8
GaraiPompoli(Garai, Pompoli, 2005 C&® opdin
” IQ
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For mechanically bonded fibres:

8t opit ” 8
Q

. For resin bonded fibres:
ManningPanneton
o® ppan " 8

(Manning, Panneton, 2013)
” Q

For thermally bonded fibres:

p8xcp m " 8
” IQ

Table 45: Airflow resistivity equationsased orempiricaldata.

It must be noted that these two studies did nat@mpass every model currently being used
for the purpose of determining flow resistivity in a materialeToal of these studies was
instead to try and utilise some of the more commonlhedsnodels in the textile industry
There are also someopular models missing from the list, most notably the Johrson
ChampouxAllard (JCA) modéAllard, Atdla, 2009) TheJCA model was not used in this work,

as the model requires the knowledge of a significant number of material parameters, many
of which¢ such as thehermal permeability, or the viscous and thermal characteristic lengths

¢ are either difficult or time cosuming to measure. It has been demonstratgtbroshenkov,

et al, 2016)that relating these parameters to more routinely characterised parameters like

the pore size distributiomanyield comparable or better results.

The porosity%e of the fibrous sampkwas measured independently and it was used in the
inversion process. It is easy to show that for this type of fibrous meifalow density and
high porosity the tortuosity| , is close to unity within B%. In this case theomputational
models kecome relatively independent gdorosity and herefore, this parameter was set to

one to enhance the convergence of computataburing this work
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As mentioned, th@onwovenmaterial sampleor singlecomponent fibresvere provided by

John Cotton Group Ltdables 46 and 47 show the composition of these materials and some

of their material parameters. In these tables, the nomend#htS &t 9¢ ¢ NBan@NB (2
GOAYRSNE adlyRa F2NJ I LRt &SaisedNdambe yot8 MJ T A 0 N.
Appendix A.The fibre composition was taken into account to generate an average fibre
diameter based on the weighted proportion of each fibre in the blend. The fibre diameter of

the samples NW Sample 3 and NW Sample 4 was unknowhesesamples were madiom

recycled materialsandno denier value was providdsy John Cotton Group LtilVe were also

unable to obtain a value for the fibréiameter through the measurement of the samples

These samples are composed aofiaconsistenwariety of diameterswhich weredistributed

randomly throughout tie sample, making it a challenge to get a representative average value

of diameter. Despitenot being ableto get a reliable average, the range of fibre diameters

seenwas typically between 13m and 64> Y ®

Measurenent of the material characteristics such as bulk density, porpsityl thickress

were all completedn the Jonas Lab at the University of Sheffigdthg the characterisation
methods outlined in Chapter 31 each case the thickness values have been redial the
nearest millimetre to minimise any inaccuracies caused by partial compression of the samples
by the callipers. The porosimeterdhan accuracy of 1¢loroshenkovet al, 2007) Given the
accuracy of the porosimeter, any deviations the value ofporosity were likely to be
negligible andhave minimal effect on thecakulated values of airflowesistivity for the
majority of models used in these two studi€3ne important observation to note with the
drag force theory models is that they all takdéet natural log of one minus the
porosity,I Ip  %.. In this instance, the 1% error associated withr perosimeter could
become substantially larger. For example, if the measured value of porosity is 0.98, then
I Tp moy o®v p. A 1% error attached to this value of porosity would then mean the
porosity could range from 0.9702 to 0.9898. Taking the uppeunbary for our
example] Tp ™Y w Y 1® wwhich is a difference of 16%.
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As an examplef how the porosimeter accuracy affects models not based on drag force
theory, considerlie Padé approxnation model Changngthe porosity value of Sample 1 to
0.98, from 0.96 (a value much greater than the differences encountered during the
measuremens, see Tabld.8), wouldthen change thevalue of airflowresistivityas evaluated

by the Padé approximatn model to27242 P&/m? from its original value of 27243 Bam2,

or 0.004% Theexperimentakrror associated with this wonkas10% This experimental error

was choseras the value of bulk density for a sample can vary by a similar amount due to
several uncertainties durg measurement due to fibre compressiowariation in fibre
density, errors associated with the averaging of the weighteddidiameter in media with
multiple fibre diameters presengnd any inaccuracies or noise present during the acquisition

of the acastical data which may have given slightly erroneous data.

Sample Fibre composition

Sample 1 25% 20.24um PET, 55% 24.7@n PET, 20% binder

Sample 2 52% 20.24um PET, 20% 13.18n PET, 28% 20.24n PET binder
Sample 3 10% 20.24um PET, 75% rags, 13%20um PET, 3% binder
Sample 4 15% 20.24um PET, 50%otton, 17.5% 6d 24.78m PET, 17.5% binder
Sample 5 75% 26.2Qum PET, 25% binder

Sample 6 75% 12.4Qum PET, 25% binder

Sample 7 75% 12.4Qum PET, 25% binder

Sample 8 40% 12.3um PET, 35% 39.20n PET, 25% binder

Table 46: The material compositions of the eight samples used in the reported experiments.
The percentages show the relative composition of fibres with a particular fibre diameter

value. The binder fibre has a fibre diameter of 2Quav
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Sample ‘Q [um] " [kg/m?] " [kg/m? %o [-] "Imm]
Sample 1 23.66 1381 60.35 0.96t+0.0010 34+0.5
Sample 2 18.83 1379 32.68 0.98+0.0007 46x0.4
Sample 3 N/A 1378 43.82 0.97+0.0009 45+0.3
Sample 4 N/A 1383 27.94 0.98+0.0005 50+0.2
Sanple 5 24.71 1383 21.71 0.98+0.0010 47+0.3
Sample 6 14.36 1379 24.68 0.98t0.0005 42+0.3
Sample 7 14.36 1379 38.47 0.974+0.0004 43+0.5
Sample 8 23.74 1383 17.57 0.99+0.0003 54+0.4

Table 47: The key material data for the eight samples used in thertegexperiments.

The measured values for surface impedance and atlb@racousticaparametersfor

the nonwovenmaterials described in Table7dwere then substituted intd&Equation 417 to

solve the minimisation problem,making use of thestandard MATLABmMinimisation
ddzo NRdzi Ay S
frequency range of 20@500 Hz. The lower boundaof 200 Hz was applietb avoid any

WFYAYAaSHNOKOYR

6 0vQ

%

6al ig2N] &s

inaccuraciesaused by phase mismatch or structural vibrations in theuato impedance

tube, whilst the upper boundary is governed by the limitations of the frequency range that

can be swept in the 200mm impedance tulidereare slightly fewer losses in tHEO0mm

impedancetube than are present in the 45mnmpedancetube, sowherever there was

sufficient materialavailablethe 100mmimpedancetube was used preferentiallyln both

cases theoot mean squarerrors were generated from theifference between the predicted

and measureabsolute values of theurfaceimpedance. jure 4.11 presents the measured

and modelled (through the minimisation algorithm, Equatiori4) real and imaginary parts

of the surface impedance fdadample 1. The root mean square error between the measured
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and predicted value of the normalized surfangedance for all material samples was below
9.6%, and had an average of 1.6% for all samplaese modks use the minimisation

algorithm to fit the nonacoustical paramets and hence modelled value of surface
impedance tathe experimentally obtained dataAs such, a good fit between the measured

and modelled resultsmeans the values retrieved by timeodel are robust.

30 20

° ——Real Part (Measured) ——Real Part (Measured)
o ——Real Part (Modelled) g | ——Real Part (Modelled) |
s 20| Imaginary Part (Measured) % 15 Imaginary Part (Measured)
Q —— Imaginary Part (Modelled) @ —— Imaginary Part (Modelled)
= E10
Q ©
® 107 ®
= = 5
3 3

0 ' ' 0

0 500 1000 1500 0 500 1000 1500
Frequency (Hz) Frequency (Hz)

Figure4.11: Examples of the measured and predicteid optimisationyalues othe
normalised surfacaripedance) for the Miki (left) ad Pac approximation (right)

models for the blended samples found in Table 4.2.

The airflow resistivity was also measured directly using an AFD AcoustiFlow 300, supplied by
Akustik Forschung Dresden, and usddngside their AFD 311 software packageu6iik
Forschung Dresden, 201vip a directairflow method, as outlined in the 19053 (ISO9053,

1991). Five specimens for each sample were tested and the airflow resistivity value was taken

as an average dhese five specimens.

Figured4.12 presents a sumary of the measured, inverted and predicted flow resistivity data

for all fibrous samples studied in eéhfirst investigation Figure 4.13 shows the average
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percentage errorof each model across all sampl@here is generally limited agreement
between theflow resistivity predicted by the three equations (Section 4.2.1 to 4.2.3) which
make use of fibre diameter and material density data. The maximum difference of 88% is
observed in the case of the Biearsen equation applied to Sample 8 material data. Bles
Hansen equation consistently underestimates the airflow resistivity when compared to the
results from the GaraPompoli and Kozerg€arman equations. The GaRompoli equation
tends to overpredict tk flow resistivity except in the case of Sample &arial. The Kozeny
Carman equation tends to underpredict the flow resistivity except in the case of Sample 1
material. The maximum difference ef5% is between the flow resistivity predicted by the
Kozery-Carmanequation and the measured value for Samglenaterial. The maximum
difference of 59% is between the flow resistivity predictedhmsy GaraiPompoli equation and

the measured value for Sample 2 material.

24,000 -

20,000 +

16,000

12,000

8,000 +

Airflow ResistivityfPa/sn?)
]

4,000 4

| | 1] ki

Sample 1 Sample2 Sample3 Sample4 Sample5 Sample6 Sample?7 Sample 8

.

mPadéNUP mMiki OKozeny-Carman EBies-Hansen B Garai-Pompoli @ Measured

Figure 412: A summary of the measured, inverted and predicted flow resistivity values for
the material samplesThe inverted valuearerepresentedyy the PadeNUP and Miki models

predicted values the KozeBarman, Bieslansen, and Gar&ompoli equations.
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Thevalues of airflow resistivitinverted by the Pad® approximationand Miki modelanore
closely fit themeasured valueshan those obtained fromthe empirical and theoretical
equationscovered aboveThe maximum difference of 42% is between the flow resistivity
inverted with the Pad approximation (PadéNUP) and that measured for Samplaefldw
resistivity values inverted with thieliki model is much closer to their measured equivalents.
The maximum difference of 15% is for the case of Sample 4 material. For the other materials,
the differences between the value of the flow resistivityarted with the Miki model and its
measued value are much less. The maximum mean error produced by the Miki model occurs
during the inversions of Sample 3, with a value of 8.8%. The maximum mean error produced
by the Padé approximation model occurs durthg inversions of Sample 1, with a valaf

9.3%.
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Figure 413: A comparison of the inverted (MikladeNUP) and predictédozenyCarman,
BiesHansen, GaraPompoli) values of airflow resistivity, presented asawerage

percentage vaance from the mesured valuefrom all material samples
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From these results, it could be concluded that the Miki model is superior in terms of the flow
resistivity inversion when compared to the Feapproximation model, Bieklansen, Kozeny
Carman and Gar&ompoli equatios. Thegreater accuracy of th#liki modelis derived from

the usefewer parametersso itis more stable in the parameter inversion process. The pore
structure of fibrous media with high porosityatsorelatively uniform so that the convergence

of the Miki model br this type of media is better than that of the pore distribution model
based on the Padé approximatiolmong the three equationgsed to predicflow resistivity,

the KozenyCarman models appear more accurate thame BBies and Hanseand Gara-

Pompoliequations

A suspected reason for a relatively limited performance of the three equations is that these
equations are only valid fanedia wih a uniform fibre diamete In the case of the Bies
Hansen equation, it is assumed that the fibre diaanes a uniform size smaller than {115,

and that there is limited binder fibre present in the material (Bies, Hansen, 1980). All of the
materialspresent in this sample make use of multiple fibre diameters and havavarage
composition of 20% binder fib. Similarly, only two of the eight materials tested have average
fibre diameters lower than Jim, whichmeans that the coefficients used tiyis model will

be incorrect This same conclusiowas reached by Narang, when investigatpayester
based materls with fibre diameters ranging from 3#n to 26 um, stating that the airflow
resistivity of polyester based materials did not appear tolofwl the same empirical
relationships used in the case of fibreglass materials (Narang, TR@&haraiPompoli moe!
recalculated he value of those coefficients to best fit that of polyester fibres with diameters
ranging from 18m to 45um (Garai, Pomegli, 2005) As a restilof this, and given this range
covers all the fibre diameters present in the test samplewoitild be reasonable to assume
that this model would be more accurate than the Bidgnsen model upon which it is based
whichwas found to becorrect, withthe GaraiPompoli modehaving an error half the size of

the BiesHansenmodel However, it still differs fromthe measured value by an average of
37%.Whilstthis could be due to the presence of multiple fibre diameters gerhaps worth
noting that the materials used in the original paper by Garai anthgdli hal airflow

resistivity valuesvhich ae significantly lower than the materials used in this study (Garai,
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Pompoli,2005). Furthermoreit does not report on the porosity of those materiafs such it
is hard to conclude why there is such a disparity between tiselte reported by Garai and
Pampoli and the results seen in this studihe relatively good performance of the Kozeny
Carman equatiorechoes the results seen in literature (e.g. Pelegretisl, 2016), which is

likely due to its consideration of material density alongside fibre di@me

Considering ease of applicatiallthe models and equations have some drawbadke. Bies
Hansen, Kozerg€armanand GaralPompoli equations have a few significant drawbacks such
as the requirement to know several material parameters in advantieeoéxperiment. Some
parameters, e.g. fibre diameter and its distribution, can be difficult to measure or to predict.
Cawersely, the Miki and P&dapproximatiormodels can be ruto a good accuracyithout

the knowledge of anpon-acousticaparameterohnS NJ (G Ky (0 KS Y [Thesadk | £ Qa
parameter used in the inversion process with both Miki andé&agproxmation models is

the airflow resistivity.As such, it would be reasonable to assume that this value must be
known, but these modelsre ableto invert the value of airflow resistivity from the acstical
data, and so it is not required to be know@f couse, this does require that the samples be
tested acousticallywhich is the biggest drawback of the inversiondels aghe equipment

for thisis far from commoroutside of academia
4.3.2 Accuracy of some models for multicomponent fibrongnwovens

After the completion of the first study, a further study was completedollaboration
with Tao Yangrom the Technical University of Liberélhis stud/ looked at the accuracy of
models for the retrieval of airflow resistivity frorthe multicomponent polyester fibre
materialsshown in Table &d.(Yanget al, 2018). This study conducted a detailed analysis of
the accuracy of thirteen theoreticalnd empirical models when compared to measured
values of airflow resistivity attained using trstandard 1SO9053 direct airflow method
(1ISO9053, 1991). The samples being evaluated were composed of three different types of
fibres: monofilament PET, hollefibre PET, and womponent PETIn this study the three
types of different fibores mentioned wengrepared as a total of 3 samples, with an average of

6 £ 1 specimens tested from each samplEhe material parameters and their synthesis
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methodswere discusseth Section 3l.1andtheir values were listed ifiable 3.4n Chapter
3.

In order to evaluate the accuracy of each of the models, the predicted values of airflow
resistivity were compared to the measured values retrieved using the AcoustiFlow 300. Their
relative accuracy was assessed by comparing the relative prediction drréing. case of the
capillary channel theoreticahodels,shown in Figure 44, the Doutres and LindNordgren
models predictd similar values dirflow resistivity(Doutreset al,2011). The only difference
between the twomodels is that the LintNordgren model features the porosity in the
denominator (LindNordgren, Goransson, 2010)Vhen considering fibre diameters in the
range ofl8um - which is the average fibrdiameter presentn the multicomponent materials
used inthis study, the addition of porosity to the denominator will make very little défere
when the porosity is close to a value ofak, can be seen in Table 3.4 of Chaptért8s may
explainwhy they have near iddictal results and also explains why thiestart to differ at
higher densities; samples at higher density also had a lower value of podeitgasing the

size of the denominator in the models

The error associated with the Koze@arman modehad a maxinum value of 12.3%whilst

the maximum eror for the Pelegriniet al model is 8.4%That the KozenyCarman model
agreedclosely withthe adaption proposedy Pelegrinist al which isnot surprising; the

original paper (Pelegrinigt al, 2016) concludedhiat it was able to retrieve the airflow

resistivity values from absorption data to within 10% of values predicted by the kKozeny
Carman equationThe adaptionalso propsedchanges det 3SR FTNRY t 2A aSdzAf f
which account for flow resistivity, fibrdiameter, and bulk material densiffPelegriniset al,

2016) The difference in predictions from the Doutres/LiNdrdgren models and the Kozeny
Carman/Pelegrinis models is a result of the two sets of models using differgreéssion
coefficients in theflow resistivity equations: 180 for the Koze@arman/Pelegrisi models;

and 128 for the Doutres/Lirtllordgren models.
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Figure 414: (a) Comparison of measured versus predicted values of airflow resiagaityst
relative densityfor the models basedn capillary channel theory, and (e relative

prediction eror of each modeFigures taken from Yang, et al, 2018.

The Davies model (Davies, 195Bpwedthe highest value of predicted airflow resistivity and
a relatively high error of 98.8%.is suspected that such a large error is simply down to this
model not being applicable to the types of materials testemtein. Whilst it isstill a fairly
popular model, it wasriginally writtenfor the application ofirbourne filtrationby a uniform
filter composed of a single fibre diametdy contrast, thenaterialsstudied in this study are

not a in a uniform arrangement.

In the case of the drag force theoretical modalspwn in Figure 45, the results suggest

that the model by HappeBQor the arflow perpendicular tdibre (Happel, 195%ignificantly
overestimatel the resistivity by over 400%. The predictions by Hasimoto, Kuwabara, Happel
WAand Tarnoware very similar angignificantlyoverestimatel the airflow resistivity by
180¢210%(Hasmoto, 1959; Kuwabara, 1959; Happel, 1958rnow, 1996)The equations in

the Langmuir andKuwabaramodels are identicalexcept forthe value of the coefficient
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multiplied bythe dynamic viscosity;. The Langmuir modehas a coefficient of 16, wist the
Kuwabara model uses a coefficient of 3Be doubling of this coefficient has halved the error
associated with the prediction of the airflow resistivity of these materials, suggesting that this
coefficient is better optimised for the type of materials tested in this stutlg. tobe expected

that the Happel and Kuwabara models are similar to that of the Langmuir model, as both are
based upon it. Similarly, the Happel and Kuwabara models are weitgrsin both result and
formulation as they botluse to same approach to soltlee problemLangmui encountered

when trying to model flow parallel to the fibre direction. Both Happel and Kuwabara solved
thisby using two concentric cylinders to represdoid flow through an assembly of cylinders
(Kuwabara, 1959; Happel, 1958l three of these models were originally created to predict
sedimentation and resistance to flawassembliesf cylinders; whilst the authors stated that
these modellR A R do@agreewenkX] for cases where it caretreasonably expected to
apphyQ o1 | LISt X mMppd0d AlG A& fA]PSte (HsluSedid KS 2
this study are outside the scope of these models, which may explain their inaccuracy. Despite

this, these models are still common chaae the filtration industry, amongst others.

The predictions by TarnoWnodelyieldedS A G A Yl 6 Sa gAGKAY (K2asS 27
W/ The most accuratelrag force theorymodel for the flow resistivityfor these mult
component media wa the TarnowBQmodel, which is accurate to within 10% amimore

accurate when the mateais have elatively low density.
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relative density for the models based on drag force theory, and (b) the relative prediction

error of each modeFigures taken from Yangt al, 2018.

As mentioned in Section 4.3.1 of Chapteradl, the drag force theory modelgontain

I o %08This calead to a 16% erran just the porosity valugsas demonstratedThis may
explain why the observed results fibre majority of the drag force theory models tested were
more inaccurate than the capillary flalweory models The drag force theory modelseaalso
the only models tested which consider the direction of fiehative to the fibre directionThe
samples used in these studiegere prepared from rotating perpendicular or vilti@nal
perpendicular methods, which means that in all cases the angileecfibre in the material
could notbe truly perpendicular to thedirection of flowwhilst takingthe airflow resistivity
measurements. Fibrerientationanglesneasuredrom the dominant fibre axis to the surface
of the material specimenaried from 2188° to 87.26" with a median value of 42.90With
61% of the samples have a fibre orientation angle less thari-4&m this, it could bdedued
that the perpendicular models would perform better than the parallel models, as the majority
of samples havelire orientation angles which are closer tging flat than standing vertical
(and so aramore perpendicular). This is not the case however, #me two most accurate

models from this categorgire based on the assumption giarallel flow It cantherefore be
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concluded that fibreorientation angle is of key importance when modelling materials using
models applying drag force theoryn Table 3.4 in Chapter 3, there is a correlation between
the relative density of the material and the fibre orientation angléhis makes sense, as a
denser sample will have mongerpendicularfibres. As such, you would expect that the
parallel flow models would be more accurate at higher densities and the perpendicular
models would be more accurate at lower densities. Figut8 shows the opposite however

and | cannot account for this repeated observation.

In the case of the empirical modeshown in Figure 46, the BiesHansen and Manningesin
Bonded(RB)models significantly underestimated airflawsistivity ofthis multi-component
media (Bies, Hansen, 1980; Manning, Panneton, 20%.GaraiPompolj and Manning
MechanicallyBonded (MB)and Thermally Bonded (TB) models (Garai, Pompoli, 2005;
Manning, Panneton, 2013)ere seen to producea relatively close agreementwith the
measured airflow resistivityalues, with errors that ranged from 11.1% to 15.7%is result
largely agrees with the resulteen in the first studywhere the GaraPompoli model was
found to be more accurate than the Bieansen equation upon whiahis based (Hurrelet

al, 2018). The comparably poor performance of the Manning RB model is relatively simple to
explain, in that these materials havetbeen resin bonded, and as such the coefficients are
incorrect. The Manning TB model alB modelare significantly more accurate than the RB
model, and give somewhat similar results as the regression ciefts present are similar.
That the TB modekithe most accurate of the Manning models is to be expected, as the
Manning TB model does not taketo consideration fibre diameter and assumes that the

fibresare thermally bonded; which is accurate fathe materials used in this study.
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2018.

4.4 Conclusion

This chapter has covered the acoustic testing and modelling ofaghevoven fibrous
samples that made up the first half of the work completed during this PhD. The first step was
to investigate a range of nonwovesamples with varying parameters to identify which of
those material parameters has the greatest impact on theustic performance. From that
testing it was established that fibre diameter was arguably the biggest parameter, @3 not
in Figure 4.2, where P Sample 1@0ith a smaller average fibre diameter was able to-out
perform much thicker or denser samples. Tthien developed into a small assay to confirm
the observations noted in the earliest testing. Three fibre diameters were tested as raw
samples andt was conclusively shown that the smaller fibre diameters were vastly superior.
This hypothesis was furthepfirmed when four samples were made up with progressively
smaller fibre diameters in the same composition as for a current automotive insulation

product. Once more it was conclusively shown that the sample with the smaller fibre diameter
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offered the greagst acoustic performance. This increase in performance is attributed to the
increase in tortuosity and fibre density caused by decreasing the fittameter whilst
maintainng thethickness and or bulk density. Using smaller fibores means that more fibres
can be packed into the same volumén increase in the tortuosity has been shown
experimentally and theoretically to decreases the sound spdduhéon,et al, 1982; Basu,
1992) increasing the number of interactions the wave has with the fibre,ianceasng the
amount of drag exerted on the waweboth of which significantly contributing to an large
increase in viscous and thermal losses, whatlsorbs the sound energy better. The
impedance mismatch between air and the sample will also increase widbaaase in
porosity, which is often caused by arcrease irthe materialdensity, which will also result in

a greater reduction of sound propagaiti.

It was also demonstrated in Figure 4.9 and 4.10 that the addition of a thin highly resistive
f I @SNEQ>2 ND2Wa {1 AYF GSNRLFE OFy NBadzZ & Ay aAra3ayArATFir

The second part of this chaptoked at the modellng of these fibrous nonwoven media.
Thereexistsa large number of models for porous media, which whilst generally fittitay

three categories are sufficiently different in their calculation that they yield vastly different
results for different type®f media. It is often a challenge to know which model(s) will yield
the most accurate results for the retrieval of eitherastical or noracoustical parameters.
Furthermore, some models require the knowledge of a great deal of parameters before they
can accurately estimate the results, whilst others are much simpler. Two studies were
conducted to explore the accuracy of somfethe more commonly used and latest models.
The first study was looking directly at the materials used in the acoustic charatitatis
stage, whilst the second study was expanded to include materials with varying types of
polyesters ¢ such as hollow files, which are becoming more common in industrial

applications.

The conclusion of #first studywas thatfor the eight nonwoven fibrous material samples
tested, the value of the flow resistivity inverted with either IBaghproximation or Miki model

iS more accurate than that predicted using Bietansen, Garg?ompoli or KozenrZarman
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equations. In particularthe Miki model enables the inversion of flow resistivity of this type
of fibrous media from measured surface impedance data with an accuracy of teite15%.

The Padé approximation model enables the inversion of flow resistivity with the accuracy of
better than 42%. The latter error is likely related to the fact that the Miki model requires
fewer parameters so that it can be more stable in the paggemninversion process. The pore
structure of fibrous media with high porosity is relatively uniformIsattthe convergence of

the Miki model for this type of media is better than that of the pore distribution model based
on the Padé approximation. Theqmosed parameter inversion is a straightforward process
which can be used to understand better the retetship between the material density and
fibre diameter distribution and the resultant value of the flow resistivity of a porous medium.
The flow resisvity inversion based on the Miki or Padé approximation model is attractive as
it can be run without theorior knowledge of any intrinsic material property other than the
YI G§SNR It Q&The Gsé&cand {swidy aviasp conducted on multicomponent fibrous
nonwo\ens, and concluded thdhe results indicatd that the adaption of the Kozerarman
model as proposedbPelegriniset al was the most suitable fothe retrieval of the airflow
resistivity value irmulticomponent polyester radia, with a prediction errorof 8.43%.The
CFNYy2¢6 W.Q Y2RSE I YI 1Ay ®xhibiadSeladvdy hgiNdcaracy 2 NO S
with aprediction error of 10.41%t was also made clear that the choice of model is crucial to
attaining reliable estimates of material parameteraspecially the airflow resistivity of mudti

component nonwoven materials.

However, both studiesuggesthat new equations are required to relate the flow resistivity

of blended fibrous media to the material density and fibre diameter distributlbmvould
further beneficial if these equations or models are able to accurately retrieve results without
requiring the knowledge of a wide range of parameters. In a lot of cases the characterisation
methods used to obtain material parameters like pore size or gtyr@are either destructive

or very slow, requiring expensive equipment. In this sense, inversion magelged to
acoustical data would be preferable due to the short testing times and-destructive

nature.
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Chapter 5: Nanofibrous nembrane acoustic and modelling

characterisation

The key findings from the work completed on nonwovens detailed in Chdpiere
that: () G KS LINBaSyoOoS 2F | WalAyQ 2y (GKS YIFOGSNRI
performance (ii) there are a range of material paraters that can be changed and optimised
to yield significantly improved absorptigrerformance,and (iii) inversion modelling using
acoustical data and models for the acoustical properties of porous media can accurately
predict the properties of nonwovensThis chapter will characterise the nanofibrous
membranes synthesised i€hapter 3, determine their acoustic performance and then
attempt to outline the relationship between the material parameters of the membranes and

how they perform acoustically.

As wih the nonwovens, the first step was to acoustically characterise the nanofibrous
membranes, followed by the application of the same models as described in Chapter 4 to
invert the material properties. It was found that the models used for the inversion and
prediction of porous material properties are not accurate when applied to the nlarofs
membranes. In addition to the acoustical parameters and modelled-aumustical
parameters, these membranes were also characterised using the methods described in
Chapter 3, such as the use of SEM to estimate fibre diameter and thickness. Thefdbiss
section is on nanofibrous membranes, which were occasionally difficult to fabricate in
sufficientquantity to test them in both the 100 mm and 45 mm impedance tul#esa result,
testing for the membranes was exclusively done using thendbimpedance tube. In some
instances, the yield of the electrospinning experiments was insufficient even for the 45 mm
tube so these membranes were unable to be acoustically chaiaetkat allFor membrane
measurements it was frequently found that theembranes were unable to be testday
themselvesand so they were tested by placing them upon awk#racterised substratef

a reasonable thickness and stiffne$te reason forhie membranes being unable to be tested
without a substrateis related to their inherent materal properties. The membranes

synthesised in this PhD were very thiess than 306 Y and with a very low stiffnes3 his
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meansthey were unable tosupportthemselvesstructurally. Their thinness also makes them
very hard to charactese.Because these membranes were so thieit acousticabsorption

wasalmost identical tahat of the empty tube asllustrated in Figure 3.

05 +

0.25 +
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= /40um Membrane Empty Tube

Figure 5.1 Comparison of the absorption coefficient for ard@hick nanofibrous

membrane versusmpty tube response.

For Figure 5.1, the response of thed® thick membrane was retrieved by placing the
membrare on the rigid terminus of the impedance tube. It is acknowledged thahore
robust methodof testing these membranes would be to haveadrgap behind the membrane
sample, and this was attempted in later woskth a 100mm airgajthoughthis still proved
unsuccessful fothe thinner membranes, and was omitted as a resulf)is was done to
illustrate the issues with testing the membranesairmanner consistent witlother porous

fibrous media.
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Figure 5.2Images highlightinghe first method used to mourthe membrane. As can be
seen, the membrane is cut oversized, and plaseer the substrate in thiube. When

inserted the mating face of the impedance tube ensures a tight seal.

Initially, dressmakers pins were used in an attempt to keep the membedtaehed securely

to the surface of the substrate to reduce any vibrations or the presence of air gaps between
the membrane and substrate. It was found, however, tttas was yielding erroneous data,

as the realpart of the normalized surface impedee was not increasing in thevay it had

been expectedThe pins resulted in holes which reduced the effective flow resistivity of the
membrane dramatically, as the size of the holes was larger than the average pore size present
in the membrane In a bid tofix this issue andsimultaneously reduce the possibiliand/or
impact ofmembranevibration orcircumferentialair gaps, twadditional mountingnethods
weretrialed. The first of such was to prepare oversized membrane samaplésoplace them
directly in front of the melamine substrate in the impedance tubes. The mating faces of the
impedance tube and sample holder were then used to hold the membrane sampléntau

place, as illustrated in FiguBe2.

The second method aldavolved preparing oversized membrarsamples, but these were
then wrapped around the substrate using the pressure from the substrate against the interior
of the sample holder to keep the membrane in place, as illustrated in Pig8ir€he presence

of airgaps can significantly impact the samired surface impedance of the tested
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substratefnembrane combination, especially when the size of tireumferentialairgap is
larger than the pore sizes present in the membréRion, 2002). Therefore, there weretial
concerns about the folds of thmembranes generating some gaps along the edges effect
proved very hard to control and to characterise. It is clearly dependent on the thinness of the
membranes and its ability to deform to fit between the subs¢ and the tube wall.
Unfortunately, rot all electrospun samples generated sufficient material to cover the
substrate completely. In additioio this, problems with the removal of the membranes from
their backing materials, and their inherent static properties also made it difficult to ensure

complete coverage of the substrate.

-ww
m
VILLSNOVIHILYW

Figure 5.3Image highlighting the second method used in liepiofing the membrane. The
membrane can be seen wrapped around a 45 mm diameter melamine sarhpléolds of
the membrane can also be seen as straiglatisas relative to the curve present in other

areas.

hyOS GKS YSYoNI ySQa beeh desiikd as well AsBasSge#Eniie 3 K| R
various difficulties encountered during their characterisation, the absorption spectra were
presented and attem@were made to relate the observed acoustic response to the material

properties.
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5.1 Modelling of nanofibrous membranes

The next step in characterising the nanofibrous membranes was to modeildie
acoustical properties of these membrankesm their acouwstical parametersas it was found
that the nonacoustical parametexwere difficult or time consuming to measure directly.
order to measure the acoustical parameters these membranes have tpldmed on a
substrate This complicated the modelling prese as it was not possible to input the
acoustical data for membrane only into one of the computasibomodels presented in
Section 4.3.1 ithapter 4. Instead, a different approach had tota&en to use a melamine
substrate for which the non-acoustical poperties were accurately characterised This
approach led to the development of a twlayer model, in whiclthere were two steps: (i)
modeling the nonacoustical parameters of the melamine substrate; (ii) to use these data to
invertingthe nonacousticaparameters of the the membrarfeom the parameters retrieved
in (i) and the acoustical data from the membrm substrate systemin both of these steps,
the normalised surface impedance was used in the parameter retrieval process. In addition
to two modes developed which makeise of this two-step process, the Kozeiarman
equation was also used to determine if that was a valid prediction method for these materials.
The twelayer models and their application will be explained in depti&uotion 5.1.10f
Chapter 5

The four PMMA sanies obtained in collaboration with the University of Surrey were chosen
as the materials to be investigated in the modelling initially, as it was felt that these were the
best characterised samples of those available. The ratparameters of these sangd are

summarised in Table B.and Figure 5.4 shosthe SEM images for each PMMA sample.
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Thickness Fibre diameter Bulk density Porosity

Sample "Qum] Q [nm] " [kg/m] %q-]

15kV PMMA 22.17 440 + 140 360.18 0.68

18kV PMMA 27.58 310 £ 80 193.78 0.83

21kV PMMA 32.38 390 + 110 157.68 0.86

24kV PMMA 26.33 520 + 140 211.34 0.81

Table 51: Material propeties of the four PMMA samples.

AN > 4 5
Vi1 MIRAWTESCAN SEM HV: 15.00 kV WD: 15.47 mm vt MIRAW\ TESCAN
View field: 200.0 ym Det: SE Detector 50 ;" View field: 270.0 um Det: SE Detector 50 um 7
SEMMAG: 126 kx  Date(m/dly): 0411519 University of Surrey SEM MAG: 931 x Date(m/d/y): 04/15/19

University of urrey Il

| J § & ) s . { .
SEMHV:15.00kV  WD: 16.27 mm MIRAWTESCAN SEM HV: 10.00kV  SEM MAG: 1.26 kx MIRAW TESCAN
View field: 200.0 um Det: SE Detector View field: 200.0 ym Det: SE Detector

SEMMAG: 126k« Date(m/dly): 04/15/19 Simon King Date(m/dly): 04/17/19

University of urrey [

University of surrey [

Figure 5.4 SEM images of the PMMA samples (Top left: 15kV, top right: b8kdmn left:
21kV,bottom right: 24kV).
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5.1.1 Material modelling

This setton will explain the three modelling approaches used for the prediction of the

non-acoustical parameters of the nanofibrous membranes.
KozenyCarman Equation:

The KozemyCarmanequation wascovered in Section 4.3.1 (Equation 4.@&BThapter
4. This equation was used to predict the airflow resisitvity values for each of the four PMMA
samples, using the average fibre diameter as the particle @zmd values of porositfs as

estimated wsing Equation 3.6 in Chapter 3.
Double Layer Model:

The first attempt atdeveloping atwo-layer model as outlineét the beginning of
Section 5..was named the!5 2 dzo £ S [ F @ SNJ Y2RSf Qd ¢KAa Y2RSt
model in the follaving text. Both of the twelayer models used in this sectioperate on the
basis that themembrane +substratesystem is ahree layer mediumin whichthe first and

third layer are seminfinite, andthe incident and reflective soundwaveéso S& { y.Sft t Qa [ |

Onthe assumption that the second layer, in this case melamine, has a thickness e@ual to

then the pressure reflection coefficienb, can be described as
Equation 5.1
whered is the surface ipedane of the staclat the boundary, andd G ¥c é—.

The sound pressure ithe secondlayer (melamine - 2) is the combination of the wave
propagated in this layer frorthird layer (membrane- 3) and the wave reflected from the
interface béweenthe melamine(2) and the first layer(rigid backing of impedance tubel)

i.e.
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~,

n oo 0Q 0Q
Equation 5.2

A

As mentioned above this sgshwif 2 6 S& { yiGdrdqurédthftl 6> & 2
Qi R Qi Rt Qi Q&
Equation 5.3

to ensure that the projections of the wavenumber vectors on each of the two interfaces in

this systemare equaland the acoustial vedors remain continuous.

The ratio of the coefficienté and 6 can befound from the boundary conditions artthe
equationof the pressure reflection coefficient at the interface betwele melamine (2and
the rigid backing (1):

Equation 54
wheredx, " ca@X ® £ ¢ is the impedance amelamine(2).

At the interface betweenhe membrang(3) andthe melaming(2)there must be aontinuity
of the pressures and velocitiesuch thatry GHQ n o and 0 ofiQ

0 ofiQ ,where and indicate the side of the interfaceaindd  ‘Qwhere the pressure

velocityisassignedThe sound pressure at  'Q is calculated by Equation 5.5.
n oiQ 6Q 6Q

Equation 5.5
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The &-component of the acoustic velocity ience:

0 ,,m‘?, TT hé( “’8(: 60 60
Equation 56
The input surface impedance can then be expressed as:
& n oo ww 0 0 &0 "sjn'ché—L
0 ofio ® OO0 MAwéE+
Equation 57
where®  ——is the characteristic acoustic impedancetiué rigid backing1).

There are two important limits foEquation 5.7. In the cae whenQ © 1, Equation 57
reduces tow @ , i.e. the input (surface) impedance at the interface becomes equal to
the characteristic impedance of medium (Becausehe first layer(1) inthis example is a

rigid backingvith @ © Hs, Equation 57 reduces o
® W OED MOmE+
Equation 58

Theacoustic characteristic impedanad,, and wavenumberQ, are complex and frequency

dependent.The acousticharacteristic impedance of porous mediadthe wavenumber in
porous mediacan beexpressed through th&requencydependentcomplex dynamic density
"1 , andthe bulk modulus(U 1 ) of the equivalent fluid which saturates the porous

material frame such that:
QO 7 "1 0] AR Q7 I (VI
Equation 59
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Thereare a number of models which can predict the behaviour of the dynamic density and
bulk modulus from the material microstructural data. A summary of these models can be
found in Section 2.10 ilChager 2. In this instance, the values of dynamic density and bulk
modulus are inverted from acoustical data using the dadpproximation model

(Horoshenkovet al, 2016)

When there is a stack composedfindividual layers, the input impedance of theth layer
from the bottom of this stack can be predicted using a standard transfer matrix approach

which is basedn Equation 5.10:

&) G 08Q MQ i+

O O 0EQ MQ oé+
Equation 510

where &, 'Q and 'Q are the acoustic characteristic impedance, wavenumber and the

thickness of the -th layer in the stack.

Equation 5.1Ccan be applied recsgively starting withthe bottom layerin this three layer
stack- in this case a rigid backiit). Inthis instancethe impedance at the interface between
the bottom of the melamine (2)and the top of therigid backingis given by &
Thepressure reflectiortoefficient w, and energy absorption coefficients of the stackiof

layers carthen be calculated from

W WéE+7”

W wé+

@
@

Equation 511
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and

Equation 5.2

respectively. Here— ,” and® are the refraction angle, density and sound speed in the

fluid in layer { ) from which the wave is incident on the stack

Using the above theorythe 2L model irst deduces thenon-acousticalparametersof the
substrate that the nanofibrous membrane is mounted on, and therstiseseparametersto
model the non-acoustical parameters of thaanofiborous membrandrom the acoustical
properties of the membrane and batrate system The inversionused to retrieve the non
acoustical parameterfor both parts was based on the Radpproximation modeivhich is
covered in detail in Section 4.3.1 (Equations 4;2636) in Chapter 4. The Radppoximation
was chosen becaast is a valid theoretical model with rigorous aggtatic limits which can
accuratelypredict the acoustical properties of a range of porous media including fibrous

membranegHoroshenkovet al,2016)

As mentioned abovehe first step in the 2L modéto invert the nonacoustical parameters
of the substrate from the normalised surface imedpance dasang thePacd approximation
model In the case othe membranesubstrate systems covered so far in Chaptethss
required themelamine layetto be tested without the membrane in the sound impedance
tube. The noracoustical parameters of melamine were then retrievedngshe Pacdt
approximation model (Equations 4.2636, Chapter 4) and the Neldbtead optimisation
(Equation 4.17, Chapter 4)sing the ame mehod as covered in Section 4.3.1 in Chapter 4

Thenon-acousticaparameters retrievedrom the Pa@& approximation modehre the mean
pore size of melaming,, the porosity of the substratek%e the tortuosity, | , and the
standard deviation of the poresize,, ¢ In addition to retrieving thee non-acoustical
parameters, this model also plots the measured values of real and imaginary impedance

acupinst the predicted values, allowing for a visual comparison of the fit. This fit can further be
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evaluated usg the root mean squarmethod comparing the ifference between measured
and theoretical values of both real and imaginary parts of the surfapedance, presented

as a percentage.

The seed parameters used to invert the racoustical parameters for nemine, and the
values of the parameters invied from this step can be can be seen in Table 5.2 and 5.3

respectively.

Output
Mean pore size| Porosity | St.Dev. pore siz( Tortuosity
{fm] %0[-] o ] | [m]
1.09 x1¢ 0.8192 0.2428 1.0583
Input

Thickness| Mean pore size| Porosity | St. Dev. pore sizg

Qm] L [m] %q] » ]

0.016 1.00 x10 0.995 0.2

Talde 52 and 53: Input and output parameters for melamine in the first step of the 2L

model.

The value for porosityn Table 5.2s significantly lower than that in Table 5.1,chese the
values of porosity, pore size, and tortuosity seen here are obthiran fitting the acoustical

parameters of the modelled material to the measured results.

After retrieving the noracoustical parameters of the substrate, the next step iefeatthis

for the membrane layerThe parametersi[ %o, y and ‘Qfor the melamine substrates
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retrieved in the first step arased as some of the input seed values. In addition to these seed
values, the model also requires the thickness of the membr&ne,From this the model
retrievesthe mean pore sizef the membranej [, the porosity of the membrane. , the
tortuosity of the membrane] , and the standard deviation of the pore size in the
membrane,, [ . As with the first step of the model, the fit beeen measured and theoretical

values forthe surface impedance of the membrane are compared.

It was noticed that there was generabiypoor fit between predicted and measured
values when using the2L model, especially with regard to the imaginary part tiet
impedance The average errog as assessed by the@ot mean squareerror ¢ between
measured and predicted values, equated to 12.08%. Whilstvédige is not extremely high,
it does not accurately highlight the issues observed with the fit. Figurehdwssthe typical
fit of the 2Lmodel From this figuret is apparent that the model significantly underpredicts
the imaginary part of theimpedance, whilst also underpredicting the real part of the
impedanceor frequencies belov2000Hz. It was thought #i this could have been caused by
the membrane vibrating slightly on the surface of the substrate, introducing very small airgaps
- which on a relative scale could be similar in size to the pore size or length. This vibration
could potentially explain thdarger than expected increase in the imaginary part of the
impedancethat was otlserved The imaginary part of the impedance should increase as a
result of the membrane havingnaincreasedinite mass, which will impact the reactance at

the surface of tk membrane + substrate system.

A second variant of theL model was then prepared which took into consideration
the surface density of the membran&his was aattempt to correct for the increase in the

imaginary part of the impedance caused ¢ membrare vibratingon the surface of the

substrate¢ KA & Y2RSt gAff 06S NBEFSNNBR (2 | a WH[5S)
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Double Layer with Density Cection Model:

The fN& U

described in Section 1 just above. Melamine foam was tested individually, and then the

aisSL) 27

GKA&a WH[5Syanhrile QLnodldrSf

non-acoustical parameters were retrieved using the @agdproximation model. As in th2L

model some seed values are required, namely the thickness of the melamine, and estimations

of its mean pore sizé , porosity %¢ and the standard deviation of pore sizes in the melamine

samplg,, ¢ The method of stimationfor these parameterss outlined in Horoshenkoet al,

2016. The parameters retrieveitom the first stepare the mean pore size of melaming,

the porosity of the substratéy the tortuosity,|

Size,,, F

, and thestandard deviation of the pore
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After retrieving the noracoustical parameters of the substratlage inversion is repeatetbr
the membrane layer.The values of melamine retrieved in the first stgpe used in
combination with the thickness of the membrane lay®€,, and estimates of the seddr

mean pore sizd,[, and themembrane surface density,

Output
Mean pore size of Porosity of Standard deviation Tortuosity
membrane membrane of pore size
| [m]
([ [m] %o [] » ¢ [m]
1.00x10* 0.7905 0.01 1.0001
Input
Thickness | Mean pore size of| Porosity of substrate| Standard deviation of pore
substrate size in substrate
Qm] %0[-]
i [m] » flm]
0.016 1.00x10% 0.995 0.2

Table 54: Input and output parameters used in the 2LDensitgleh for the melamine
substrate.As with Table 5.3, the value of porosity here is much lower than in Table 5.1. This

again is because this value is obtained friititimg the acoustical parameters.
5.1.2 Model review

Ly GKS OFIasS 2F o0QUK2RS8{ &3 | ¥R piadift hé girBlolv L& 4 & A «
resistivity value, , from the mean pore sizé[ (Horoshenkovet al, 2019.) This can be done
using equation 5.3, which shows the relationship between airflow resistivity, mean pore size,

and dynamic viscosity,
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Uy qQ o
%di I

Equation 5.3

wherer is the mean pore length, is the standard deviation of the pore size, &ids the
porosity of the material. This equation can be simplified to Equatidd, Jas the modelled

values ofkeare sufficiently closdo 1, and the standard deviation can be taken as 0.

¥
i

Equation 514

The derivation of these equations can be seen in Horoshermal, 2019.In equation 514,
we assume that porosity is equal tolilis not possible to concludehether or not this ighe
correctassumption as porositywasa parameter that could nobe properly measureal for
these membranes, and the results obtained varied greatly (§.97). In this assumption,

we used the reasued values of porositpresentedin Table 5.1.

The retrieved values of airflow resistivity from each of the three modelling approaches can be
seen in Table 5. Giventhat three specimens of each membrane sample were tested, there
are three separate results for each of the thayer basednodels. The Kozer@arman value
remains the same, as the porosity and thickness of the membrane samples is consistent

throughout specimes.

It must also be noted that it was not possible to obtain measurement data of airflow resistivity
for the nanofibrois membranes, as when attempts were made to do so in accordance with
ISO9053the membrane samples either ruptured or were inflated anesthed due to their
apparent very low permeability. The method used in this instance was to cut the samples
oversize ad use the sample holder to maintain tension and stop the very lightweight samples
from being blown out of the flow resistivity rig. Anditional attempt to overcome this by

sandwiching the membrane in between two layers of melamine foam was also ussfudce
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as the membrane was still inflatetHad this been successful the airflow resistivity of the
membrane could be retrievedby measuringthe airflow resistivity of the substrate
individually and then the sandwichedsystem The value of airflow resisityit for the

membrane could then caluclated from transfer functions.

Sample | KozenyCarman (P&/m?) 2L (P&/m?) 2LDensity (P&/m?)
15kV PMMA 117.57 5.23x106
2 4.91x10 53.36 6.11x106
3 209.76 5.74x16
18kV PMMA 48.79 6.32x10
2 9.89x10 51.98 6.55x1¢F
3 9.68x10 6.50x10
21kV PMMA 269.85 9.34x16
2 6.25x10 1.16x10 9.41x10
3 41.08 4.53x10
24kV PMMA 1.46x10 6.20x16
2 3.51x10 95.53 6.18x10
3 93.21 6.20x16

Table 55: Predicted and inverted values of airflow resistivitytfer PMMA sampledn the
case of the 2L model, the majorafthe inverted values for airflow resistivity are véw.
The 2LDensity model attempts to account for thisdnsitlering the surface density of the

membrane

As can be seen, in the case oktlozenyCarman equation the predicted airflow
resistivity values (see Tableébbare generallgonsistent with the increase in fibre diameter.
These values vary quite significantly between membrane samples. The flow resistivity data
for these PMMA samplesecovered acousticallydo not correlate well with the predicted
values. The airflow resisttyifor the 18kV PMMA membrane sample58%higher thanthat
for the 21kVv PMMA membrane sample, or three times larger than the 24kvV PMMA
membrane sample. Figute6 shows the that 18kV and 24kV PMMA samples have very similar
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absorption spectradespite the fact that their fibre diameters are noticeably different (310 vs
520 nm).The similar performance of these membranesy potentialy be explained by the

differencein fibre diameter being offset by the differencedensity.

Overall, it seemsthat the results obtained from the KozeiGarman equation are
guestionable, and that the model may not be well suited for predicting the airflow resistivity
of nanofibrousmedia. It was also well documented in the paper by Huretlal, 2018 that

the KozenyCarman equation camcorrectly estimate the flow resistivity of a material when
there is a range of fibre diameters present. Furthermore, the diameter of these fibres
several orders of magnitude smaller than those oridindkescribed by the Kozeryarman

equation, which may lead to further erroneous predictions.

C2NJ 6KS WH[Q Y2RSt3x (GKS @ltdsSa 2F (GKS Ayg@S
different, even between specimens of the same sample. A good examplasis the 21kV
PMMAsample, where one specimen has a retrieved value of 1.7a%48/m?which seems

fairly appropriate for this type of materal, whilst the other two specimens are 270 and 41
Pa&/m?, which are nonsensical results. Overall, the retriévalues from this model make

little sense, but this is likely related to the issues with fitting both the real part (beneath
2000Hz) and the imaginary part, illastratedin Figure 5. This issués likely to be brought

about by the circumferential agap which will be discussed in SectioR.3.

173



0.9

!
o
o

0.7
0.6
0.5
0.4
0.3
0.2
0.1

I
0 1000 2000 3000 4000

Frequency (Hz)

Absorption Coefficient

15kV PMMA 18kV PMMA
— 24KV PMMA = == Melamine Substrate

21kV PMMA

Figure 5.6: Acoustic results from the samples obtained in collaboration with the Univ

of Surrey.

¢CKS WH[5SyaArideQ Y2 Rbatedfthe antbine syfare deRsysin ahy S a
attempt to account forthe effect of the membrane vibrating on the surface of the melamine
substrate, appears to be much more stable in its prediction. The valuesvetrifrom this

model are more consistentand, importantly, considerably more plausible than those
NEGNRSOSR FNRBY (KS WH[Q Y2RSt® ! a | NBadz i
model to use for the inversion @irflow resistivity values in the acoustical characterisation

process.

In addtion to valuesof = (G KS WH[ Q YR WH[5SyaArieQ Y2RSft A&
parameters, like the median pore size (and its standard deviation), as well asethérane

surface density, alongside mean pore length and porosity. The values p%o , | , and
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, F2NJ 0KS YSYONIYyS &l YL S& Fa NBOINAGTBHER o0&
5.7 shows the inverted values of andd asretigdd SR 60& (GKS WH[ 5Syaiideq

shown in the &bles are averaged for each of the three specimens from each membrane

sample.
_ Medlgn pore Porosity | Mean pore length St. Dev. pore Root mean square
Specimen| size % [ L ] size, [ error [
(C [m) !

15kV
PMMA 1.18x1C° 1.00 9.62 1.55 2.1

18kV
PMMA 1.16x1C° 1.00 7.99 1.07 12.0

21kV
PMMA 8.79x10* 1.00 6.87 1.03 18.1

24kV
PMMA 8.60x10* 0.74 7.53 1.36 16.1

Table 56: Retrieved.lJr NI YSGSNA TFT2NJ 6KS F2dzNJ taa! &l YLJ

Specime Medi’an pore size Membra'ne surf:;\ce density Root mean square
L[ [m] a [kg/m?] error [%]
Pll\ikll\; 4.08x1¢° 1.04x1° 3.8
Pll\?lkll\;\ 3.84x1¢° 1.56x1° 4.4
PZI\:lI-K/I\; 4.05x1¢° 1.88x1C° 6.2
PZI\L/IlK/IYA 1.71x1 8.03x1¢° 5.0

Table 57: Retrieved par YSG SNB F2NJ 6KS F2dzNJ t aa! & YLX S&

¢KS NBadzZ Ga F2NJ YSIY LIBRNB &aA1TS a NBIENARSOSR
aSSYy SA0K UGKS WH[Q Y2RSt o @K PVSA nffembrdheNB & A
samples are appsomately 4um, which is believable based on the SEM images as se

Figure 5.4, where the scale bar is|5@.
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5.2 Nanofibrous membrane characterisation results

A total of 34 membranes were produced during the PhD at the University of
Sheffield. All of hem were tested acoustically, however only 26 wetlele to be fully
characterised. The eight membranes which were not fully characterised were the first five
PEFbased membranes that were synthesised. These were not fully characterised as after the
acoustc testing the samples were unable to be recovered from the melamine substrate, as a

result of their static charges and apparent affinity for the foam. Degpitg their acoustic

results are used in some discussion.

3

U A

y v v
SEM HV: 30.0 kV WD: 9.56 mm VEGA3 TESCAN SEM HV: 30.0 kV WD: 9.10 mm | VEGA3 TESCAN

View field: §5.4 ym Det: SE 10 pm View field: 55.4 pm Det: SE 10 pm

SEM MAG: 5.00 kx | Date(m/dly): 03/09/18 Sheffield University - BioMedical Sciences EM Unit SEM MAG: 4.99 kx | Date(m/dly): 03/09/18 Sheffield University - BioMedical Sciences EM Unit

Figure 5.7:SEM images of the fibreedsity and size from changing the needle tip

diameter.

A further two PET membranes, produced by varying the size of the needle tip, were
not characterised either. These membranes were synthesised to mitigate an electrospinning
problem occurring withthelTé f 2 NRa 02y S SELI yRAy3 G2 G22 3N
in the size of the cone was causing stability issues during the spinnioggstdt was thought
that this was related to mass flow in the needle leading to the polymer solution dryingeon th
tip of the needle before it could be ejected as a jet. Changing the diameter of the n&edhe (

0.514mm to 0.838mmjvas hypothesised as aofential solution, and the increase in the
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needle diameter did help with the stability of the process, but it seem to significantly
affect the material properties, as was observed by visual comparison by SEM (Figure 5.7).
There was less than a 10%6ference in the average fibre diameters produced as a result of
the increase in needle diameter, and membranekmess was also comparable due to the
same collector distance and volume of polymer solution. The average fibre diameter values
were found tobe 1.018+ 0.201 pum vs 1043 £ 0.205um for the 0.838mmand 0.514mm
needle tips respectively The final membranevhich was not fully characterised was a PCL
sample made during the investigation into varying the material parameters ohémbranes

by changing the electrospinning process parameters. The process parameter under
investigation was the flow rate, andwas found that insufficient polymer was produced in
the time available to recover a 45mm sample for testing. As such, it métsed from the

characterisation.

The key parameters that were retrieved during the characterisation process were the
thickness othe membrane, the average fibre diameter, the density of the membrane, its
porosity, the airflow resistivity value obtaine®b G KS WH[ 5SyaArieQ Y2RSft
airflow resistivity multiplied by the membrane thickness. These parameters are arghably
most important parameters, both for describing a material and for explaining the absorption
spectra These paramets for each of the 26 membranes are summarised in TaBldt5s
important to note that not all the values for parameters like airfloggistivity or porosity
make physical sense. This is due to a range of difficulties associated with membrane
characteisation and with the modelling process, for example difficulties in measuring
membrane thickness;, which would affect density and hence nosity calculations, and

sensitivity of the model.
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Predicted

Thickness Fibre Membrane | Membrane | Median
_ ) _ airflow » IQ
Q diameter density porosity pore size
, resistivity [-]
[mm] Q [nm] |7 [kg/m? %o [-] . [m]
, [Pas/m?]
I 19.02 401 £ 211 155.37 0.89 1.0710° | 1.26x1C° | 23.98
Il 12.1 340 + 128 303.99 0.78 2.4%10° | 2.3xX1C¢P 2.82
12.41 243 +111 395.51 0.71 9.8%10° | 1.4%1C° | 18.43
218.6
v 220.16 | 1130+ 234 35.87 0.97 1.21x10° | 9.9%1C 5
155.1
Vv 200.45 | 1111 +28 17.54 0.99 1.3%10° | 7.7410 o
10%
176.21 | 1218 +219| 179.34 0.85 2.41x10° | 2.5k1C | 44.13
PCL
THF_A 12.15 1774 +979| 1107.45 0.06 5.97%10° | 4.0&x1C° | 49.37
THF_C| 10.87 1334 +730| 890.79 0.25 9.2%10°% | 1.7x1¢ | 18.50
THF_C
(i 11.87 1052 +542| 1165.35 0.01 6.2810° | 3.67x1C | 43.58
ii
12.56 512 +282 | 1446.75 -0.23 9.3&%10° | 1.6%1C° | 20.67
112.2
CF_B BVl 1606 + 259| 977.12 0.17 3.9%10°% | 9.1xX1CP .
ozl eR 12.16 1398 + 81 952.88 0.19 1.34x10° | 8.10x10 9.85
2880 +
CD1 5.77 1503.01 -0.27 4.66x10° | 6.81x1C° | 39.30
2450
3630 +
CD2 7.84 705.57 0.40 4.4%10% | 7.1&10C° | 56.30
1350
2560 +
5.41 429.78 0.64 5.06x10°% | 5.6&x1C° | 30.64
1350
2590 +
FR2 11.33 343.37 0.71 5.87%10° | 4.21x1C° | 47.67
1380
3190 +
V1 10.99 1600 438.97 0.63 6.0810° | 3.9&x1C° | 4349
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12.75 2500 + 147| 405.56 0.66 7.46x10° | 3.51x1C° | 44.69
5850 +
15.33 149.90 0.87 0.01 1.45 0.00
2940
126.2
22.17 440 + 140 360.18 0.68 5.0%10° | 5.6%1C 0
178.0
27.58 310 £ 80 193.78 0.83 4.74¢10° | 6.46x1C° .
251.1
32.38 390 + 110 157.68 0.86 4.51x10° | 7.76<1CFP 6
163.0
26.33 520 * 140 211.34 0.81 4.84x10° | 6.1K1C° .
19.54 409 + 366 959.82 0.17 1.24x10° | 9.56x1C° | 18.68
19.21 395 +455| 1356.09 -0.04 0.01 1.45 0.00
19.37 281 +33 1870.09 0.11 9.1710° | 1.741C | 33.77

Table 58: Material parameters for the26 nanofibrous membranefsilly characterisedribre
diameter is presented as an average of 10@asugements per specimen, and the standard
deviation.

5.3 Difficulties with nodelling nanofibrous membranes

There were a number difficulties encountered when attempting to model these
nanofibrous membranes. Some difficulties were caused by the inherent properties of the
membranes, such as their electrostatic charging and sthikness. The other difficulties
were associated witlttempting to adapt models for materials with much larger and longer
pores. This section will discuss some of those difficulties, how they were attempted to be

solved, and how they might better be setvin the future.
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5.3.1 Problems associated with sampteounting

This problem was briefly discussed at the start of Chapter 5, where the two different
methods of mounting the samples were illustrated (Figure 5.2 and 5.3, Chapter 5). Neither
option, howeve, was perfect. By wrapping the sample around the meétensubstrate, it was
possible to reduce any circumferential airgap between the nanofibrous membrane and
impedance tube wall. However, the folds of the membrane could result in the formation of
small argaps between the tube and the sample. Converselyplaging the nanofibrous
membrane on top of the substrate, the gaps between the sample and the tube were almost
eliminated but it was possible to introduce circumferential airgaps between the nanofbrou

membrane layer and the melamine layer.

Further airgapssues could be encountered as a result of the electrospinning processes. Due
to timeframe limitations at the University of Sheffield, some of the polymer solutions were
unable to be spun at sufficiemlurations for their electrospinning settings to yieddfficient
membrane samples for complete coverage of the melamine subsffakese limitations were
caused by restricted access to electrospinning equipment, in addition to numerous
complications withthe characterisation process as a result of equipnfailtire, reservations,

or experimental duration (as withorosimetry, which can take 72 hours to run 3 samples).

In addition to airgap issues faced by mounting the membrane, there are further
complicatons. When removing the sample from the aluminium bzitking and attempting

to place it on the melamine the inherent static properties can result in partial delamination

of the nanofibrous membrane. This then is suspected to be the primary cause dionbra

between the substrate and the nanofibrous membrand&his vibration, as mentioned in

Section 51.1in Chapter 5, is attributed to cause an increase in the real part of the imaginary,
GKAOK Ad 20KSNBA&AS dzy SELISOG SIR5 WA (h&Disy32ATR I INK

despite changes in the 2LBsty model to account for the surface density of the membrane.
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5.3.2 Problems associated with airgap

Whilst the airgap is not present for all membranes tested, there are several examples where
an insuficient volume of membrane was synthesised, or diffies in mounting the sample

led to the presence of airgaps around the edge of the melamine susbrate. An extreme
example of this air gap can be seen in Figure 5.8. In an effort to try and improve tted mo
accuracy, the work by Pilon was adapted into thedels (Pilon, 2002). This work takes into
account of effect of a circumferential airgap on the material properties of the membrane plus

melamine system.

Figure 5.8: An extreme example of the circumri@al airgap issues arising from a

shortage of synth&ised membranes.
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As a result of this airgap, these membrane and substrate samples could be considered a
double porosity material, in which the pores of the membrane and the macroporous
perforations/gas make up the two porous networks. In ighpaper (Pilon, 2002 it is
suggested that the total porosity in the materiédo( ) is defined by a ratio of the material

pore size to the airgap pore size:

Equation 516
where
[ oo
Equation 517

wherei is the radius of the impedance tube, aaé the size of the airgap in the impedance
tube. Figure 5.9 illustrateésand o, as well as the type of double porosity network described

in this sectio.

Pilon then demonstrated that the double paity material will have a static visdoertial
permeability, , which can be calculated from the permeability of the microporous network

(or the membrane and melamine sample),, and the perneability of the macroporous

network, , according td&Equation 56:
p %o

Equation 518
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Figure 59: Diagram illustrating , the radius of the sound impedance tube, the radius of

the sample manted in the tube, ana, the thickness of the airgap.

Considering that the meaurements were made in a sound impedance tube, the terms

and can be defined as follows:

Equation 519

%o |

Equation 520

where Ais the dynamic viscosity (used as 1.81XHG@is in this case)and, is the airflow

resistivity of the material (membrane and melamine sample in this case).

The total airflow resistivity in the samptakinginto consideration theairgaps,, , can
then be calculated using Equatio2%> | YR FTNRY GKFG GKS WwWO2NNBOI

size,i can then be estimated as seen in Equatia2s.
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Equation 21

Equation 522

% for this work was assumed to be equal to one, as a result of the very high airflow
resistivity values of the membranes. Assuming that the predictions by Kdzamgan in
Section 5.Jre reasonable when they are more likely to be underestimateavould suggest
airflow resistivity values in the magnitude %10’ to 1x1® Pds/m?, which is very highly
resistive. It was also noted during earlier works that changing the value of tiosifydor the
membrane and melamine system did not statistically sigifily impact the inverted

material parameters.

To look into the effects of the circumferential air gap in the materials tested during the scope
of this PhD, the 15kV PMMA sample vedmsen. The calculated values of the parameters
covered by Equations4¢ 5.10 can be seen in Table® Asis to be expectedthe presence

and increase in size of a circumferential air ¢ggals toa increase in the permeability of the
membrane,a decreaein its airflow resistivity, and an increasetire effectve median pore

size of the membrane when considering its placement in a sound impedance lfulve.
consider atenfold increase in the size of the airgap (e.gum0to 100um) thenairflow
resistvity can be seen to decrease by a factor of.1@@act, this relationship between airgap
and airflow resistivity appears to b@ @nversesquared one, with a fivefold increase in airgap
leading to &5 times decreasm airflow resistivity, and a twentgfd increase in airgap leading

to a 400times decreae in airflow resistivity

The value of can then be substituted into the double layer model with membrane

surface density (as covered in Section 5.2.4). This was done for each ofdle sizes, and
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then plot against frequencies, allowingrfa visual comparison as to how the increase in
airgap affects the predicted impedance values of the model (Figure Bnt@¢asing the size

of the airgap results in a decrease in the value of ted part of the impedance, and
significant(a factor of6) changes in the valuef the imaginary part of the impedance. The
impact the airgap has seems to decrease as the airgap increases, for example, going from an
airgap of 1Qumto 20 um has a much grer impact on the impedance than going from 100

pm to 200 um, or even 50um to 200 um. This may account for some of the differences

observed between measured and predicted values seen Figlifddy. example.

o) i %o 0 %o " i
[um] [m] [] [l [m?] [m?] [Pa s [m]

0 0.00 0.00 1.000 0.00 3.69x10 4.91x107 1.72x1¢°
10 6.71x10* 8.89x10 0.999 | 5.00x10' | 5.03x10% 3.60x10° 2.01x1C
20 9.48x10* 1.78x1C° 0.998 | 2.00x10!° | 2.00x10% 9.05x10% 4.00x10°
50 1.50x16° 4.44x10° 0.996 | 1.24x1@ 1.24x1% 1.45x10% 9.98x1C
100 | 2.11x1@° 8.87x1C° 0.991 | 4.96x1® | 4.96x1¢° 3652.14 1.99x10
200 | 2.98x1¢° 0.0177 0.982 | 1.96x1C° 1.96x1C° 921.31 3.96x10

Table 59: Calculatel values for each of the parameters, leading to , ,, , andi for

the 15kV PMMA sample.
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Figure 5.0: Results of using the airgagprrected value for median pore size in the twi
layer model.

A circumferential airgap also impacts the low frequency absorptibthe sample in the
greatest manner, effectively halving the absorption coefficient beneath 1500Hz, and reducing
it by 2533% up to 2000Hz. Interesting, it also appears as is the sizeeditgap is less
impactful than its presence alone, with there bgiverylittle change between 2fim and 200

um sizes. This is likely down to the membrane influence, as it is so highly resistive that the
introduction of any airgaps will lead to a noti¢t#e decrease in that resistivityit was noted
earlier that the sze of he airgap and decrease in resistivity are linked via an inverse squared

law. Another possible reason for the decrease in sensitivity to airgaps as the size of the airgap
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increases cold be due to the material thickness. The above equations and lesitms are
assuming that the melamine sample is a perfect fit in the impedance tube and that there are
no circumferential airgaps present in that layer. The membrane thickness in thasoasis

only 22um and so above a 2m airgap, the airgap is equalent a greater to the size of the

membrane layer.
5.3.3 Model sensitivity

As can be seen in Tables 535 there is some variability in the retrieved values of
pore size and corresponding flow resistivity, even between specimens of the same sample. In
addition, there are also much greater variations in predicted results between certain samples.
An example bthis is membrane sample V2 and membrane sample V3, in which plausible
results for pore size and sigma are retrieved for sample V2, but a poxasitgof 0.01 and
an airflow resistivity value of 1.448Ban?are retrieved for sample V3. This is betid\vto be
caused by the model being too sensitive to and dependent on significant changes in the parts
of the surface impedance between the experimahntdata of the substrate and the
membrane. This can be illustrated in Figure 5.11, which shows the reaifghe impedance
for samples V2 and V3 (top and bottom, respectively). This figure showsticeable
difference between the real parts of the sulkase and the membrane in the acoustical data
for sample V2. This difference is much less pronouncéteimcoustical data measured with
sample V3 which can be related to the effect of the circumferential air gap. In each of the
membranes for which the nwacousical could not be accurately inverted, the difference
between the real parts of the substrate dmembrane are similarly smadind as a result it
is suspected that the model is not sensitive enough to such comparatively minor changes in

the impedance.

It is possible that the observed minor changes to the impedance of the membrane versus the
substrde is influenced by the circumferential airgap as outlined in Section 5.4.2, utilising the
work by Pilon which highlighted that a circumferential airgalbdecrease the real part of the

impedance (Pilon, 2002).
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Figure 5.11: Comparison of the differenoesesal parts of the membrane and substrate f
samples V2 (top) and V3 (bottoriihe real part of membrane is represented by the

combined real part afhe mdamine and membrane.

From Table B, it is apparent that even small airgaps can hageeat impacton the value of

the retrieved pore size and airflow resistivity. If there was gufrfDairgap on a membrane
sample it is possible that the real pavbuld dill be significantly different enough that a value

of pore size and airflow resistiyicould be retrieved, but it would not be truly representative

of the actual values within the material. It also follows that a much smaller airgap, for example
1 um aseither a circumferential airgap or a gap along part of the circumference, will also
impact the retrieved values of pore size and airflow resistivity. Such small tolerances in the

inversion process make it very challenging to invert truly accurategresntative values.

5.3.4 Knudsen Number considerations

When the pore size of a materibecomes comparable to the mean molecular free
path, & , of a materialg typically assigned a wa of 60nm for air in normal conditions,
such as seem thiswork ¢ the no-slip conditions assumeal the pore surface are no longer

valid and as a result, the slip effectsiust be consideredWhen modelling the acoustical
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properties of such a material the slip efteon the velocity and thermal impacts nulse

corsidered as it has been shown thai K SaS AYLI OG& LINRPODARS WwWaai
attenuation coefficients and sound speed valués this instance, the thermaipacts are

describing the temperaturepikeson the walls of the materials poreé.review of previous

workson boundary sligand how it affects other parameters such as sound propagation in

Umnova,et al, 2009.

The effect of the Knudsen number on flow resistivity can be described in the folldaing

equations:
, » 0 T
” v Tt n~o/
p TV O%o
Equation 5.23
where
Pp  %o—
» Y n Ci Tp %o  C%o %o )
Equation 5.24
. %00
0O %o

Ci Tp %0  C%o %o
Equation 5.25

These equations lead to an expression describiegadjustedairflow resitivity,, U :

. ¢, U ™
R
p 50—“0%0

Equation 5.26

where0 is the Knudsen number & ¥a For a perfect slip condition © Hband,  will

equal zero.
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To assess fifo-slip conditions could be affecting the modelling results présd eatier in this
chapter,the values ofoh, 0 T HO%., and, U were calculated. The values bfand

., U are presented in Tablg.10, along with tk parameters used in their calculation.

Mean Porosity %o Knudsen Adjuged
molecular number, 0 airflow
pathway, & resistivity,,, 0
3.99x1¢° 0.83 0.0150 9.6543
3.99x0° 0.98 0.0150 0.2893

Table 5.10: Effect of considering-sigp conditions on the materials used in this work

The valus of %0and @ are averaged from modellednd estimated valuesf the PMMA
samples which are described in Table 5.1. The galfi® andwseen hee do fall within the
WYy dzR & S y(Lodk&3 ktYal ZD04) Despite thiswe believe it is unlikely that the
observed results will influence thdassically estimated values of flow resistivity and hence

are not contributing to the isses presented with modelling in Section 5.1 of Chapter 5.
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5.4 Acoustic characterisation of nasfibrous membranes

This section presents the acoustical data retei@ from two microphone impedance
tube testing for the membranes, using the methods outlineédhe start of Chapter 5The
greatest overall acoustic performances were seen with membrangotes IV and V, and the
18kV PMMA and 24kV PMMA membrane samplég dbsorption spectra for these three

materials can be seen in Figure 5.12.
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Figure 5.2: Absaption spectra for the top four performing membrane samples.

The first observation is that there are three very differently shaped spectra in this comparison,

each of which has been governed by a combination of material parameters. For example, the
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shifttowards the low frequencies seen with membrane samples NMaisdas a result of their
thickness (228m and 206m, respectively). In both these samples, there is then a rapid
decrease in the value of absorption coefficient, whilst the 18kV and 24kV PMMA membrane
samples are still increasing. This is caused by tfiereince in fibre diameters, with the
awerage of membrane sample IV being 1130 nm versus the 310 nm average of the 18kV
PMMA membrane sample. This section will attempt to explain the relation between the
material parameters characterised in Tabl8 &nd the absorption spectra obtained via two

microphone impedance tube testing.

In a similar approach,mainvestigation intohow changing the electrospinning parameters

covered in Section 3.2 impacts the acoustic performance will also be presented.

5.4.1 Relatioship of acoustic performance to membramproperties

In Chapter 4, it was established that the key parameters terdaening the acoustic
performance of a fibrous nonwoven material are its fibre diameter, its density, and its
thickness. This appears to also be partially true in the case ahahefibrous membranes,
though in addition to thosgpore size and airdw resistivity(both of which are dependent on

porosity, and so densitylso appear tdave a greateimpacton the acoustic performance.

The acoustial data obtained from the invegiation into varying the electrospinning and
chemical pararaters of PET revealed some interesting relations. Directly comparing Samples
IV and V to k Ill was challenging due to such a large difference in the thickness of the
materials 200 um vs 10 ¢ 20 um, respectively). Alternatively, comparing the propertigs
Samples g 11l and I\¢ V separatelymade it apparent that fibre diameter haa significant
impact on the acoustic performance. This was best illustrated by comparing the absorption
of Sampleslland Il (Figure 54). In Table R it can be seen that these membrane samples
have similar thicknesses, densities, and porosities, but the fibre diameter differs. The average
fibre diameter inSamplell was 340 nm, whilst the average fibre diameter am®le 11l was

240 nm (Figure 53). This difference in fibre diameter lead to a 10% difference in the acoustic

absorption performance across a large part of the frequency range.
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Figure 5.8: Comparison of fibre diameters in Samplgkeft)and Ili(right).

The average fibre diameter presewithin the nanofibrous membrane also impacts the
frequency range in which peak absorption occurs. Referring back to Figarét tsXlear that

the smaller fibre diameters present in the 18kV and 24kV PMMA sanmpbiesase the
absorption coefficient & higher frequencies. There is a clear decrease in the acoustic
absorption performance of membrane samples IV and V with their significantly larger fibre
diameters. This effect can be explained by the increase in thé part of the surface
impedance of he membrane/substrate system. In this way the real parf, becomes
comparable to the imaginary party, which is relatively large for the melamine layer only.
The real part in the membrane/substrate system is comgalby the resistance of the
nanofib2 dza YSYO N} ySs>s gKAOK A& GKS LINPRdAzOO 27
thickness. The absorption coefficient of this kind of layer system reaches a maximum when
¥ (see eq. 4.5.6 on page 4.12 in Ingard, 198¥yrder to maximisabsorption the correct
combinationof thickness and airflow resistivity is needed as they both impact on different
parts of thefrequency range. The value &fbecomes more comparable @ as the layer
thickness increases, whilsedreasing the fibre diameter will irease flow resistivity, also

making'Y more comparable ta.
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Figure 5.4 Absorption spectra for membrane samples Il and 111, highlighting the imj

that changes to fibre diameter have.

One other important parametewas membrane thicknessnAncrease in the low frequency
absorption attained with membraneasnpleslV, V, and 10% PCL is a result of the difference
in their thickness (Figure %) This increase in thickness appeared to predominately impact
the lower frequency absorption, with soendecrease in absorption performance observed at
frequencies above 3500HZhis echoes what is reported both by literature and our own
expeaiments for the nonwoven media such as covered in Chapténglafd, 1994; Coates,
Kierzlowski 2002. Interestingly,the increase in thickness betwe&ampled and Il (1Qum

vs 12 um, respectively) resulted in approximately a 10% increase in sound absorption
between 2000¢ 4500 Hz, further reinforcing that lower frequency sound absorption
properties in nanofibrous menranes is governed by thickness. FigureShptesents SEM

images highlighting the difference in thickness between Sample Il and Samples V.
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Figure 5.5: Visual comparison of thickness differences in Sample Il (left) and V. (ric

Unfortunately,neither | or my collaboratora/ere able to synthesise a material with a
thickness of around 200m and a fibre diameter in the range of 2@3400 nm to see if the
smaller fibre diameter remedied theeductionin the acoustic pedrmanceabove 3500 Hz
seen with these thicker membrane€omparison of Samples IV and V with the 10% PCL
Sampledoes however showhat further increasing the fibre diameter to an average of around
1200um (versus 110@m for membranesamples IV and V@sults in adecrease in the overall
absorption across the whole frequency range. This could suggest that decreasing the fibre
diameter whilst maintaining a 200m thickness may yield an even greater increaséhe

absorption across th&ull frequency range.

The resilts suggest that decreasing the average fibre diameter in a material will increase its
fibre density and decrease the average pore size too. This proves true in the case of these
nanofibrous membranes, where there is the gemletrend of decreasing poreize with
decreasing fibre diameter. This is in agreement with literature reports for microfibrous porous
media as covered in Chapter 4 (Koizuetial, 2002). As with a decrease in fibre diameter,
this also appears teesult in increased acoustic performamtowards the higher frequencies.

This is perhaps most evident while comparing the acoustic absorption of membrane samples
CF_B and CF_C (Figurerh.In Table B they have similar values of fibre diameter, similar

thickness, and similar densities biiet difference in pore sizes is 108%.
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Figure 5.8: Absorption spectra for the three thickest membrane samples, highlighti

impact ofmembranethickness on low frequency absorption.
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Figure 5.7: Absorption spectra for CF_B and _C, comparing the impaetse has on

acoustic performance.

The smaller pore size seen in Sample CF_B (Fig@erésllts in an improved absorption
curve, with higher values of absorption from as low as 500 Hz, up the maximum measured
frequency of 4350 Hz. The reasoning Iehthis observation is that smaller pore sizes will
increase the airflow resistivity of the membrane (also visible in TalBlewsth the airflow
resistivity of Sample CF_B being an order of magnitude greater than that of Sample CF_C). A
more significantliustration of the impact that pore size can have on the absorption spectra
can be seen by comparing the 15kV PMMA membrane sample with the 5gsm TPU membrane

sample (Figure %9).
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Figure 5.19Comparison of 15kV PMMA and 5gsm TPU membrane samples, highlic

the importance of pore size on acoustic performance of the membranes.
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By comparing the two in Table&at is clear that the only significant difference between the
two membrane samples is the pore size and density (which appears to have no statistically
significant effect on performance in nanofibrous membranes), with 5gsm TPU having a
median pore size 84%rger than that of 15kV PMMA.

There is a correlation between egater acoustic performance and higher values of airflow
resistivity, but it is challenging to state that empirically due to the difficulties faced with
retrieving a value of flow resistivityfrthe summary of the results shown in Tabkdnd Figure
512su33dSada GKFEG GKSNB Aa | O2NNBfFGA2Y 06S0G6S
resistance,, JQ and a better acoustic performance. The results shown in Figurg 5.1
illustrates that the bet acoustical performance is attained with membranes that possess the
highest values af JQ(with the exception ofSampleCD1 which is believed to be causeg

the circumferential airgap impact as discussed in Section 5Bo2ynderstand whethethis
increasein performance is governed solely byeryhigh airflow resistancea nonporous
material (cling film) of comparable thickness |#t) was placed on fof the same melamine
substrate and tested acoustically. Témectra from ths test can beseen in Figure 20, below

The density of this lowdensity poly(ethylene) based clingfilm, as stated by Dow Chemical is
900kg/n?.
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Figure 520: Absorptim spectra for melamine substrate ploelamine substrate.

The impact on absorption is similar to that seeith the nanofibrous membranedhe cling

film will be impervious to air and swill have an airflow resistivity much greater than the
membranes teted in this section. Any effect on absorption as seen ig figure will only be
caused by the mass effect of the membrane on the surface of the substrate. This is relatively
easy to model and can be seen in Figure 5.21 below. The observed increasalisohee

part of the imaginary impedance is to be expectedtl matches the modelled observations.
The effect in the real part of the impedance is trickier to model as it will be affected by the
vibration of the cling film on the surface of the substrdiat the observed result still matches
the modelled result® a reasonable degre®Vhat this shows is that the effects seen with the
nanofibrous membrane are not solely down to the mass effect of the membrane on the
surface of the melamine, or down to thesny high airflow resistivity present within ¢h

membrane seples. Other noracoustical parameters also have a very apparent effect on the
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shape of the absorption curve and at the frequency at which the absorption coefficient

reaches a maximum.

A further conparison of the acoustic absorption coefficient of Samplds$, IV and V also
revealed that the density of these membranes did not appear to correlate significantly to the
absorption. The density of 303.99 kgifor membrane sample Il was almost twiceattof
Sample I, with a density of 155.37 kginyet the later membrane exhibited the greater
performance as a result of its greater thickness. This could also be seen with Samples IV and
V, with densities of 35.87 kgfhand 17.54 kg/mh respectively. Sanig@ V outperformed
Sample IV at higher frequencies desgi&ving a density one half of that of Sample IV. The
one exception to this is membrane sample CD1, which yielded one of the best acoustic
performances. Despit€D1 and CD3 havisgnilar material poperties such athicknessand

fibre diameter,Sample CD1 has d8% difference in flow resistivignd a density value 350
times greater (Figure 5.21)which contributed to a value of absorption coefficient
approximately 41% larggFigure 5.22)As we cold not accurately model or measure the
airflow resistivity it is difficult to assess the impact of density alone, but given the relative
increases in Mae of each parameter, | believe that density dpésy an important role in the

determination of absorpon values in membranes.
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Figure 5.21: SEM images comparing density of Samples CD3 (left) and CD1 (rig
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It could also be said that porosity did noarrelate withthe absorption. There was no clear
advantage being seen for higher or lower valuesabgity, though this is slightly harder to
guantify due to the issues associated with measuring for poro%ifiyhout a reliable and
accurate method to measure fibre density in these membrane samples, the true value for
fibre density in nonwoven materiatgead to be used in the estimation of porosity. As a result,
there are some instances (see Tabl8)avhere theporosity values made no sense were
significantly different to the expected from the SEM images. Without accurate values of

porosity for all merbranes is not possible to link porosity to the acoustic performance.
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Figure 5.22 Absorption spectra for embrane samples CD1 and CD3, highlighting th

single instance found where density had a significant impact on acoustic performai

202



5.4.2 Impactof electrospinning parameters on acoustic performance

When electrospinning these materialshanging a numhkreof paameters in the
process will produce different fibreshe electrospinning procesad the parameters which
can be changedre covered in deail inSection 2.5.2 in Chapter Zhese include changes to
the polymer solution, such as concentration or surface tension, as well as changes to-the set
up of the electrospinning rig, such as voltage and collector distafts section will attempt
to relate changes in these areas to the acoustic performance of membranes made via this

process and to understand how to tailor the process to a certain acoustic performance.

It is apparent that by increasing the voltage byt fikV (Sample V1 to Sample V3, fo
example) the maximum value of absorption decreases by 17% (0.863 to 0.751, respectively).
Literature by Deitzetoncluded that increasing the voltage in the electrospinning process will
increase the mass flow ratef dibre to the collector, which itselbften leads to greater
entanglement of fibres, fibre deformation and the formation of bead on string morphologies
(Dietzel, et al, 2001). This bead on string morphology will have a greater average fibre
diameter thana smooth regular fibre, and as seenrle= in this chapter a smaller fibre
diameter results in increased acoustic performance. This was also visible during the SEM,
where the average fibre diameter of Sample V1 was 3160uY g KAf ad {F YL} S
averge fibre diameter was 5.44 2.03 um. The increase in entanglement and presence of
beads can be seen in Figur3. As outlined in Section 5.4.1, fibre diameter is one of the
dominating factors in controlling the absorption properties of a membrane, amallsr fibres

generally result in a snllar pore size, high flow resistivity and greater acoustic absorption.

203



SEM HV: 30.0 kV WD: 9.41 mm VEGAS3 TESCAN SEM HV: 30.0 kV WD: 9.31 mm [ | VEGA3 TESéAN
View field: 111 ym Det: SE 20 ym View field: 110 pm Det: SE 20 ym
SEM MAG: 2.50 kx  Date(m/d/y): 06/05/18 Sheffield University - BioMedical Sciences EM Unit SEM MAG: 2.50 kx  Date(m/d/y): 06/05/18 Sheffield University - BioMedical Sciences EM Unit

Figure 523: Comparison of Samples V1 (left) and V3 (right), where it can be seen th

has greater entanglement, much larger fibre diameterg] less regular fibre morpholog

Lower voltages can therefore provide improved acoustic performahgedecreasing the

average fibre diameter and improving the homogeneity of the fibres.

Changing the collector distance can again imghet formation of fibres and their
morphology.It has beerreported (Ghdth, et al, 2015)that too large a collector distanaz
too small a collector distance will resultangreatemumber of fused fibresor an increase in
fibre diameter Theformer of which is caused by the polymer jet having insufficiehipping
time, so the fibres are drying on the collector plate and fusing; the latter observation
proposed to be caused by reduction in the electrostatic field strengthesulting in less
stretching of the polymer jefLauricellagt al, 2017) Whilst thisincrease in fibre diameter
was not seen in this PhD, possibly due to relatively small changes in collector distance (a
maximum of 6cm)if was observed that increasing the collector distance from 16cm to 22cm
(as seen in CD1 to CD3) led talecrease in eoustic performance of 16%which can be

attributed to the increased diameter anidcrease in median pore size
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This decrease in absorption was most likely caused by an increase in the median pore
size of CD3. An increase in the colledi®stance leadgo the polymer jet drying before
depositing the jet on the collectar meaning the polymer jet had less time to whip and thin.
Comparing the SEM images of the two (Figure 5.25), it appears as if CD1 has slightly smaller
fibre diameters whichare less aliged than in CD3, contributing to an overall smaller pore
size. This confirms that in CD3 the sample dried before reaching the collector, whipping less

and forming a more aligned membrane.
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Figure 5.2: Comparison of absorption spectrasemmples with increasg collector

distance.

205



Figure 5.8: SEM images of Samples CD1 and CD3, showing difference in spati

arrangement of the fibres and fibre diameters.

Comparinghe absorption spectra for Samples V1 and FR2 suggestsi¢oatasing
the flow rate has a sall impact on the maximum acoustic absorption which decreases by just
2% (0.866 to 0.850, respectively). This change is small enough to be attributed to
experimental error, losses in the impedance tube or natural variation in the consistency of
the eledrospinning process. This change in flow rate predominately appears to impact the
fibre diameter, but not in a great enough way to significantly affeetabsorption properties
of the membrane. As such, it could be stated that changing the flow ratemtgaspact the

acoustical performance of nanofibrous membranes.

The experiment looking into the use of different needle diameters to reduce the
problemcoF 'y 2@SNIeé fIFNBS I yR dzyailepréevealedthad f 2 ND &
changing the needleii had a negligibleeffect on the acoustic performance. This could
possibly be explained by the relative change in the material properties. Thvenewmbranes
generated using a 0.514mm needle tip and 0.838mm needle tip did not bigwficant
different material parameters. These membranes had similar fibore diameters. It could

therefore be said that changing the needle tip to improve the stability or flow rate within the
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