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ABSTRACT

The need to cut down vibration and minimize backspure wave in a
loudspeaker has led to the choice of artificiallgee metallic foam structure
due to its important low weight, recyclable, st#fs, high surface area, and
longer active product life for money. Commerciaflyailable highly porous
metallic structures are known to be poor soundriesdout there is a possibility
that if they can be made by interacting with thapgs and structural properties
of this material, they could be made useful. Culyeavailable poroacoustic
models needed to describe the sound absorptiorvioeihaf porous materials
point out the permeability of this structure as Key parameter driving this
behaviour. Knowing this parameter through experitaéon or prediction is

imperative to the design of material with novetibtites for this process.

Pore-level numerical simulation of fluid flow thrgiu low-density “bottleneck-
type” structures using tomography images of theal"restructures and
“unconventional” sphere-packing models have beenl trerein to account for
this permeability with reasonable fit to experinardata of airflow measured
across these structures. This parameter was oldserviee dependent on the
structural parameters of the porous medium and nmogortantly, its pore
diameter openings. Theoretical models to accounfléev behaviour of this
structure at low and high fluid velocities were posed. Optimal values of
structural parameters needed for the design oftldhck-type” structure for
efficient sound absorption were achieved for a bacded and airgap

simulation.
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scale and streamline for a 2.5mrhpore inlet velocityp,)
on 2D DEM binary-sized (12.5 vol%S) slices for difint
capillary radii (left) 2@m and (right) 8adm [Numerical
scales unit for the legends measured in'ijn.s

93

3.21

Representations of flow behaviour (surfacédfielocity
scale and streamline for a 2.5mrhpore inlet velocityp,)
on 2D DEM binary-sized (18.25 vol%S) slices forfeiiént
capillary radii (left) 2@m and (right) 8adm [Numerical
scales unit for the legends measured in'ijn.s

93

3.22

Representations of flow behaviour (surfacédfielocity
scale and streamline for a 2.5mrhpore inlet velocityy,)
on 2D DEM binary-sized (25.0 vol%S) slices for difnt
capillary radii (left) 2@m and (right) 8dm [Numerical
scales unit for the legends measured in'in.s

94

3.23

Representations of flow behaviour (surfacedfielocity
scale and streamline for a 2.5mrhore inlet velocityy,)
on 2D DEM binary-sized (31.2 vol%S) slices for difint
capillary radii (left) 2@m and (right) 8adm [Numerical
scales unit for the legends measured in'in.s

94

3.24

Representations of flow behaviour (surfacedfielocity
scale and streamline for a 2.5mrore inlet velocityy,)
on 2D DEM binary-sized (37.5 vol%S) slices for difint
capillary radii (left) 2@m and (right) 8adm [Numerical
scales unit for the legends measured in'ijn.s

94

3.25

Representations of flow behaviour (surfacédfielocity
scale and streamline for a 2.5mrore inlet velocityy,)
on 2D DEM binary-sized (50 vol%S) slices for di#fat ca-
pillary radii (left) 2Qum and (right) 8dm [Numerical scales
unit for the legends measured in H.s

3.2¢

Representations of flowbehaviou (surface fluid velocity
scale and streamline for a 2.5mrhpore inlet velocityy,)
on 2D DEM binary-sized (100 vol%S) slices for diéfat
capillary radii (left) 2@m and (right) 8dm [Numerical
scales unit for the legends measured in'fn.s

9t
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3.21

Plots of coordination numbeNc, against percentage varic
(0-50v0l%) addition of binary-sized spherical pags for a
10um capillary radius.

96

3.2¢

Plots of Darcian permeabilityo/10%°m?, against percentag
various (0-50vol%) addition of binary-sized sphatic
packings for capillary radius between 10180

96

4.1a

An Xradie-50C Microscope instrument used for captur
2D CT slices of the porous metallic foam structures

107

4.1k

Two-dimensional slices ofoam structure having 0 (lef
72.96 (centre) and 100 vol percent threshold limit.

10¢

4.2

Two-dimensional (2D) images indicating a linear tetdrhaé
mesh growth from the re-entrant edge and the beitle
regions of structures with the highest (left) amaést (right)
pressure differential.

111

4.3

Plots of pressure drop ratio [-] against meshsiy/Mcells
showing the effect of mesh structure to capturewflo
information on the “bottleneck” and pore regiorAbporous
structure with spherical cellfNiimerical scales unit for the
legends measured in m]s

111

4.4

Schematic representation of air flow measurémen

113

4.5

Inlet pressure-voltage calibration a digitagsure indicator
(DPI1 601).

114

4.6

An optical microscope images of foam structwast with
salts with particle sizes (left) X1/1.0 — 1.4mm gfnidyht)
Z1/2.0-3.15mm structures both produced at 0.9 bar.

117

4.7

An optical microscope images of Y1 and Y4 fa#imctures
particle size range 2.0-2.5mm.

117

4.€

Scanning electron microscope (SEM) images of salesi
for the casting process for particle sizes 1.0-bM(teft),
2.0-2.5mm (middle) and 2.5-3.15mm (right).

117

A two-dimensional model contour of porous Al struct
taken from CT images for the highest Y1 (left) dogest
Y4 (right) pressure differentials.

118

4.1C

Three-dimensional >-ray CT (left) and DEM (right) image
of structural domains representative Y1 structures.

119
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4.11

X-ray CT images of Inconel 4hfh foam structure and a pl
of pressure drops per unit length (P3)ragainst superficial
air inlet velocity (m.s) for the structure.

12C

4.1z

Experimental pressure drop per 1 length (Pa.r?) agains
air superficial inlet velocity (m:3 for a repetitive test on
aluminium foam sample Z1 (2.5-3.15mm).

122

4.1¢

Experimentally reduced pressure drop (P&?) against ai
superficial inlet velocity (m:9 for a repetitive test on
aluminium foam sample Z1 (2.5-3.15mm).

122

4.14

Plots ofdimensionless Fanning friction factof) @gainst
pore diameter-based Reynolds numbRey] for airflow

through the lowest window-sized (Z1) porous Al foam

structure.

124

4.15

Plots ofdimensionless Fanning friction factgfz] against
pore diameter-based Reynolds numbee) for airflow

through the lowest window-sized (X1) porous Al foam

structure.

126

4.16

Plots ofdimensionless Fanning friction factagfz] against
pore diameter-based Reynolds numbRebj for airflow

through the largest window-sized (Y4) porous Al rfoa
structure.

126

4.17

Plots of measured pressure drop per unit he(iga.nmt)
against superficial air inlet velocity (mbs six foam
structures.

128

4.18

Plots of reduced pressure drop per unit ler{mt)
against superficial air inlet velocity (mb)s six foam
structures.

128

The relationship betweepressur differential (bar) and th
ratio of window to pore sizes [-] for the cast séesp

131

4.2C

Normalised pressure droj-] for 10 mm thick sample:
plotted against superficial flow velocity.

133

4.21

Two-dimensional (2D) velocity profile plots for flowefit to
right) through “virtually-created” porous sampleg Ytop)
and Y4 (bottom) for an inlet pore velocity of 1Im' s
[Numerical scales unit for the legends measured.g#]m

135

4.22

Graph of measured aimodellec (using *-ray CT images
pressure drops per unit thickness (PY.against superficial
air inlet velocity (m.s).

137
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4.2¢

Three-dimensional (3D) velocity magnitude profile pl¢
computed using X-ray CT images of the “real” stamet(top,
@=75.2%, RQ=74lum & Dp=2.0-2.5mm) and DEM
“virtual” macroporous spherical structures (bottom,
@=74.7%, D=731um & Dp=2.0-2.5mm) of similar RVE
three dimensional spaces (8x8x8 fhnfor a pore inlet
velocity of 3.35mm3 (left) and 1.25m:3% (right)
[Numerical scales unit for the legends measured.g#m

139

4.24

Graph of measured and modelled (using X-rap@IDEM
images) pressure drops per unit thickness (Paagainst
superficial air inlet velocity (m-§ for Y1-Y4 structures.

140

4.25

Plots of the ratio of measured to CFD mode(eday CT
and DEM) unit pressure drop [-] against superfiaialinlet
velocity (m.st) for Y1 and Y4 structures.

141

4.26

Two-dimensional (2D) velocity profile plots filow (left to
right) through porous samples Y1 (left) and Y4lit)gor an
inlet pore velocity of 1m-5[Numerical scales unit for the
legends measured in m]s

142

4.27

Two-dimensional (2D) visualization of the actual tf-
dimensional (3D) CT volume of the velocity (lefthch
pressure drop (right) distribution for flow througlorous
samples Y1 (top) and Y4 (bottom) for air superficidet
velocity of 1m s [Numerical scales unit for the legends
measured in msand Pa for the velocity and pressure plots
respectively

144

4.28

Two-dimensional (2D) CT model contour fluid nogin
matrices (top) and three-dimensional (3D) CT RVElstal
phases (bottom) for lowest porosity structure, ¥3tY and
after structural erosion of 1- (center, Y31) an¢rigiht, Y32)
pixels removed from the skeletal phase for 8.5mawfl
thickness.

146

4.29

Plots of simulated pressure drop per unit tler({@a.nt)
against superficial air inlet velocity (mbsfor semi-virtual
structures (structural domain erosion, 1-5 pixehaoeed)
using CT images compared with simulations for near-
equivalent “real” samples.

148

4.3(C

Two-dimensional (2D) visualization of the actual tt-
dimensional (3D) CT volume of the velocity (top)dan
pressure drop (bottom) distribution for flow thréugorous
samples Y3 (left) and after structural erosion ofcentre,
Y31) and 2- (right, Y32) pixels removed from theslsital
phase of the microstructure for superficial aietntelocity

148
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of 1m <! [Numerical scales unit for the legends measure
m.st and Pa for the velocity and pressure plots respely.

4.31

Dimensionless plots of permeabi-structural parameters 15C
the porous structures using CT images of Y’s amaddfl
domain dilated structures.

4.32

Graph of theviscous and inertial terms of the poro 15C
structure using the CT images of the Y’s and fldanain
dilated structures.

4.3

Plots of permeability inverse %) against structur: 152
parameters () of the porous structure using the CT images
of the Y’s and fluid domain dilated structures.

4.34

The plot of the natural log of Form drag ciéght (nt) 152
against natural log of structural parameterst)rof the
porous structure using the CT images of the Y’s tnd

domain dilated structures.

5.1

Plots of normal incidence absorption coeffiti@gainst 160
frequency for a 25mm hard-backed glass wool fibatemal
(GWF, 98.7% porosity) by Kino and Ueno, 2008; 251m
hard-backed melamine foam (MF, 99.3% porosity) layoK
and Ueno, 2008; 10mm hard-backed nickel-chromeaextr
strong (NCX2733, 90.94% porosity) by Lautensack and
Kabel, 2009; 23.31mm hardbacked porous sintereelr fib
metal (SFM, 90.94% porosity) by Bo and TianningD20
11.2mm hard-backed porous metal sponge 450 by Hinde
Rosler, 2014 and 20mm hard-backed open-celled alumi
foam structures with spherical cells presented bytlal.
2014, (AL Foam, 60% porosity).

5.2

Digital microscope photograph of (a) Glass wdibkr 160
material (GWF) by Kino and Ueno 2008 (b) Melamioarh

(MF) by Kino and Ueno 2008 (c) Photographic crosstisn

of Porous sintered fiber metal structures (SFMBloyand
Tianning, 2009 (d) Typical pore morphology of almimim

foam structure with spherical cells by Li et aD12 (e) 3D
reconstructed X-ray CT image of nickel-chrome (NC33)

extra strong structure by Lautensack and Kabel9 201 (f)

3D reconstructed X-ray CT image of porous metaingpeo

450 by Hinze and Rosler, 2014.

5.3

Graphical representation of natural log of dgitatortuosity 165
(Int) against natural log of packing density (porosiy,

using analytically predicted values reported by Plassis

and Fourier, 2002 (Tortuosity factonis 0.552, shape
factor,C,is 0.35 with a very good fR? = 0.999).
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5.4

A two-dimensional geometry of ahardbacked porot 167
structure in an impedance tube.

5.5

A 2D (a) and 3D ha-tube (b & ¢) model representations 169
total acoustic pressure (Pa) computed for 25mmbiaaiced

glass wool fiber computed using Johnson-Champouerdl

model Numerical scales unit for the legends measured in
Pal.

5.6

Vertical-axis, is a 2D and horizontal, is a 3Blue of 169
computed normal incidence absorption coefficient &
25mm hardbacked glass wool fiber material usingidoh-
Champoux-Allard model for the frequency of 100-68@0

5.7

Plots of measured (literature) and simulatedént) normal 171
incidence absorption coefficient against frequefidy) for

(a) hardbacked glass wool fiber (b) hardbacked misia

foam (c) hardbacked porous sintered fiber metal @)d
airgap or cavity behind the porous sintered fibetah

5.8

Plots of measured (Hinze and Rosler, 2014)samdlated 173
(current) normal incidence absorption coefficiehthard-
backed porous metal sponge 450 and 800 againsisiney
(500-7500Hz) at different structural thicknesses.

5.9

Plots of measured (Li et al., 2014, structure B} modellec 174
(current) normal incidence absorption coefficierc)(
against Frequency (100-6500Hz) for a hard-backedn20

thick aluminium foam structure (Tortuosity= 1.867)

with spherical cells.

5.1C

Plots of 20mm thick hardbacked numericeé simulatec 178
normal incidence absorption coefficientAcf against
frequency (Hz) wusing structural parameters of the
theoretically predicted (TH) and “virtually-credte
monosized “bottleneck” structures having a sintkpillary

radius of 8@m and different pore sizes, 1, 2 and 3mm.

5.11

Plots of 20mm thick hardbacked numerically 8ated 178
normal incidence absorption coefficientAcf against
frequency (Hz) using structural parameters of thefally-
created” monosized “bottleneck” structures havimgilar

pore sizes of 2mm and different capillary radiuslof 30,

45 & 8qum.

5.12

Plots of 20mm thick hardbackemnumerically simulate 179
normal incidence absorption coefficientAcf against
frequency, Hz using structural parameters of setect
“virtually-created” monosized “bottleneck” structsr
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having different pore sizes and capillary radius similar
pore openings.

5.13

Plots of 20mm thick hardbacked numericacompued 183
normal incidence sound absorption coefficient agfain
frequency (Hz) using structural parameters of Xand Z
samples obtained from X-ray CT images of the raaie.

5.14

Plots of 20mm thick hardbacked numericalcomputec 184
normal incidence sound absorption coefficient agfain
frequency (Hz) using structural parameters of treafples
(2.0-2.5mm) obtained from X-ray CT images of thedlt
sample and “virtually-created” sphere-packing medel

5.15

Plots of 20mm thick hardbacked normal incigenc 187
absorption coefficient against frequency (Hz) foustures

with constant window to pore size ratio/fp-0.15), for
different pore sizesDp=200, 1400 and 30@&n) and
different porosities, 56, 68 & 80%.

5.16

Graphical representations of acoustic progertiof 188
numerically simulated “bottleneck-type” structuragainst
permeability for pore sizes between 200 and 3000um.

5.17

Plots of 20mm thick hardbacked numerically simudsaed 189
measured (Li, Zhendong and Han, 2014) normal imzde
absorption coefficient against frequency (Hz) fptimised
“bottleneck-type” monosized structures and comnadisci

used soundproofing glass wool fiber (Kino & Uen608&),
melamine foam (Kino and Ueno, 2008) and poroussaat

fiber metal (Bo and Tianning, 2009).

5.18

Plots of hardbacked numerically simulated radinctidence 191
absorption coefficient against frequency (Hz) fptimized
C2 structure for thicknesses between 5 and 40mm.

5.19

Plots of noise reduction coefficieMRQ against structural 191
thickness (mm) for 20mm thick hardbacked, 10, 28 an
50mm airgap behind (BHD) and between (BTW) two 10mm
optimized C2 structures.

4.1A

Mesh structure and streamline velocity plotsY1 structure 233
at 1.5x res/6.75Lmin and 1.3 Growth rate for a sfigial

inlet velocity of 2.369 m:5 [Numerical scales unit for the
legends measured in m]s

4.2A

Mesh structure and streamline velocity plotsY1 structure 233
at 2.1x res/6.75Lmin and 1.3 Growth rate for a sfigial

inlet velocity of 2.369 m:5 [Numerical scales unit for the
legends measured in m]s
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4.3A

Mesh structure and streamline velocity plots¥1 structure 234
at 2.7x res/6.75Lmin and 1.2 Growth rate for a sfigial

inlet velocity of 2.369 m:5[Numerical scales unit for the
legends measured in m]s

4.4A

Mesh structure and streamline velocity plotsY1 structure 234
at 2.7x res/6.75Lmin and 1.3 Growth rate for a sfigial

inlet velocity of 2.369 m:5[Numerical scales unit for the
legends measured in m]s

4.5A

Mesh structure and streamline velocity plotsY1 structure 235
at 5x res/6.75Lmin and 1.2 Growth rate for a supiitfinlet
velocity of 2.369 m.3[Numerical scales unit for the legends
measured in my.

4.6A

Mesh structure and streamline velocity plots¥1 structure 235
at 5x res/6.75Lmin and 1.3 Growth rate for a supkifinlet
velocity of 2.369 m.3[Numerical scales unit for the legends
measured in my.

4.7A

Left-right: 3D velocity profile plots and 2DYZ, Y4, Y2 & %a) 236
section of computed airflow across foam structurke at

1.0m/s superficial inlet velocity (pore inlet veiyg vp, in

this case, is 1.418m/s calculated using the foarnosiy,
70.5%).

4.8A

Left-right: 3D velocity profile plots and 2D (YZ, %4, & %) 236
section of computed airflow across foam structurke at

1.516 m.8 superficial inlet velocity (pore inlet velocitys,

in this case, is 2.150m/s calculated using the fparosity,
70.5%) Numerical scales unit for the legends measured in
m.s?.

4.9A

Left-right: 3D pressure profile plots and 2¥¥¢( Y4, ¥2 & %) 238
section of computed airflow across foam structurke at
1.0m.s' superficial inlet velocity (pore inlet velocitys, in

this case, is 1.418m/s calculated using the foamogity,

70.5%) Numerical scales unit for the legends measured in
Pal.

4.10A

Left-right: 3D pressure profile plots and 2D (YZ, Y2 & %) 238
section of computed airflow across foam structurke at
1.516m.8 superficial inlet velocity (pore inlet velocityp,

in this case, is 2.150m/s calculated using the fparosity,

70.5%) Numerical scales unit for the legends measured in
Pal.
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4.11A

A 2D contour fluid phase and 3D RVE structural gha$
Y1 structure for (Left) no fluid phase dilation afRight) 1-
pixel addition to the fluid phase.

238

4.12A

A 2D contour fluid phase and 3D RVE structural gha$
Y1 structure for (Left) 2-pixel addition and (Rigt8-pixel
addition to the fluid phase.

238

4.13A

A 2D contour fluid phase and 3D RVE structuphase o
Y1 structure for (Left) 3-pixel addition and (Right-pixel
addition to the fluid phase.

239

4.14A

A 2D contour fluid phase and 3D RVE structural gha$
Y2 structure for (Left) no fluid phase dilation afRight) 1-
pixel addition to the fluid phase.

239

4.15A

A 2D contour fluid phase and 3D RVE structural gha$
Y2 structure for (Left) 2-pixel addition and (Rigt8-pixel
addition to the fluid phase.

240

4.16A

A 2D contour fluid phase and 3D RVE structural gha$
Y3 structure for (Left) no fluid phase dilation afRight) 1-
pixel addition to the fluid phase.

240

4.17A

A 2D contour fluid phase and 3D RVE structural gha$
(Left) Y3 structure for 2-pixel addition to the RVituid
phase and (Right) Y4 structure with no fluid phdsation.

241

4.18A

A 2D contour fluid phase and 3D RVE structural gha$
Y4 structure for (Left) 1-pixel addition and (Rigt#-pixel
addition to the fluid phase.

241

5.1A

A 2D fluid phase model contour and 3D struakyghase of
DEM virtual structure of 1mm pore sizes and capjlladius

of 10um for a (left) No structural erosion, DU1-10, and

(right) 1-pixel, DU1-E1, removed from the structyshase.

248

5.2A

A 2D fluid phase model contour and 3D structuraagghol
DEM virtual structure of 1mm pore sizes and capjlladius
of 10um for a (left) 2-pixel, DU1-E2, and (right) 3-pixel
DU1-E3, removed from the structural phase.

249

5.3A

A 2D fluid phase model contour and 3D structuraagghol
DEM virtual structure of Lmm pore sizes and capjiltadius
of 10um for a (left) 4-pixel, DU1-E4, and (right) 5-pixel
DU1-E5, removed from the structural phase.

249

5.4A

A 2D fluid phase model contour and 3D struakyghase of
DEM virtual structure of 1mm pore sizes and capjlladius

of 10um for a (left) 1-pixel, DU1-D1, and (right) 2-pixel
DU1-D2, added to the structural phase.

250
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5.5A

A 2D fluid phase model contour and 3D structuraagghol  25C
DEM virtual structure of 2mm pore sizes and capjlladius

of 10um for a (left) No structural erosion, DU2-10, and
(right) 1-pixel, DU2-E1, removed from the struciyphase.

5.6A

A 2D fluid phase model contour and 3D structuraagghol 251
DEM virtual structure of 2mm pore sizes and capjlladius

of 10um for a (left) 2-pixel, DU2-E2, and (right) 3-pixel
DU2-E3, removed from the structural phase.

5.7A

A 2D fluid phase model contour and 3D struatynthase of 251
DEM virtual structure of 2mm pore sizes and capjiltadius

of 10um for a (left) 4-pixel, DU2-E4, and (right) 5-pixel
DU2-E5, removed from the structural phase.

5.8A

A 2D fluid phase model contour and 3D struakyhase of 252
DEM virtual structure of 2mm pore sizes and capjlladius

of 10um for a (left) 1-pixel, DU2-D1, and (right) 2-pixel
DU2-D2, added to the structural phase.

5.9A

A 2D fluid phase model contour and 3D struakyghase of 252
DEM virtual structure of 3mm pore sizes and capjlladius

of 10um for a (left) No structural erosion, DU3-10, and
(right) 1-pixel, DU3-E1, removed from the structyshase.

5.10A

A 2D fluid phase model contour and 3D structuraagghol 253
DEM virtual structure of 3mm pore sizes and capjlladius

of 10um for a (left) 2-pixel, DU3-E2, and (right) 3-pixel
DU3-E3, removed from the structural phase.

5.11A

A 2D fluid prase model contour and 3D structural phas 253
DEM virtual structure of 3mm pore sizes and capjlladius

of 10um for a (left) 4-pixel, DU3-E4, and (right) 5-pixel
DU3-E5, removed from the structural phase.

5.12A

A 2D fluid phase model contour and 3D structuradgghof 254
DEM virtual structure of 3mm pore sizes and capjiltadius

of 10um for a (left) 1-pixel, DU3-D1, and (right) 2-pixel
DU3-D2, added to the structural phase.

5.13A

Plots of normal incidence absorption coefficientaiagt 255
frequency (Hz) for structures with constant poso§i6%o),
different pore sizes (rp=100, 700 and 1@®) and three
different windows to pore ratig/rp=0.15, 0.45 and 0.30).

5.14A

Plots of normal incidence absorption coefficientiagt 255
frequency (Hz) for structures with constant windimipore

ratio (rw/rp-0.30), for different pore sizes rp=100, 700 and
150Qum) and for different porosities (=56, 68 & 80%).
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5.15A Plots of normal incience absorption coefficient agai 256
frequency (Hz) for structures with constant poso§80%),
different pore sizesrg=100, 700 and 15Q®n) and three
different windows to pore ratigy/rp =0.15, 0.45 and 0.30).
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5.7
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4.1A

Experimental data of pressure drop per umigtle (Pa/m)
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CHAPTER 1
INTRODUCTION

This research focuses on fluid flow and acoustgogftion in porous metallic
structures using numerical simulation and experiat@ns. Its aim is to
understand the pressure drop behaviour of sucbtstas and their response
when subjected to the propagation of pressure waweaffling frequencies; to
consider embedding such knowledge in the desigpoobacoustic metallic
materials to replace those conventionally used abirets of high-end

loudspeakers.

Such an approach will help provide a heat sinklfare unit motor by absorbing
radiation from the rear of the loudspeaker transdusuch a configuration and
material could also cut vibration in a speaker ntbas half, help minimize back
pressure wave from the drive motor unit and inaeadesign flexibility. Fig 1.1

(middle) presents a schematic representation df peessure waves from the

drive motor unit to the cabinet of the loudspeaker.

Fig 1.1 Acoustical effects in loudspeaker design andhéoright are the 25-ultimate audiophile
speaker produced by Bowers and Wilkins ($60,006)/pai
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Acoustic foams are used as soundproofing to agsistinimizing reflections
and reverberation, in music rooms, studios, andmas. Synthetic fibers such
as kevlar, polyester, polyurethane, melamine, gbigene or polypropylene are
known conventional porous materials used to absbpbessure waves. These
materials absorb most sound energy striking thednreftect very little (Jorges
and Malcom, 2010). This type of fibrous materiahiade from high-temperature
extrusion and industrial processes based on synittfemicals (petrochemical
source). Their carbon footprint is quite signifigaand the industrial process to
make them contributes to the release of some goemsehgasses like methane,

carbon dioxide and sulfur dioxide (Ballagh, 199@ &ulkifli, 2008).

Natural fibers (wool, cotton, asbestos, fur felgrtp, and flax) are generally
porous and can absorb sound both at low and hagjuéncies (Kino & Ueno,
2008). They are biodegradable, inexpensive, andarmentally friendly but
their low strength, softness, decrease in absaoritential over time (Deng, et
al., 2008) and damages caused to the respiratstgray human skin, eye and
other health-related issues (Ou, 1997) are of conéeading to a limited usage

of such material.

Lu and He (2000), Li et al. (2014), and Bo and Tiag (2009) have shown that
the broadband characteristics of noise reductionbeaachieved through open-
celled metallic foam structures (Fig 1.2) which é@arned numerous attentions
resulting from increased worldwide technologicaeach and development.
They are expensive to produce but are environmgritedndly, easily recycled,
have high durability and resistance, are less harméduce vibration effects

and have longer active product life for money.
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2008.

Relatable experimental and predictive studies cotedlin this field (Lafarge et
al., 1984, Mikki, 1990, Prides et al., 1993, Wils@893, Ashby et al., 1999, Lu
and He, 2000, Kino and Ueno, 2008, Muhammed e2@L3, and Li et al., 2014)
have all described the characteristic sound ahisorgiehaviour of porous
materials as a function of structural propertiesl anost importantly, the
permeability of the porous medium. Knowing or meagpand predicting the
permeability of these ultralight and self-suppagtstructures (porous metals) is
essential to the design and optimisation of enhdirmoaterials (with novel

attributes) capable of cutting down vibration ireakers.

In the light of these, a preliminary review of thleid flow and acoustic
absorption in porous metallic structures is presgbelow to identify the gap in

research in the literature.



FLUID FLOW AND ACOUSTICIABSORRTION INVPOROUS/METELSTRUCTURES USING/NUMERICAL
SIMULATION. AND/EXPERIMENTATION OTARU AJ.

1.1 Fluid Flow through Porous Metallic Structures

Understanding the behaviour of fluid flow througbr@us metallic structures
(nickel, steel, titanium, copper, and aluminiumgjiste important in the design
of porous material for engineering applicationslikénflow through packed
beds where the permeation of fluid is mainly diethby their void spaces
(interstices), flow through open-celled metallicafes as described in
Habisreuther et al. (2009) is rendered more complexhe opening of their
interconnecting pores or “windows”. This intercootien in porous metallic
structures enables their high porosity, permeabiéirge foam surface area per
unit bulk volume and good thermal conductivity (Dak et al., 2014) and has
made it beneficial for their use as pressure redli@nd heat transfer devices
(Ranut et al., 2013).

The ratio of the fluid volume occupied by the cantim fluid phase to the total
volume of this porous body, or the interconnectesi fluid volume to the total
bulk volume of the porous medium has a significefiuence on the flow
behaviour of this structure. Also, the size of theres and connectivity
(openings) between connecting pores of open-cdtbadh dictates its flow
behaviour and can be controlled by simply varyihg size of salt granules
(space holder or porogens) and infiltration pressused during metal foam
preparation (Kennedy, 2012). The size of the stk is a representation of the
pores occupied by fluid in metal foam while theurak fraction is dictated by
their packing through the addition or removal cdie during packing (Jinnapat
and Kennedy, 2012). The degree of infiltration ithe spaces between the

beads, which is a function of infiltration pressutiéference used, causes
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significant changes in the connectivity of the rhetatrix which is negative of
the spatial arrangement of the beds (Langston amhé&dy, 2014).

Realistic manipulation of foam structures througblekdrilling, mechanical
compression and rolling (Lu et al., 1999) to charigeir microstructure
represents a high-priced approach and further doaipk the skeletal
configuration of foam matrix (Hetu et al., 2013)oMover, foam measurements
using an optical microscope techniques that measellediameter, “strut”
length, “window” thickness, cell volume and manyheat features (Rhodes,
1980, and Richardson and Nandra, 1986) have beeseirto reveal structural

information of the material needed for a specifiplacation.

Measuring foam features manually using the tradiooptical microscope
technique is time-consuming, limited to capturimdycsurface information and
often requires destruction of the foam sample beead its complicated three-
dimensional (3D) structure (Montming et al., 200Fhese parameters are
difficult to measure using this traditional techuegwhich has been mostly

adopted in medical and engineering research.

X-Ray computerized microtomoghraphy(QT) is used in several applications
ranging from material research (Watson et al. 2@0@, Fularia et al., 2007) to
reverse engineering of complex parts with precisRore-level characterization
and computation of fluid through an open-cellediiaan a representative micro-
geometry have been presented by several reseatdirgsa more realistic and
high-resolution two-dimensional X-ray CT images t(Rsch et al. 2006,

Narsilio, et al. 2009 and De Carvalho, et al., J0Magnetic resonance imaging
(MRI) or micro-computed tomography provides a maseeral assessment and
characterization of foam structures (Bodla et 3010) but represents an

5
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expensive approach and modelling results oftenatievirom reality when it

comes to low-resolution images (Peng, et al. 2012).

Simple permeability models for laminar flow haveebeleveloped by Despois
and Mortenson (2005), and Furman et al. (2013) wicmuld assist with the
design of “bottleneck-type” porous metallic struetsito meet the requirements
for specific applications. Both approaches useséime premise, considering the
window between the pores to be a “bottleneck” oftbw through the structure.
The models consider different particle contact sédike loose packing (Furman
et al. 2013) and packing enhanced through compa(i@iespois and Mortenson,
2005) with different approaches to including cdnitions from the window size
(rw) and coordination numbeiN§). The model to predict the permeability
according to Furman et al. (2013) is presented dn (E.1) where @ is the

porosity,Ncthe coordination numbef,, the window radius ank} the radius of

the pore or pore radii (Fig 1.3).

3 _ 2
ko = N 6(2:::” Where N = MZ(— v12+;)¢m 1.1
. =

2
Tw = 0 +1)%—nZ— 1. Wherer, = ;’Zy cos6 1.2

Fig 1.3 Geometry and notations of connecting spheres.
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The coordination number was defined as a functfdheopacking fraction (also
shown in Eqg. 1.1) and the window sizes connectimg $pheres within the
porous matrix was considered in Asmar et al. (2@02)e a function of pore
radii (rp) and the degree of liquid foam infiltration pressPi) measured by
capillary radiusic) Eq 1.2. The extent to which an applied infiltoatipressure,
Pi, (used during realistic casting of metal foamsye# liquid metals into the
void of packed beds is theoretically consideredhfiston & Kennedy, 2014) to
be a function of its capillary radius, surface tension,,,, and wetting angle,
0, (Eq 1.2) with established wetting data of Al-Na®hilable in the literature.
This approach (Eq 1.2) involves measuring the diglriving pressure necessary
to balance the Laplace pressure (Yuan & Lee, 20TBese models are limited
to predicting the coordination number and permésifiiscous term) of porous
Al foam structure made by packed beds of near-gmigvorogens but do not
account for the inertial terms (away from Darcy).

Total control of pore sizes, packing density, andnectivity of the virtually-
created “bottleneck-type” structures in Langstod ennedy, 2014 could assist
in providing alternative and economical ways ofdicéng the flow behaviour
of open-celled structures made by replication-ogstirocesses. This study
considers production, characterization and realmgasurement of the pressure
drop developed across “bottleneck-type” celled psrauminium structures for
different packing densities, pore sizes, and itits. A computational fluid
dynamics (CFD) approach is considered using spbac&ing models (discrete
element modelling) and X-Ray computerized microgr§gCT) of the “real”
structure for the reconstruction of the three-digi@nmal micro-geometrical

representative matrix based on the required pdreme (porosity).
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1.2 Sound Pressure Waves through Porous Metallic iSictures

Noise and vibration improvement control devicesafratmost importance and
constitute a major environmental and safety compbme the automotive,
building, aeronautical, construction and many eeegimg industries (Chang-

Young and Michael, 2009).

Close-celled metallic foams (Fig 1.2) are charaoter by infinite air flow
resistivity (ratio of fluid dynamic viscosity to paeability) and are generally
termed as poor sound absorbers (Utsuno et al. 4889 .u & He, 2000). The
open-celled (Fig 1.2) metallic foam structure isnposed of one or more solid
phases and a gaseous phase. The gaseous phaseflalidsvto flow or offers
compressibility while the solid phases provide getioal architecture,
strength, thermal conductivity, electrical conduityi, magnetic shielding and
most importantly is in its provision for an acoadtarrier (Zhao, 2013). In this
case, viscous (windows) and thermal (pores) logssominate sound energy-
dissipation mechanisms when compared to the mincmatributions made by
Helmholtz resonators, structural vibration and exishedding (Lu et al. 1999).
Though metal foams are quite expensive their ghiitbe recycled make them
economically well-disposed of and would serve agfficient absorber if it is
enhanced. A possible way-out through this is thiezation of porous media

models and structural variation during foam malpnacesses (Kennedy, 2012).

Theoretical and experimental works in this areaehstvown the feasibility of
using aluminium foam structure with open and sep@rocells for acoustic
absorption application. Lu & He (2000), measuresl gtatic airflow resistivity
and sound absorption coefficient for cellular metaith semi-open cells having
different packing densities, pore sizes, and ogmiklan et al. (2003) showed

8
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that the Al foam samples with a small nominal psiEe (500pum) exhibit the
best absorption peak when there is no air gap aadominantly Helmholtz
resonant absorption in the presence of air gap. ifitheence of pore sizes,
porosity and foam layer thickness on the acousifopmance of porous steel
samples manufactured by a lost carbonate sintepimgess were further
substantiated in Lu et al. (2009). A simple tositycalculation method based
on diffusivity transport in porous systems was sgd byWeisberg (1963), Ho
and Streider (1982), ardatyka et al. (2008), in application to porous rixatf
stochasticallyoverlaying sphericalstructures and Zielinski (2013), provides an

inverse approach for characterizing acoustic patenmse

Despite the unique and combined characteristidtevofweight, high stiffness,
low moisture absorption and excellent fire resistaof these materials enabling
their suitability for high impact applications, teeund absorption behaviour of
commercially used open-celled porous metallic $tmes were generally
considered poor when compared to the performandeanod-backed fibrous
materials especially at the region &f octave frequencies<@2.0kHz).
Enhancing the sound absorptive performance of tsiesetures reported in Lu,
Hess and Ashby (1999) can be done through holkndrilor rolling and
prearrangement of space fillers during procesdimggrtion of appropriate air
gap (Lu and He, 2000, Bo and Tianning, 2009, andvdtumed et al., 2013)
which predominantly becomes Helmholtz resonanceorgbisn (Han et al,
2003) and increased porous layer thickness (Yah,et995, and Liu and Chen,

2014).

Previous experimental studies by this group hawwvshthat the packing of
porogens or salt beads to make metal foam (JinreamhtKennedy, 2010 and

9
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Kennedy, 2012) has significant influence on strradtuariation, permeability,
and other macroscopic parameters of an open-cieléed structure. A discrete
element modelling approach (Asmar et al., 2002kiig the capillary
interaction between connecting pores and conngctivas further substantiated
in relation to its effects on the permeability (tand Kennedy, 2016) and
packing density of a near-spherical packed strastwith its inverse imitating
the structural domain of porous metal foam produegdintering dissolution
(SDP) process of packed beds of near-sphericabpas This part of the study
presents a theoretical and multiscale charactesizaif the non-acoustical
macroscopic parameters and pressure wave simuldtiongh macroporous
“bottleneck-type” structures for a frequency rarmggween 100 and 6500Hz.
The aim is to attain the best and optimum inhesémttural parameters leading
to the design of “bottleneck-type” materials capatflabsorbing sound pressure
waves and to significantly eliminate resonanceugstrral vibration) and
damping effects (dissipation of sound energy td Berargy) through application

and alteration of metal foam microstructural aremgnt during processing.

1.3 Research aim and objectives

The research is aimed at studying the fluid flonhdsour and acoustic
absorption in porous metallic structures leadintheoacquisition of knowledge
needed in the design of an efficient sound absgrinvaterials with novel

features. The following steps considered as rebaasjectives are listed below.

» Predicting the structural and flow parameters ofope metallic

structures using sphere-packing models with moedsiells.

10
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» Extending the sphere-packing models to binary-sisgdctures to

enhance our understanding of the effects of miarogiral changes.

» Precision tests on air pressure drop measuremenuissthese structures
and CFD simulations using sphere-packing modelsotpaphy and

“structurally-adapted” tomography images.

* Pressure wave simulation across these structuieg geometrically

reconstructed three- and two-dimensional impedéantoe.

1.4 Themes Needing Further Study

What is known on measurement and modelling of flilidv and acoustic

absorption in porous media published in the litmatwere reviewed and put
together in Chapter 2. There are still areas wimene understanding of the

process is lacking.

To begin with, the application of this sphere-pagkmodel (DEM) to mimic
and quantify flow behaviour and the regime of mesttion of a more
complicated porous metallic structure has beerididio flow developed across
packed beds. Researchers in this field have focusede on realistic
measurement, analytical predictions, and pore-lewainerical simulation
adopting the high-priced X-ray computerized tompgsabased technique. The
sphere-packing (DEM) approach is essential foreimppmary understanding of
microstructural variation and its influence on tflew performance of
“bottleneck-type” structures produced by negativespure infiltration process

even in the paucity of experimental data.

11
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Secondly, the models considered in Despois andéviedn (2005) and Furman
et al. (2013) only considered flow developed actbss‘real” bottleneck-type
structures in the Darcy regime (very low velocitietheoretical models to
predict the flow behaviour of these materials avirayn Darcy has not been
considered. This is well captured in the main cheptising the computed flow
data of the sphere-packing models (DEM) and “stmadtadapted” tomography

images (CT) of the “real” structures.

Lastly, Zielinski (2013) is the only author to hayaoposed inverse
identification techniques to characterize macrogc@arameters of a porous
structure using measured values of effective demsitl bulk modulus. Many
acousticians have published numerous articleslatioa to measurement and
simulation of acoustic pressure waves through @ehsemi-open structures.
Further survey is required in the use of DEM a@&I approach in accounting
for the interdependent and indispensable non-aicalistacroscopic parameter
and the application of combined Helmholtz lineaowstic and poroacoustic
models to predict its normal incidence sound algmrpcoefficient Ac) of
porous Al foams structures. Hence, the fundameaitalof this research is to
enhance our understanding of the microstructurtdces on the flow and

acoustic behaviour of porous metal structures.

1.5 Thesis Plan
Chapter 1 of this thesis gives a background touch of theaash topic as well
as a summary of fluid flow and acoustic absorptibrough metallic foam

structure. The aim and objectives of the thesi®eva¢so presented.

12
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The fundamental models that fortify all the workread out in this thesis are
presented ilChapter 2. The continuity, momentum equations and variouisl fl

models substantiated in the literature are repdrietthis Chapter. Pore-scale
numerical simulation technique, flow patterns amel tegime of manifestation
were also presented in this Chapter. Lastly, tHenHeltz wave equation, sound
absorption models, microstructural effects and Hilitz resonant absorption

in relation to the acoustic of the microstructure presented as well.

Chapter 3 presents a numerical simulation of fluid flow thglh macroporous
structures generated by sphere-packing modelsafoed pore sizes, interstices,
packing densities and pore openings. This represemtunderpinning to the
modelling aspect of this work using pore-scale némpines. A detailed procedure
of image processing and segmentation, represeatativiume element
generation, mesh scale dependence study and adrézatibn of this structure
are presented in this Chapter. The permeabilittnohosized sphere packed
structures with realistic measurement of water filmough “real” structure
using falling head permeameter measurement wasieekiin this Chapter.
Lastly, an extension to binary-sized structures ezasidered to vary widely the
packing density and structural parameters of theiali porous materials. The
effects of capillary variation and coordination rhen of the spherical packed
structures were studied for 0-100vol% additionroBBer sized structures into

the larger sized packed structures.

13
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Chapter 4 presents structural characterization, measurermedt numerical
simulation of air flow through “bottleneck-type” Abam structures for varied
porosities, pore sizes, and interstices. The eafdin of Darcy-Weisbach
approach on repetitively measured data of unitsamesdrops to fully understand
the airflow behaviour and regime of manifestatiasdx on their pore diameter-
based Reynold numberdp) and Fanning friction factoif§) was considered in
this Chapter. Numerical approaches involving theeafdomography images (X-
ray CT) and sphere-packing models (DEM) coupledhwitmputational fluid
dynamics (CFD) were used to quantify the presstop dcross these structures.
Both measured and predicted values of the permigahild Form drag were
obtained by fitting the unit pressure drops andesiipal velocity to the Hazen-
Dupuit-Forchheimer model for unidirectional flow afr. Lastly, analytical
models for the viscous and inertial terms as a tfancof the structural
parameters of the material through structural iditebf the CT structures to

create semi-virtual structures were considered.

Chapter 5 presents a numerical simulation of the pressurgewaacross
macroporous “bottleneck-type” structures. Firsthe correlation between 2D
and 3D numerical simulation were considered and@test the application of
the various poroacoustic models to predict the omealsnormal incidence
absorption coefficient) of cellular structures based on its structuraperties
and theoretical models available in the literatMvdson’s model developed for
structures with circular and triangular pores tawdate pressure wave through
the virtual macroporous structures for pore diamgitees (1, 2 and 3mm) and
frequencies ranging between 100 and 6500Hz wasideyes. The key

14
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parameters dictating the sound absorption coefficed the porous material
were identified and a sensible optimization of shreictures was considered to
help eliminate resonance and damping effects. yaibté application of back
cavity or air gap (Helmholtz resonance absorptanmg increased porous layer

thickness to improve the absorption propertiehefrhaterial were presented.

The importance of the key results obtained frompgheceding Chapters and

recommendations for further study were presentéthiapter 6.

15
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CHAPTER 2
LITERATURE REVIEW AND GOVERNING EQUATIONS

In this chapter, an all-important review of thestixig literature relating to fluid
flow and acoustic absorption in porous structusgeésented, with emphasis on
porous aluminium structures made by negative-presistiltration of packed
beds of salts. An introduction to metal foam argl processing is given.
Secondly, literature findings on fluid flow and pas media models, Navier-
Stokes equation, pore level techniques, permealeiitimation for Darcy and
non-Darcy flow regime are presented. Lastly, theuatics of porous structures
and parameters influencing the sound absorptiothiefporous materials are

introduced.

2.1 Metallic Foam

A metal foam is a near-net or sponge-like shapeleelstructure consisting of
a solid matrix (usually aluminium, titanium, nickedteel, copper or nickel-
chromium alloy) with air-filled sealed (close-cel)eor interconnecting (open-
celled) pores comprising a significant amount efiblume. The high values of
packing density or porosity between 75-95% (aledi) and pore sizes between
0.2-5.0mm of metallic foams contribute significgntto their defining
characteristics of high surface area and ultraligtaterials enabling their
usefulness for high pressure and temperature apiplis (Jorge and Malcom
2010). If a metal can be made pressed or sintéretk is every possibility that
it could be made porous and the resulting effeatdhange in its microstructure
(Kennedy, 2012) to produce open-celled foams. Mjaphs of these foam

structures have been introduced in Fig 1.2 of tleequing chapter.
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2.1.1 Metal foam processing

The interconnecting pores or pore openings in mormetallic structures are
generally considered as an open volume within tagrimmnetwork and allow
the uniform length of passages and distributiorh@ysand Tianjian, 2003). The
consideration of these pore openings during metddam manufacturing
process is largely dependent on their applicatioBgamples of these
applications include filters for high-temperatugesand fluid filtration, energy
absorbers/package, heat exchanger, vibrationaratptightweight structure,
mechanical damping (Ashby et al., 2006) and mogtomantly herein, is the

open-celled foams for acoustic absorption.

Cellular metals are categorized into different typeyely dependent on their
manufacturing routes leading to their differenaestructural morphology and
porosity of the materials. Examples of these poroustallic foams are
Hydro/Alcan, Alporas, Formgrip/Foamcast, Gasar draaminal/Alulight
(Banhart, 2001, and Smith et al., 2012). Processirtgese foams can achieve
either by powder-technology (Alulight) or melt pesses (Hydro/Alcan,
Alporas, Formgrip/Foamcast, and Gasar). All thesegsses mentioned have
their shortcomings in either the achievement ohlyigrregular or sponge-like
structures with a wide pore-sizes distribution ionited levels of porosity.
Images of these foams indicating the structural pinology (pore sizes

distribution and openings) are presented in Fig 2.1
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o B ; .-sm -
Fig 2.1 Samples of porous metallic foam structures madéap Foaming of Melts by Gas
Injection (Hydro/Alcan) f§dapted from Prakash et al., 199b(b) Foaming of Melts with
Blowing Agents (Alporas) ddapted from Ma and Song, 1998 (c) Solid-Gas Eutectic
Solidification (Gasar) characterized by largely ngJated pore structuresadapted from
Shapovalov, 199B (d) Foaming of Powder Compacts (Foaminal/Alulightge¥aluminium
foam/steel sandwichaflapted from Baumgartner et al., 200D and € Two samples of
aluminium/silicon carbide foam made by Foaming ofdts Containing Blowing Agents
(Formgrip/Foamcastgfdapted from Gergely and Clyne, 2000

2.1.1.1 Hydro/Alcan

The Hydro/Alcan foam is produced by gas injectidriiquid melts (Kenny,
1996). The first step in the process is the prejmaraf aluminium melt followed
by the enhancement of the melt viscosity with thditton of either carbide,
aluminium-oxide or magnesium oxide particles. Vasialloys of aluminium

can be used for this process but care should bentad ensure uniform
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distribution of the viscosity enhancement particleRotating impeller or
vibrating nozzles are used to inject gases (aipgen, argon) into the melt and
consequently generates uniform bubbles in the rmBk. presence of particles
in the melts makes the foam relatively stable aaml loe pulled off the liquid
surface with the help of conveyor belts. Upon aapland solidification, the
resulting composite is a low-density near-net stapetal matrix as shown by

Fig 2.1a.

2.1.1.2 Alporas

Unlike the Hydro/Alcan foam produced by the gasatipn process, the Alporas
type of cellular metal is produced by the additidriblowing agents to the melt
(Asholt, 1999). The first step in this processhis addition of calcium metal to
an aluminium melt (68C). The presence of this calcium metal increases th
viscosity of the melt upon stirring and at thisrerte operating temperature,
calcium oxide (CaO), calcium aluminium oxide (Cg®@d) are formed. After
achieving the desired melt viscosity (usually ilmsiag by a factor of up to five),
1.6wt% titanium oxide (Tik) is added as the blowing agent which releases
hydrogen gas into the liquid melt. At constant pugs, the melt gradually
expands and fills the vessel and upon coolinglitjued melt turns into a solid

porous metallic sponge as shown in Fig 2.1b (Ma%ony, 1998).

2.1.1.3. Gasar

The Gasar type of porous metallic structure is fmnby solid-gas eutectic
solidification process. The word “Gasar” refers gas-reinforcement and
particularly describes porous metallic structuredendy solid-gas eutectic
solidification (Shapovalov, 1998). This approachpleks the fact that a

homogeneous melt charge with hydrogen can be amthiby the melting of
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metals in a hydrogen atmosphere at an extremely frigssure typically, up to
50 atm. At low temperature, a heterogeneous twalsgstem is formed as a
result of the eutectic transition of the melt. Ttkmpology (geometrical
representation) of this material is largely conéwlby the hydrogen content,
chemical composition of the melt, the rate of heatoved and pressure over
the liquid melt. Fig 2.1c presents the Gasar foanctire characterized by
obvious non-uniform pore-size distribution resugtinom coalescence and the
concurrent growth of small (1@n diameter) to large (10mm diameter) pores

within the metal matrix.

2.1.1.4 Foaminal/Alulight

The Foaminal/Alulight foam is made via foaming obwier compacts
(Baumgartner et al., 2000). The manufacturing Bses begin with the
embodiment of blowing agents into metal powderrtahium, zinc, brass, tin,
gold, lead, and alloys) followed by compaction iel¢ a dense nearly-finished
product. The metal powders could be in the forrallaly powders or elementary
metal powders. Rod-extrusion, or powder rollingpsistic or uniaxial
compression are known compaction methods adoptetthisntechnological
routes of foam processing. Secondly, heat treatraérdn extremely high
temperature (near the melting point of porous ne&rhelps to decompose the
evenly distributed blowing agents thereby releagjag and forces the melt to
expand significantly. Though, the extent of the tmetpansion is largely
dependent on the melting temperature and precsiz®ifrom a few seconds to
several minutes. Fig 2.1d presents a highly potaidight” aluminium foam
sandwiched between two metal face sheets bondethergwith an adhesive.
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2.1.1.5 Formgrip/Foamcast

The term Formgrip/Foamcast is an acronym for reagd metals by gas release
in precursor (Banhart, 2006). This type of porowdattic structures is made by
foaming of Ingots containing blowing agents. Therntdngot refers to metal
typically oblong in shape. Unlike the metal pow@dempaction process, this
type of foam is made by the modification of powdempact melting process
through the homogeneous addition of Tpurticles into an aluminium melt. In
this case, the melt is quickly cooled down belortielting point of the material
after mixing to avoid premature hydrogen evolutiothe delay in the
decomposition of the earlier routes (Alulight) ttridutable to the fact that an
oxide barrier is formed on each particle of Trdsulting from the heat treatment
process (Gergely and Clyne, 2000). Fig 2.1e prassges of porous metallic

structures made by the Formgrip process.

2.1.2 Replication casting processes using packeddseof salt.

Controlling the pore-volume and sizes of metal feam crucial during
manufacturing processes. The best and most ecoabmay to this problem
will be the incorporating a volume of sacrificigdase fillers (Kennedy, 2012).
This is a manufacturing route in which a liquid elé€tnaterial) is poured into a
mould consisting of hollow spheres of the desiredpe and then allowed to
solidify after mixing before compaction (Fig 2.2he porous hollow sphere is
removed by dissolution in warm water or thermalrddgtion to leave porosity

(Zhao and Sun, 2001).
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This replication process of manufacturing light-gigi porous metal foams for
engineering applications described in (Kennedy,22@hn be done by casting
liquid metals around organic or inorganic hollovhepes (packed beds of salts
or porogens) of low density or by introducing thghere into a metallic melt.
Inorganic fillers materials are fired clay pell&sse sand pellets, foamed glass
sphere, loose bulks of expanded clay granules @el®83) while polymer
spheres are classified as organic space fillerscande used as space holder if
the solidification of the melt is sufficiently fa@anhart and Baumeister, 1998).
Continuous pores are connected together with toagcdpheres to allow the flow
of fluid from one side to another. The resultingenconnection of these pores
has overall effects on the acoustical parameteysogity, tortuosity, airflow

resistivity, specific surface) of metal foams andlisorption potential.

Space holder Metal powder
D S r© -_){:_'j ""5;' ] s e i
Say = 0 ) S o Ry
e = =] c_:] (F)—}f—) .-M

Angular Spherical . /
Mixing with solvent or powder Q

Coating of zpace holder

<

Pressing
{axial, 1zostatic)

|

!
Removal of space holder E

l

Sintering

Fig 2.2 Routes for space-holding methods of metal foarodyxction @dapted from Bram, et
al., 200Q.
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Preheating of the bulk of space holders is emplogtladng metal foams
processing to avoid premature solidification of tmelt especially at low
infiltration pressure or high heat capacity of theaterial (Banhart and
Baumeister, 1998). The space holding methods hasativantage that the
morphology of the pore sizes can be manipulatezlititr the sizes of the space
holders and has overall effects on the foam pardsitcontrolling space holder

volume fraction.

2.1.3 Space fillers

The use of water-soluble salts as space fillecoismercially known. Typical
examples of these space fillers are sodium chlofidaCl) and sodium
aluminate (NaAlQ@). Numerous advantages like low cost, free of tibxi@and
fast dissolution in water are associated with the of NaCl as favoured space-

holder (Wang et al., 2011).

The sodium chloride (melting point - 8@) is a favoured space holder in the
replication casting process (RCP) and dissolveslisam water while NaAIQ

is often considered for higher (18@) melting processes (Ashby, Evans and
Kennedy, 2006). Precaution should be taken to ertbat complete dissolution
of salt in warm water is carried out to avoid liedtpore spaces for absorption
(Kennedy, 2012). Carbamide particles, ammonium rbar@ate particles,
magnesium granules and potassium carbonate partiodealso used as fillers.
The potassium carbonate particles are used irgtedrbonate sintering (LCS)
process because of its high melting (@)1point (Zhao, 2013). One of the
advantages of Mg is its low boiling point (12C§ and its complete

immiscibility with metals (Banhart, 2001). The higbst of space fillers may
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deter manufacturers from this process, but requdee structure and control of

pore size give a good foam structure for any ergging application.

2.2 Fluid Flow

The part of fluid mechanics that deals primarilyhafluid dynamics is termed
fluid flow (Michael, 2006). Fluids are categorizedo gases and liquids and
when subjected to a motion of unbalanced forae<illed fluid flow. A typical
example of this is the flow of water or oil from averhead tank. The superficial
flow velocity (v,) of the fluid is very high in the top and low at thettom of
the tank with unbalanced gravitational force (gatmg continuous flow of

fluid.

The defining characteristics of this fluid mirrés properties and how it moves.
These properties can be compressible (fractionahgé in volume due to
density variation at different temperature espécfal gases) or incompressible
(no change in volume especially for water), ste@idye-dependent) or unsteady
(time-independent), rotational or non-rotationasceus (shear stress directly
proportional to fluid velocity) or non-viscous, N@mian (viscous stress linearly
proportional to local strain rate) or have abitityresist deformation by tensile
or shear stress known as a non-Newtonian fluid (R867). The numerical
study of this fluid flow is known as computatiorilalid dynamics (CFD) and is
well adopted in the field of science and enginegetm mimic flow behaviour
even in the paucity of experimental or measured.déte study of fluid flow is
governed by the equation of continuity and momentaimNavier-Stokes

equation.
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2.2.1 Continuity and momentum equations

The generalized form of the continuity equation fioid flow in the three-
dimensional Cartesian coordinate system (typicailghe X, y, and z Cartesian
coordinate) reported in Versteeg and Malasekar@7R0s represented Eq 2.1

for all directions and when considering one dittiEq 2.2 holds.

op
pr (V.pv) 2.1
ap 0vy

Reported in Versteeg and Malasekara (2007), thergéred form of Navier-
Stokes equation relates the rate of momentum iser@ar unit volume as a
function of the rate of momentum addition by corii@t per unit
volume[Vp.v.v], the rate of momentum addition by molecular tramsper
unit volume[Vp] — [Vt], and external force on fluid per unit volumeg| as
shown in Eq 2.3. Also, the shear stress compongi Eq 2.3 can be expressed
in terms of fluid viscosity /) and velocity ¢) and Eq 2.4 holds for a constant

density p) and viscosity 4).

%p.v = —[Vp.v.v] — [Vp] — [V1] + [pgi] 2.3

p (% + (v. V)v) = —Vp+ uV?v +pg; 2.4

The negative sign is an indication that fluid floimsthe direction of pressure
drop. The non-linear partial differential and timependent Eq 2.4 is often
solved using commercial CFD software installed ircanputer to find a
numerical solution at a finite number of pointsyaesh or grid or discretization.

This equation (Eq 2.4) described the motion ofdflaubstances and it arises
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from the application of Newton's second law of dumotion with the
assumption that the sum of a proportional gradiémelocity (diffusing viscous

term) and a pressure term described the stress, (ZNI4).
p(g—:+v.7v)= —-Vp+ V.T+F 2.5

The term—V P is the gradient of pressure,is the fluid velocityp is the fluid
density,u is the fluid dynamic viscosity is the pressurd, is the component
of total stress tensor with an order tWojs the body force (per unit volume)

acting on the fluid and the del operator is repmesttad’. The equation can be
defined for compressible or incompressible flow &mda horizontal flow or

against gravitational effect Eq 2.4 is reducedqd?Es.
p (% + (v. V)v) = —Vp+ uv?v 2.5

At very low or creeping superficial fluid velocitihe rate of pressure drop in a
unit length is linearly proportional to fluid velbz and the Navier-Stokes

equation reduces to the Stokes equation and exisbaiow;
ov _ _ 2
p(5+(v.l7)v)—0,0——l7P+ uv<v + pg; 2.6

Eq 2.6 is often solved computationally when thédfielocity is relatively small
or within Darcy regime of laminar flow of fluid. 86, for inviscid fluids or

highly viscous and sticky fluids where shear stigssr ] = 0) or velocity at

the surface is zer§v = 0),the Euler equation (Eq 2.7) is solved. Against

gravitational effects (g = 0), the Navier-Stokesatpn reduces to;

d
p (a—: + (v. V)v) = —VP + pg 2.7
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2.3 Pore-scale and Fluid Models

The modelling of fluids across a porous medium im@s solving the Navier-
Stokes equation (Eq 2.3) at macroscopic or micqgisdevel. The treatment of
foam as a homogeneous medium by neglecting small-sietails is associated
with a volume averaging or macroscopic approacm(r# al., 2013) while the
determination of macroscopic parameters used ticiddye dynamic behaviour
of fluid flow in porous media based on the micr@getry (representative
volume element) of the system by capturing smallesdetails is described as
pore-scale or microscopic approach (Peng et all2R0 The microscopic
approach is more suitable in describing the maomsc parameters
(permeability, porosity, tortuosity and foam sudarea per unit bulk volume)
of a porous medium because of its ability to captietailed information of the
porous matrix. Having knowledge of the fluid prapes (fluid density and
dynamic viscosity), porosity, porous body layertlickness one can use the
pore-scale numerical approach to describe the flawd at various velocities to
estimate the pressure drop within the porous bBaylla et al., 2002, Narsilio,

et al., 2009, Peng et al., 2012, and De Carvallab ,€2014).

The estimated or computed values of pressure @m@ased to account for the
permeability term of porous structures, and inetgam, in the case of high-
velocity flow. Several equations have been devealdpenimic the behaviour of

fluid in the pore region and are listed below.

» Darcy’s Law: Describes low-velocity flows of onerapore fluids, where
the pressure is the major driving force.

* The Richard’s Equation: Governs the wetting andidg of rocks or
soil.
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* The Fracture Flow is a variant of Darcy’s law thatines the flow along
the interior boundaries representing fracturesiwighporous (or solid) me-
dium.
* The Brinkmann equation is for porous media higteeiy flows but in
the Laminar region (1Re< 10).
* The free and porous media flow combines free floja@ent to the po-
rous domain.
» The Laminar flow and creeping flow use the Navitok&s equations to
describe free flows within a river or well.

Listed above are often derived from the Navier-8tolequations (Eq 2.3)

governing fluid flow.

2.3.1 Darcy’s Law

Darcy’s law states that the velocity field of fluildw in a porous medium is
determined by the gradient of pressure, the stractdi the porous medium
(permeability and porosity) and fluid viscosity (Wéker, 1986). The law was
put together by Henry Darcy based on series of riaxgatal trials (Darcy,

1856). The net flux across a face of porous surfaogathematically expressed

asvg = —%(Vp + pgVD) 2.8

whereu, k,, u, p, p, g and VD are the Darcy velocity (or specific discharge
vector m/s), permeability of the porous mediun?)(rdynamic viscosity (Pa.s),
fluid’'s pressure (Pa), fluid density (kghm magnitude of gravitational
acceleration (m# and unit vector in the direction over which thra\dty acts

respectively. In other to turn of the gravity etledhe elevation D in Whitaker,

28



FLUID FLOW AND ACOUSTICIABSORRTION INVPOROUS/METELSTRUCTURES USING/NUMERICAL
SIMULATION. AND/EXPERIMENTATION OTARU AJ.

(1986) was set to zero and the resulting equasigiven in Eq 2.9. Also, models
can define the capacity to transmit flow using laydic conductivity (K, m/s)

given by Eq 2.10.

Vs = —% * Vp wherey, = vs/qj 2.9

Vg = —%(Vp + pgVD) where};—" = —é 2.10

The hydraulic conductivity K (m/s) represents bithd and the solid matrix
while the permeability is a property of the poraonatrix only. The pressune
can also be expressed in term of the hydraulic ,hHdagressure heaH,, and
elevation headD as described in Eq 2.11. The elevation h&dgenotes the
direction over whiclg acts. The hydraulic head is equal to the presseael
only when a gravity effect is insignificant, abds set to zero. When defined as
vertical elevation, the vertical gradient i equals one and the horizontal
gradient inD equals zero. Similarly, the average linear vejo@tso termed the
seepage velocity) within a given pore space isneefiby Eq 2.10 as a function

of the superficial fluid velocityi{;) and porosity @) of the porous medium.

H=X2=H-D 2.11

In summary, the Henry Darcy’s law interface buittoi commercial CFD

packages (COMSOL Multiphysics, Ansys Fluent, and@eware) can be used
to model single (relevant to this work for low veity flows and to be discussed
later) and multiphase flows across porous strusturee Darcy’s law interface
combines Darcy’s law with continuity equation;stused to simulate fluid flow
through interstices in a porous medium. It is alsed to simulate flow for which

pressure gradient is the major driving force anghlyi influenced by the
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frictional resistance within the pores. It can abgoused to model media where
porosity and permeability are very small or loweaty flow (COMSOL

Multiphysics, 2015 user guide).

2.3.2 Brinkmann equation

The Brinkmann equation is used to compute presgids and fluid velocity of

single-phase flow in porous media at high velogityhe laminar flow regime.

Fluid with varying density of Mach number below @s3included. The fluid

viscosity can also vary, for example, to describa-Newtonian fluids. The
Mach number is defined as the ratio of fluid vetpto speed of sound (Nield

and Bejan, 1992).

Fast-moving fluids in porous media with kinetic @atial from pressure, gravity
and fluid velocity to drive the flow is describesing Brinkmann equations. The
physics interface in commercial CFD packages usasys law to describe the
dissipation of kinetic energy by viscous shear, ilasimto Navier-Stokes
equations. This physics interface is well suitedtifansitions from slow flow in
porous media described by Darcy’s law and fast flewhannels governed by
Navier-Stokes equations (Le Bars and Worster, 2006¢ modelling of non-
Newtonian fluids, like the flow of oil from a resmir to a well-perforation,
hyperbolic zone near a river can be described &gtlupling of Brinkmann and

Navier-Stokes also known as Stokes-Brinkmann eguati

The Brinkmann equation of flow in porous media @nied from the
combination of the continuity equation and the motam equation described

below:
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Qor = 5;(p®) + V. (pv) 2.1
g(% +.7) g) = —Vp+ V. [% {u@v + (7)) - gu(v.v)z}] — (ko™ 'u+
L)y +F 2.13
wherep is the dynamic viscosity of the fluid in kg/misjs the velocity vector
in m/s;p is fluid density in kg/rf p is the pressure measuredPia @ is porosity
(0 — 1);k, is permeability tensor of the porous medium; tressnsink or mass
source i9Q,, measured in kg/fs; and the force ter (kg/n?.s?) accounts for
the influence of gravity and other volume forcesheTmass source
(Qpy), accounts for the mass creation and mass depokitwlite domains. Zero
velocity is assumed for the mass exchange. It jpomant to understand that Eq
2.12 is the continuity expression for a compressilolw. For an incompressible

flow with constant density, Eq 2.12 reduces Eq 2.14

Qpr = pV.v 2.14

2.3.3 Darcy-Dupuit-Forchheimer Model

It is important for us to note that Henry Darcymmrical model in Eq 2.9
expresses the volumetric flow rate of fluid flowparous media as a function of
pressure gradient and fluid properties (permegbditd fluid viscosity). His
expression is valid for fluid flow in the Darcy fieg of laminar flow and shows
a linear relationship between flow rate and pressiiop in a porous medium.
Deviation from this Darcy’s lawRe> 1) is caused by either high fluid velocity,

molecular, non-Newtonian fluid or ionic effectaésmed the non-Darcy flow.
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Experimental studies on flowing gas across packels of coal at high velocity
performed by Philippe Forchheimer in 1901 obsettedhon-linearity between
the fluid flow rate and the driving pressure gratlienertia effects caused by
the non-linear increase in turbulence in the fllogv rate become significant at
this high velocity in the porous medium (Bejan, 4P8An inertia effect also
known as the Forchheimer term and is added to Daergpirical equation (Eq

2.9) to account for this non-linearity as showrEm2.15-2.17.

ap u

_6_xi: k—OUS+ pCUSZ 2.15

_O% gy = Ay 2 2.16
o P ”S ka—o '
_A _ mAr Ce (4, )’

Vs = o Vp = @v, andVP = o 1y VP + ka—(AT vp) 2.17

The term k,, is the permeability of the porous mediudy, is the average pore
area, Ay is the total cross-sectional area in a directibfioav (x, y, or z),C is
the inertial factor or Form drag coefficient (measbLin m* or ft2), p is the fluid
density flowing through the porous mediui, is the Ergun’s or Forchheimer
coefficient, v is the inlet superficial velocity and, is the pore or modified

inlet velocity based on the porosity of the foantmstructure or void fraction
in the case of flow description in packed beds aftiple. Acceleration and
deceleration effects on the fluid as it travelotigh the tortuous flow path of
the porous medium can result in higher fluid velpoesulting in inertial losses.

Thus, the Forchheimer term accounts for this.
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2.3.4 Permeability estimation for non-Darcy regime

Estimation of permeability for flow in the Darcygiene is done using Eq 2.9 by
plotting the unit pressure drofW) against superficial velocityv(). For the
Darcy-Forchheimer or non-Darcy regime, the deteatnom of permeability and
inertial factors for flow through porous structuaesecond-order polynomial is
used to fit the pressure-velocity data; this isitbempared to the Darcy-Dupuit-
Forchheimer model (Eq 2.15). Fig 2.3 presents ttesgure drop per unit
thickness (Pa.r against superficial velocity (mi¥ of air flow through an
open-celled (10 and 40 pore per inch) metallic fedon porosities of 92.9 and
93.8% respectively (Dukhan, 2013). Using the valair viscosity of 1.8205 x
10° Ns.m? and air density 1.2041kg:frat 20C, the permeabilityX,), Form
drag (C) and Forchheimer constang)(€omputed for the 10PPI foam using Eq
2.15 are 3.17 x 10n? 87.2m! and 0.049 whilst that of the 40PPI foam are 1.73
x 10’m?, 128.4m! and 0.05 indicating a stronger dependence ofpresirops

on the microstructural arrangement of the poroutenzd.

70
y = 0.15468 + 0.1055xX
,§ 60 O10PPI Foam
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X
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% X o (@]
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o X 0O o
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0 g8
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Superficial air inlet velocity (m:3.
Fig 2.3 Plots of pressure drop per unit length (PY.mcross 10 and 40PPI porous metallic
structures against superficial air inlet velocity.¢') [adapted from Dukhan, 2013.
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The number of pores in one linear inch is termedass per inch abbreviated
as PPI (UAF, 2014) and it can be obtained by caogritie total number of pores
in the direction of flow path using Scanning elentmicroscopy (SEM), optical
images or X-Ray computed tomography images of amstructure (Dukhan
and Minjeur, 2010)The PPI helps determine the mean pore size of porou
structures and the region of interest needed toustdor its permeability and
inertial coefficients using porelevel approach.yfital example is comparing
the pressure drop developed across the 10 and 40@@llic foam structures
given in Fig 2.3. The 10PPI has larger pore sigggaximately 2.54mm per
pore while that of the 30PPI has in approximatid@@thm per pore. The 40PPI
offers a higher resistance to airflow than the 1G## could be useful for high
impact applications with little or no interest low across the porous material.
For a given flow regime, the permeability and Falrag is constant but it varies
over different velocities at a given PPI. Thoudte selection of a given range
of velocities would depend on the foam applicatéord the limitation of the

experiment.

2.3.5 Reynolds number for porous media flow

The term Reynolds number is defined as a dimeressnijuantity which
describes the fluid flow pattern and the regimmahifestation when fluid flows
through open channels or porous medium. The ides waoduced and
popularised by George Gabriele Stokes (1851), astibMe Reynolds (1883)
respectively.

Various authors have used Reynolds number to §Jabsi regime of fluid flow.
Lage et al., (2005), described the pore diameredsReynolds numbeRé))
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of viscous dominated flow in porous media at very-velocities to be less than
unity (Rep < 1.0) and the behaviour of fluid flow in this neg strongly depends
on the morphological features of the porous mdDibbs and Edward, 1984).
Nield and Bejan (1992) described the transitionflafd from Darcy to
Forchheimer flow regime as smooth and takes plaee @range of 1 Re, <
10. The flow in this regime is still laminar but ménear as inertial forces
become imperative and the Darcy-Dupuit-ForchheiaerEq 2.15) holds. The
non-linearity deviation from the Darcy regime isusad by inertial effects and
not turbulence as the flow is laminar. Turbulengges at much higher velocities
(Dukhan, 2013). Boomsma and Poulikakos (2002ndoaut that the departure
from Darcy in an open-celled foam took place ak1Re, < 27 £ 0.110m/s)
while du Plessis and Wouldberg (2008) gave an aspya for Reynolds number
determination in this regime as a function of openosity,® (Eq 2.16). The
Forchheimer or form drag dominated, post-Forchheumsteady laminar and
completely turbulent flow regimes were describedLhge et al., 2005, to be

within 10 <Rej < 150, 150 Re, < 300 andRep, > 300 respectively.

1
50.8 1-0)3
Re = %8, (1-9)

Ca (1—(1—@%)

whereC,; = 1.90 andReis the Reynolds number fORe< 71 criticalRerange)

2.16

and@ is the porosity (& @ < 1.0).

The determination of Reynolds number in packed ledsbeen limited to the
mean particle or cell diametd?,, (Muskat & Botset, 1931, Coulson, 1949 and
Ergun, 1952) as a measure of its characteristeatimlimension (Eq 2.17) but

may differ when used for metal foam structures.
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From a sequence of experimental data on pressops dnd superficial velocity
measured for an open-celled metal foam, Boomsmaantikakos (2002) and
Edouard et al. (2008) proffered that the prefeateatacteristic linear dimension
for determination of Reynolds number is its Dargi@nmeability k,, (Eq 2.19)
as it considers all the macroscopic parameters hwihiest described the
geometrical behaviour of the porous matrix. Howgwbe work of Bonnet,
Topin and Tadrist, 2008 argued otherwise by udiegcell or pore diameter as
the preferred characteristic linear dimension fmmputing Reynolds number
(Eq 2.17) of fluid flow through open-celled metaiustures. Eq 2.19 and 2.20
show a Reynolds number description of the Forchbeimodel in terms their
permeability-basedRe,) and pore diameter-baseRe,) Reynolds numbers.
Their corresponding Forchheimer coefficients aggresented apy & Crp
whilst Vp, u andv, are the pressure drop per unit thickn8sg] viscosity and

superficial fluid velocity respectively.

Re, = 22 p 2.17
D P p

Vb _ u u Crgp 218

ep.—.—
vs ko D p, " Jko

Rey = p‘/k_ovs 2.19
™ _ B4 Rep Crg e 2.20
Vs 0 ko

2.3.6 Boundary conditions
A boundary condition is a form of an equation atated restriction that limits

the possible solutions to a differential equatiftiff{in, 2002). It is a condition
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where a differential equation is solved. Settingthe right boundary condition

when resolving the fluid models thereof, can hedpta differentiate between

right and wrong or solve our computation easilybl€2.1 presents a summary

of most commonly used boundary conditions for aion involving fluid

flows.

Table 2.1: Summary of common boundary conditions fofluid flow (Hesketh, 2008).

Boundary Boundary Equation Use
conditions
Wall Sliding Wall v=u, Used to specify the velocity of a
moving wall.
No-slip (default) v = Zero velocity at the wall.
Inlet Velocity v =-—ny, To specified constant velocity or a
orv= v, defined velgcr[y by an equation as
v=a(l-— (E)Z)' Where n is a unit
vector normal to the surface.
Pressure, no p = p, and Use to describe fluid inlet
viscous stress u(Vv + (VU)T)n perpendicular to the boundary.
Outlet Velocity v =—nv, Be careful not to over-specify.
orv= vy,
Pressure, no p = p, and Used to describe fluid outlet
viscous stress w(Vv + (VU)T)n perpendicular to the boundary.
Symmetry  Slip/symmetry v.n=0 Used to specify no velocity
condition perpendicular to a surface or an area.
For example, fluid flow in a 3D
porous object, the inlet and outlet
may be velocity or pressure flow
while the other sides are treated as
symmetry.
Normal p=p, &v.t= Used for fully developed flow
flow/pressure or perpendicular to the area.
‘straight — out’
BC
Outflow/Pressure P = Do Used for known pressure.
BC
Periodic Velocity V(xo) = V(x1) This typically implements standard
Pressure — periodicity so that, the value of the
Pxo) = P(x1) solution is the same on the periodic
boundaries. This isn't suitable for
spherical or elliptical objects but a
line, cube and rectangular are the
most intuitive and common choice
and thus can be applied to the side
walls of the objects.
Open Velocity and V(o) = V(1) Describing boundaries in contact
Closed Pressure _ with a large volume of fluid. For the
Py =P open boundary, fluid can both enter
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Vo) =
Po) =

and leave the domain on boundaries
whilst it can only access the entrance
of the object in case of the closed
boundary condition.
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2.4 Sound and Acoustic

Sounds are part of our daily life experience evetié corridors of our comfort
zone, marketplace, religious places, and city ai®asrces of this sound can be
a vibrating speaker that sets the vibrating acewa motion, a running engine
and that produced in tsunami wave. Sound can hertréted through a medium
as either longitudinal or transverse waves or limtbome cases. The wave of
alternating pressure deviation from the equilibrigpressure, resulting in
rarefaction and compression through gases, plasmdiguids as medium is
called a longitudinal wave, while transverse wafesolid or sound absorbing
material) are waves at a right angle to the diogctif propagation at alternating

shear stress (NPR, 2014).

Sundry definitions of sound exist depending on litag/perceived. Some define
it as noise while some spotted that excessive levebund must be attained
before it can be regarded as noise (FTCS, 196@)phiisics definition of sound
is described as vibrations that propagate througtedium of air or water as a
mechanical wave of pressure and displacement.ddeption of such wave and
perception by the brain is the physiology and pelayy definition of sound

(FTCS, 1969). Psychoacoustics is a field dedicttetthis study. The science
that deals with the studies of sound in a mediustid snaterials, liquid or gas)
is called acoustics. The person on the job in igld bf acoustical engineering
is called an Acoustical Engineer while a scientistthis field is called

Acoustician (ANSI, 1994).

Sound exists because of interaction of the flowlatl particles resulting in

frictional contact and heat generation when thegoanter a porous or solid
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body. The concept of fluid flow cannot be left authen discussing acoustic
absorption in porous media. As much as scienceb wigla discovery, the
acoustic engineer is saddled with the respongitafieither enhancing the sound
or providing a solution for its reduction by soualisorbing materials and
equipment. Typical examples of these sound absprbiaterials are wool,

hemp, kevlar, polyesters, wood and recently metatis.

2.4.1 Helmholtz wave equation

The equations that described the propagation afdsoufluids are derived from
the governing equations of fluid flow. They are ttamservation of mass also
known as the continuity equation, conservation ofmantum also known as the
Navier-Stokes equation, energy conservation equatiee model constitutive
equations, and an equation of state to describerdtaionship between
thermodynamic variables. Neglecting viscous effetssless and adiabatic
flow, and a linearized isentropic equation of st assumptions made for the
classical case of pressure acoustics, which descripst acoustic phenomena
accurately. Under these assumptions, the acoustsspre field is described by
one variable (amplitude of pressure p) and is gmeby the wave equation (Eq

2.26).

L %, V_<_pio(vp_q)>:Q 2.26

poc? dt?

The terms Q (N/f) and q (1/9 are the monopole and dipole source terms
respectively. An unboxed and small boxed loudspeak&®w frequencies is a

typical representation of a measure of dipole aidple source terms
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respectively (Russell et al., 1998). It is ofterefprable to solve the wave
equation in the frequency domain for one frequemicy time because acoustic
problems often involve simple harmonic waves sushseusoidal waves
(p(x,t) = p(x) sin(wt) or p(x,t) = p(x) exp(iwt)). Thus, the propagation

coefficient k is defined as:

L2 T g2 2.27
poc? t? 14 )

Using this assumption for pressure field, the tuoe@endent wave equation

reduces to the well-known Helmholtz equation:
1 k?

V.(——(Vp—q))— —p=0Q 2.28
Po Po

The wave numbew is defined as:

w = kc = 2nf 2.29

Substituting equation 2.29 into 2.28 gives:

V. (—p—lo(Vp - q)) - szp =Q 2.30

PoC

Neglecting the monopole and dipole source termltrésithe simplified well

known Helmholtz equation:

w2p+ c?Vip=0 orV’p+k?*p=0 2.31

2.4.2 Acoustic absorption
The acoustic properties of sound absorbing maseaia often described by their

absorption potential at varying degree of frequesciThe Absorption
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coefficient represents how much of the sound ioddesl. Sun, et al., 2010
described the sound absorption coefficient of apematerial as the ratio of

sound intensity absorbed, ( W/mP) to incident sound intensity; ( W/n).

An extensive work by Attenborough and Umnova over period of 1993 to
2003 pointed out the derivation of sound absorptioefficient as a function of
specific acoustic surface impedan&g &nd characteristics impedancg )( of
the porous material. This model has been justifiganany researchers in the
field of acoustics with little deviation betweeretexperimental and predicted
values. Umnova, et al., 2003 reported that, whemdavaves enter the pore of
porous medium at an audible or high frequency, danergy is created, and a
phase is changed because of viscous drag and thexofenge in pores of the
porous structure. More so, if this layer of a san@ backed by a rigid
impervious wall on its rear face, the analyticakdfic surface acoustic
impedance in Wright (2005) was expressed as aiimaf sample thickness
(L), sample porosityd), fluid density p,), propagation coefficientk], fluid
characteristic impedancé& ) and speed of sound in fluid,) as shown in Eq
2.32. The real (resistance) and imaginary (reaejaparts of this equation in
Kino and Ueno (2008) are associated with energy &gl phase change of the
acoustic field. Similarly, Wright (2005) relatesthound absorption coefficient
of a porous material as a function of their surfaceustic impedance given in

Eq 2.32 and that of fluidZ() as shown by Eq 2.33.

7 = Zecotkl) 232
PpocCo
Ag=1— (Z‘ZO)2 2.33
¢~ 7Z+2, :
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2.4.3 Techniques for enhancing acoustic absorption

Elimination of resonance (vibration) and reductioihacoustic energy to a

significant extent are key factors considered & ¢hoice of porous absorbing
materials as soundproofing device. The performafidtieis acoustic material is

dependent on the amount of sound energy absorlbdeanesents the sound
absorption characteristics (Muhammad et al., 2@18) a range of frequency.

Fig 2.4 represents the transmission of the higm@gressure wave through a
porous absorber to low sound wave energy with #ip of acoustical material

(Bies and Hassan, 2009).

High sound wave energy Low sound wave energy
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|
|
Il

il

Acoustical porous material

Fig 2.4 Reducing high sound wave with an acoustic mdtéi#apted from Bies and Hassan,
2009.

The significance of metallic foam structure as enustic absorber is its ability
to manipulate its microstructure whilst the coniemally used soundproofing
fiborous materials do not possess the strength tthsteind mechanical
compression and drilling. The open-celled metaftracture allows propagated
pressure wave to access its network of small ioterected pores (Han, et al.,
2003) and is considered useful in many applicai@as such as heat exchanger,
sound absorbers, catalyst (Lautensack and Kabé9)2lose-celled foam

structures (Fig 1.2) are generally considered poamd absorbers owning to
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their insistence in a greater reflection of sourav@s from the metallic surface
but can be improved via rolling or cell fracturifigi, & He, 2000 and Wang, et
al., 2011) to give way to air movement. Under tsisme of the cells’ faces
break and become a passageway for the sound prasaue to fully assess the

interior of the microstructure or in-and-out movernef air particles.

Qiam and Li (2000) show that the sound absorptibparous materials is
generally improved when the sound wave impactssthaller pores first. The
size of the pores and connectivity of metal foam®ne of its characteristic
features leading to the defining characteristicogttion potential of the
material. The shape, size, and porosity of mettdien structures that allow the
passage of fluids are not only defined by therSllsize and shape but also in
their packing density and arrangements (Langstah kKemnedy, 2014). The
interconnection of the fillers (touching spheresjedmine the outcome of the
microstructural arrangement (porosity, surface ,apsameability, tortuosity,
pore sizes, and openings). Other methods like &ser@ porous layer thickness,
the presence of a back cavity or air gap, holémirolling of metal foams, and
the patterns in the arrangement of the spacedilfpacking of spheres) are
available (Ashby et al., 1999, Li et al., 2011, &hdhammed et al., 2013) for

improving the sound absorption of porous metati@n.

The sound absorption coefficient of porous mateiitreases with an increase
in thickness at different frequencies. Study ondiwabined polyethylene filled
with metallic hydroxides and cross-linkable polydéime in Yeh et al. (1995)
shows that the peak of absorption of this mateaa be obtained even at low
frequencies due to the extension of the pore cHarthat result in significant
fluid pressure drops and energy loss within therositucture. This was
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confirmed in the recent experimental and computafiovork conducted in Li

et al. (2011), Li, et al. (2013), Liu and Chen (2p1Lu and He (2000), and
Zielinski (2015) for a metallic structure with unig near-spherical pore
diameter and apertures. An approximate relationsbtpreen the porous layer
thicknessL., and selected frequency ran§as numerically described in Liu &

Chen, 2014 in Eq 2.34.

fL = constant 2.34

Experimental work on sound absorption measuremepblyurethane foams
(Fig 2.5) by Muhammed et al. (2013), and porousatium foams (Fig 2.6) by
Lu and He (2000) showed that, an improvement irctiegacteristic absorption
curve of porous structure was observed with thertren of a back cavity or
airgap, resulting in a shift in the characterigtizsorption curve to frequency
minima than the hardbacked measurement. The aiumeatovides additional
resistance to the unconverted (sound waves-heathabsorbed transmitted
wave from the material. Soundwave becomes weaktauection with air
particles, which convert sound energy into heae Mechanism of this sound
wave dissipating in the air medium was describeddrton and Karszub (2003),
Crocker (2007), and Li, et al. (2011) as the Helltizhoesonance effect.
Reducing the thickness of an acoustical materiailewimaintaining its

absorption potential can also be done by insegirgap.
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Fig 2.5 Plots of measured sound absorption coefficieiRafurethane foam at airgap of 0, 5,
10, 15, 20 & 25mm adapted froradapted from Muhammed et al., 2013

c 1.0
S o0mm
o o
= X 10mm o
o X O
2 o8 % X X Q o X
@ X o) X
2, o ® ¥
J X

8506 o
39 °
c 8 le)
o E o
- o 04
S g X o)
g° ©
©
£ 02
S X O
§ ® o] o) (@]

0.0

0 500 1000 1500 2000

Frequency (Hz)

Fig 2.6 Plots of measured hardbacked and 10mm airgapdseabsorption coefficient of
“bottleneck-type” porous aluminium foam structugaimst Frequency (Hzpflapted from Lu
and He, 2000.

2.5 Poroacoustic parameters

The parameters used to describe the vibro-acoumlaviour of porous
materials are classified into two categories: thictural and the elastic
parameters. The structural parameters are relatebtinteraction between the
fluid and solid phases in the materials. The nunobé¢hese parameters used in
models to predict the fluid behaviour can vary franto 8 depending on the

46



FLUID FLOW AND ACOUSTICIABSORRTION INVPOROUS/METELSTRUCTURES USING/NUMERICAL
SIMULATION. AND/EXPERIMENTATION OTARU AJ.

material of consideration and structural morpholdgyg 2.7 shows the growing
complexity of motionless skeleton and appropriatelets developed to mimic

the acoustic behaviour of this microstructure.

[\ 1

a(1-2) b (2-3) ¢ (4-6) d (8)
Fig 2.7. Schematic representation of the growing compyesit motionless skeleton of (a)
straight cylindrical pores (b) slanted cylindrigadres (c) non uniform sections and (d) non-
uniform sections with possible constrictions regagdhe microstructure of the porous materials
and the number of poroacoustic models needed toritlesits sound absorption behaviour
(sourced fromhttp://apmr.matelys.com/index.html).

These structural parameters of the porous mediemoaen porosityd), high-
frequency limit of the dynamic tortuosity)(and the airflow resistivity o), can
be directly measured while viscous characteristngth, (), thermal
characteristics lengthz), static thermal permeabilityt{), static viscoust)
and static thermatk}) tortuosity are estimated from characterizatiahtegques
(Acoustic Porous Material Recipes, APMR). Thoude fast three parameters
are rarely in use as they still need further dgwslent to be characterized
experimentally (Perrot et al., 2013).

The elastical parameters describe the visco-elbsti@aviour of the solid phase
of the material. Studies of acoustical porous mediausually limited to small
deformation vibrations these parameters thus retiuoethe ‘elastical and
damping’ ones (Young's moduli, Poisson’s ratio asiductural damping

coefficients).
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2.5.1 Static airflow resistivity

The static airflow resistivity«) also term commonly reduced to resistivity and
the porosity are the two most known parameterg] tseescribe the acoustical
behaviour of porous materials. It is defined asrétti® of the static gas pressure
between both sides of the material to the airflgweesl. It reflects the air
permeability through porous materials and is alsfindd as the resistance
within a unit of thickness of material (Yeh et 4995). Mathematical expression
of the relationship between the static airflow ségity and permeabilityk,) or

pressure drop in a unit lengt¥iy) is given by Eq 2.35.

azﬂ/ko orzi—i 2.35
Some authors prefer to use static viscous permald,) which has the
dimensions of a surfacenf). Its unit is N.s.m™* and is mathematically
represented above. The termpis the dynamic viscosity of air
(~1.80x107°N.s.m~2) at ambient temperature and pressure whilsthe fluid

velocity andL is the thickness of the porous body.

The major difference betwedn ando is that the former does not depend on
the fluid property while the latter is specificadluid (Hinze and Rosler, 2013).
Eq 2.35 indicates that a high airflow resistivity an indication of low
permeability of the material. Such porous matewiiirequire high pressure for
fluid to squeeze through (Oun and Kennedy, 20Xbpther words, if a fluid
passes through a porous structure easily, suchriaidtes high permeability,
low airflow resistivity and requires low pressucesgueeze the fluid through.
This airflow resistivity can also be measured uglaggmeterand permeability

of a material is often measured id.m
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2.5.2 Open porosity

Unlike the permeability of porous structure defireexla measure of the flow
resistance through the porous body, the open pggi@s) commonly reduced to
porosity refers to the ratio of the fluid volumecapied by the continuous fluid
phase to the total volume of porous body (Berat®KkR). It is also defined as
the ratio of interconnected pore fluid volume te tiotal bulk volume of the

porous aggregate (Dullien, 2012, and Perrot epall3).
1%
_Yr
o= "/ 2.35

Porosity and pore size of metallic foam structucas be controlled with
variation in the size of salt beads (space holded packing densities used
during the manufacturing process (Kennedy, 2012g porosity of a metal
foam can be enhanced by dipping it in NaOH or Cg¢Qddlution or blowing
agents like the TikH(Kim, et al., 2009). Dullien, 2012 shows that désement
method for the bulk volume and fluid saturation ineek for the pore volume can
be used to measure the porosity of a porous mat8irailarly, the porosity of
a porous material can also be measured with the tieborosimeter. This
method is called mercury intrusion porosimetry atdprovides reliable
information about the pore size, specific surfgoere volume, density and
particle distribution of the microstructure (Abet al., 1999, and Oun and
Kennedy, 2014). High resolution tomography imagéshe “real” porous
materials combined with image processing routesliing volume generation,
thresholding and smoothing can also be used tordigte its porosity (Petrasch

et al., 2007, Bodla, et al., 2010, Peng, et al22@hd De Carvalho et al., 2017).
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2.5.3 High-frequency limit of dynamic tortuosity

The High-frequency limit of dynamic tortuosity ofteeduced to tortuosity
(Johnson et al., 1987) is a property of a curveadébdrtuous (twisted; having
many turns). For porous structures, tortuosityainged as interconnectedness
or sinuosity of the pore space (Adler, 1992) orrtte of the shortest route to
boundary distance of porous structure. It can bisaefined as a measure of
how winding a path that a fluid element travelswesn two points within a
medium (Perrot et al.,, 2013). The description ¢ #toustic behaviour of
materials defines tortuosity as one of the acoalsparameters that depend on
the interaction of the pore fluid and pore geomeliye Johnson et al version of
poroacoustic models uses the high-frequency limthe real part of dynamic
tortuosity to account for the visco-inertial intetian of the fluid in pores with
the skeleton. This interaction makes the effectival heavier than the pore
fluid (Zielinski, 2013). This is the more reasow tikefined tortuosity is always

greater than unity.

Sometimes crude approximations are generally ugeshwortuosity serves as
the basis for predictions. For example, it is commuactice to make tortuosity
as the inverse of porosity in the case of moleadiffwsion (Satterfield, 1970).
For a straight path tortuosity is 1.0; for metadrfostructure it is between1.00 —
3.00 and for a circle, it is infinite (Perrot et,&013). The equation describing
the tortuosity of porous media flow can be tracadkbto Archie (1942) and,
Winsauer et al. (1952). Archie inferred it equatifmm the tortuosity from
experimental data as given in Eq 2.36 while Winsatel. (1952) measured

tortuosity by an independent electrical method ZE3Y).

E =af™ 2.36
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7167 = @F 2.37

wherea is a constant value close to 1H);is the formation resistivityd is the
fractional porosity andl.4 < m < 2.3 exist for unconsolidated sands to

indurated sandstone and 1.0 for straight pore.

In a separate study, tortuosity (Eq 2.38) was aumulifor using theoretical
studies on diffusivity transport in porous systernssisting of spontaneously
overlaying monosized spheres (Weissberg, 1963, idbStreider, 1982, and
Matyka et al., 2008). Johnson et al. (1987) progdke high-frequency limit of
dynamic tortuosity as a function of the materiainogenization volume V, and

fluid particle velocity at high frequencieg) Eq 2.39.

T=1-0.25Ing 2.38
T = M 2.39
(7 4y 7av)

Du Plessis and Wouldberg (1994) gave a mathemagigpiession of the
tortuosity of metallic foam structure as a functadropen porosity (Eq 2.40) and
was further reorganized in Du Plessis and Four@)22(Eq 2.41). Their
expression was based on a geometrical modellitigeahternal structure of the
porous material. For a much smaller viscous boyntiarer compared to the

characteristic size of the pores of porous matrix.

1_ 3  9-80 4m 1 _q[80%-360+27
el + ETE cos{ + =cos [—(9—8(2))3/2 ]} 2.40
T= 2+ 2cos [4?” + écos‘l(Z(b - 1)] 2.42
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Bhattacharya et al. (2002) proposed the tortua@sipluminium foam structures
as a function geometrical function value, G (0.5831.00) for the porosity of
97% and 85% respectively and G interpolated wiéhdgiven range of porosity
(Eq 2.43). They also argued that their relatiomabd for predicting pressure

drop (Eq 2.44) over a wide range of porositiesdrops metallic structures.

2
1 _ 1[1 _ (1.18 1—®> ] 243
T 40 G 3T

Ap _ p(1-0)’ 7?0 , (1-0) To
P TR PERE .pV 2.44

2.5.4 Viscous and thermal characteristic lengths

One of the advantages of pore-level numerical stiari over macroscale
simulation is the enhancement of pore geometry@ralized view of the porous

structure. This enables a good understanding dhtkenal structure (cell sizes,
openings, surface area, and tortuosity) of the ygraedium in relation to its

hydrodynamic or pressure wave behaviour. This positucture consists of a
connected metal frame (skeletal phase) saturaticaivi(occupying the porous
region). When sound pressure wave propagates thes pmd openings of a
porous structure at an audible frequency, high danergy is created resulting
in the formation of viscous and thermal layers. §hthe dissipation of

acoustical energy through a porous material ingthe visco-inertial, thermal

and structural dissipation effects (Perrot et2013).

The dissipation resulting from the friction of particles with the structural wall
as sounds propagate through the porous matetiatnged the viscous-inertial
dissipation effects. A thermal wave is createdaasesult of successive
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compression and dilatations when sound waves patpagrough the porous
medium. The thermal dissipation effects exist whiggre is significant heat
exchange between the air particles and structuedll. Whe heat exchanges
between the particles of air and structural fraesult in the build-up of the
thermal boundary layer (Olny and Panneton, 20085 @efinition justifies that

both the viscous and thermal characteristics leagghclassified as structural
parameters as it depends on the fluid and theitschipore geometry of the

structure (frame).

The structural dissipation is dependent on the m@eichl properties of the
material. Though, the skeletal structure of metadnis depends on the
processing route employed and can be changed blyanieal compression and
rolling techniques as earlier stated. Fig 2.8 prissea diagrammatic
representation of the viscous (window or pore di@mepenings) and thermal
(pore diameter size) characteristics length of psrmaterial as proposed in

Olny and Panneton (2008).

Thermal

A A

Viscous

Fig 2.8 Schematic view of viscous and thermal charadtesigengths§dapted from Olny and
Panneton, 2008
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The use of acoustic porous media models also krasyporoacoustic models to
predict the acoustical behaviour of porous maternedjuires characterization of
the viscous and thermal characteristic lengths gusstanning electron
microscopy, optical imaging or X-Ray computerizedhbgraphy techniques.
Johnson et al. (1987) expresses the viscous chasics lengthA) to be twice
the ratio of the weighted by the velocity in thduroe and on the surface of an
inviscid (low or no viscosity) fluid (Eq 2.45) whkil the thermal characteristics
length &) is a generalization of a hydraulic radius andlesined as equal to
twice the interconnected pore volume to pore wetse ratio (Eq 2.46). Where
v is the superficial fluid local velocityQ, is the interconnected pore fluid
volume, 2 is the bulk volume of the porous aggregate (coatpmral domain),
2.2 is the pore wet surface ratio (or fluid-solid @nthin boundary)y andSare

classified as volume and surface area.

Jov2av

A= 2 T 2.45
L f dv _ 'Qf
A= zf;ds =2"7/54 2.46

Reported in Johnson et al. (1987) and Olny and &ann(2008), the average
radius of the smaller pores (pore windows) is dbedr to be the viscous
characteristics length while that of the largergsofpore sizes) to be thermal
characteristic length. A mathematical relation @fceus characteristic length
for most porous materials without noticeable porgghness and that of slit-like
pores were also proposed in Johnson et al. (198Deta function of low-

frequency limit of dynamic tortuosityr (= 1/cos”8), permeability(k,) and

porosity @) of the structure as presented in Eq 2.47 and 2<@xctively. They
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also specified the range of viscous characteriséingth for usual acoustical

porous structure to be within 11-350um.

A= |EKo 2.47

?
127k,
A= /T 2.48

In conclusion, many authors have worked out differ@approaches for
characterizing parameters in porous media: the stivall and non-acoustical
methods. The main non-acoustical approach is usectHaracterizing the
airflow resistivity and the tortuosity (Johnson, at, 1982). The acoustical
method is subdivided into low and high-frequencythods. The low-frequency
method is based on using impedance tube while itfftefrequency method is
based on ultrasound techniques (Leclaire, et @12 For a complete
characterization of the tortuosity, static thernp&rmeability, viscous and
thermal characteristic lengths simultaneously, idsdi (2013) suggested

inverse identification methods using a standingeviane as shown in Fig 2.9.

Abgzorption tube

Tranzmission tube

Speaker holder

Specimen holder /

with coupling Termination

Fig 2.9 A 4-microphone, AFD 1200-AcoustiTube® - measurgeup with sample holding
section &dapted from AFD Analysis software 1201 user guideused to estimate the
tortuosity, static thermal permeability, viscousl@hermal characteristics length.
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2.6 Acoustic porous media models

The propagation of sound wave in an isotropic hognegus material is
determined by complex quantities, the characteristipedanceZ., and the
propagation coefficientk, (Delany and Bazley, 1970). The propagation
coefficient is sometimes called the complex wavmber, and is given in Eq

2.49,

Z. = R +iX=/puKw and k=A+if=w [ 2.49
Kw)

wherekK,,, is the bulk modulusy,, is the effective densityy is the angular or
radial or circular frequency mathematically desedtas2uf, R is called the
complex acoustic resistanck,is the complex acoustic acceptandeis the
attenuation constant (nepers/m; 1 neper is 8.6&dBY is the phase constant

(rad/m).

The propagation of sound pressure wave in porowdiangan be described by
propagation models. These propagation models assified as the “equivalent
solid” (uniform pressure), “equivalent fluid” (motiless skeleton) and the
Diphasic (Biot's theory) models (Acoustic Poroustdtal Recipes, APMR).
For certain frequency range and appropriate boynclanditions, the skeletal
(equivalent fluid) or fluid (equivalent solid) iorsidered motionless and no
pressure wave propagates in the solid (equivaleid)for fluid (equivalent
solid) phase of the microstructure and when waepagates in both phases, it
is termed Diphasic and described by Biot's thedityis theory (Biot) is most

reliable in describing the vibro-acoustic of porouaterials (Biot, 1956).
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Several models have been developed consideringcangributions of the
skeletal and fluid phases over a frequency rangpic@l examples are the
Zwikker and Kosten (1949), Biot (1956), Attenborbu@l983), Delany and
Bazley (1970), Mikki (1990), Allard and Champoux9@R), Johnson et al.

(1993), Wilson (1993) and William (2001) poroacatishodels.

2.6.1 Primeval models

An extensive research at the Technische Hogesam@mlft city of Netherland
by a group of physicists provides the cardinal pradtical model describing the
acoustic behaviour of porous materials with elastime published in Zwikker
& Kosten (1949) book titled “Sound Absorption Maads”. For many years
after disclosure of their original work, there Hmen a success applauded for
their uncomplicated and understandable structuce @esently in use with
numerous references in the last decade. The propbsikker-Kosten models
available in their book were said to provide thaistair pressurePf) and force
acting on the skeletal frame per unit cross se¢Bghas a function of the mean
velocity of solid materiali,,) and that of air«,), density of skeletal (frame)
material p,,) and that of air4,), open porosity of the porous materidl),(
incompressibility modulus of airK(), specific frame thicknessL,f) and

coupling coefficient §) defined in termed of angular frequency in (Eq02.5

2.54).
0Py, v,

~ == P a—"t + S(Vp — V) 2.50
dP, v,

—3=p0%+5(vm—vo) 251

57



FLUID FLOW AND ACOUSTICIABSORRTION INVPOROUS/METELSTRUCTURES USING/NUMERICAL

SIMULATION AND/EXPERIMENTATION OTARU A.J.
_OPm_ v (1-0)3P
ax ™M ax ¢ ot 2.52
aP, 0vm v,
— 2= 0K, =2 — (1= B) (K, — Py) 2 2.53
S =jwp,(t — 1) + @2 2.54

For many years, the stated differential equati@n&lbeen used for the study of
elastic porous materials but were further expatiéieBiot (1959) by improving
the coupling coefficient for a better approximatthe structural frame and
understanding of the fluid-structure interactiorfsew pressure wave accesses
the interior cellular structure of porous materiagddso, Keith Attenborough
(1983) modified the Zwikker-Kosten equations to dice the acoustical
characteristics of sands and rigid fibrous absdrkeil as a function of five
structural parameters namely, open porosity (djuosity ), steady shape
factor (C,), dynamic shape facto€f) and flow resistivity §). The model was
developed to give accurate predictions of the dtarstic absorption behaviour

of the porous structure with a better fit to meadutata.

From a large number of experimental data in fibrmagerials with porosities
close to unity, Delany and Bazley (1970) proposegiecal expressions for the
characteristic acoustic impedan@) and complex wavenumbek) (using the

+jwt (sinusoidal time variation) time convention (E&5 & 2.56). The validity
of this expression is between 0.0|§<1.00. That is, suitable for very low

frequencies (<100Hz) and not also exact for vegp irequencies (>10 kHz) of
fibrous materials (Jones, 2010). Only one paranggtpically, the static airflow
resistivity,a) was needed to describe the acoustic behavioporoius material

using this model. The fit of experimental data usg®elany and Bazley (1970)
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was later used by Allard and Champoux (1992) whith $ame boundaries and
came up with the expression f@y (Eq 2.57) andk (Eq 2.58) with close

agreement between the two models.

Z, = p,C, [1 +9.08 (103 5)_0'75 — j11.9(10° 5)_0'73] 2.55
k=2 [1 +10.8(10° g)_m — j10.3 (10 g)_o'so] 2.56

! )_0'754 — j0.0870 (po g)_o'm] 2.57

g

Z, = p,C, [1 +0.0571 (po

k= [1 +0.0978 (po g)_mo — j0.1890 (p, 5)_0.501 2.58

In the case of multiple layers, Mikki (1990) noticéhat the real part of the
surface impedance when computed with the DelanyBamley (1970) model
sometimes becomes negative at low frequencies. Enensame experimental
data carried out by Delany and Bazley (1970), 20stsr, Mikki proposed
modifications of expressions to correct the chamstic acoustic impedance
(Z.) and propagation coefficienk) and was named the Delany-Bazely-Mikki

models as shown in Eq 2.59 and Eq 2.60 respectiValyugh, Mikki takes care
not to extrapolate the boundar@01 < g < 1.00) even when he had observed
his revised expressions are well-behaved in a dafggguency range, in

particulag < 0.01, 0 < @ < 1.0 and 1,000« <50,000 Pa.s/fn
_ f —0.632 . f —0.632
Z, = p,C, [1 +5.50(103L) — j8.43(10%1) ] 2.59

2.60

k= [1 +7.81(10 g)—0.618 — j11.43 (103 g)_o'm]
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2.6.2Visco-inertial and thermal effects using Johnson et al acoustinodels

To accurately model acoustics in geometries withalsrdimensions, it is
necessary to include thermal conduction effectsvasmbus losses explicitly in
the governing equations. Having studied the acouséhaviour of porous
material with a motionless skeleton having arbjtnaore shape, Johnson et al.
(1987) proposed a semi-phenomenological model wcrdee its complex
density (Eq 2.61). Four parameters are involvetercalculation of the dynamic
density, open porosityp], static airflow resistivity €), high-frequency limit of

the tortuosity €), and the viscous characteristic length (

Pw) = ‘E%O{l +-—2 1+ i4T2”pOW} 2.61

iwpoT o2p2p2

Retaining this proposed model (Eq 2.61) for viscthus dissipation effect,
Allard and Champoux (1992) proposed an expressiorthife dynamic bulk
modulus for the same kind of porous material agretion of open porosity,
thermal characteristics length, static atmosphpressure K,), specific heat
ratio (y), angular frequencyw() and thermal conductivityk¢) of porous

materials and was titled the Johnson- Champoux@[&CA) model (Eq 2.62).

Py /@

=1
. 8kT 72Cppow
y—(y—l){l—szcppow 1+i Toky

The limitation for this model observed in Olny ét @004) was that the low

2.62

Kw)y=v

frequency limit of the real part of the dynamic saensityp(,,) expressions is
not exact asv tends to zero. Similarly, the expression igy,y was not also

correct and the thermal characteristic length Was used to represent the
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medium at high frequency range of thermal effedte Expression of bulk
modulus in Allard and Champoux (1992) (Eq 2.62) \tasher modified by
Lafarge et al. (1997) with the introduction of airdh non-acoustical
microstructural parameter (static thermal permésiplly) to describe the low-
frequency behaviour of thermal effects and was eeftne JCAL model (Eq

2.63).
Po/w

=1
2
. @k 4k Cppow
—-(y—-1)51-i 1+i
Y ()/ ){ k{)CpPoW k@2

Despite the inclusion of static thermal permeaptiit the Johnson-Champoux-

.62

Kw)y=v

Allard model, his expression was still not exattpa frequencies. Prides et al.
(1993) refined the JCA and JCAL expressions torlesthe visco-inertial (five
structural parameters) and thermal dissipative ceffe(four structural
parameters) to obtain the complex density (Eq 2a64)bulk modulus (Eq 2.65)
of acoustic fluid for pore with motionless skeletwmving arbitrary pore shapes.
Also, theoretical determination of the static thafrpermeability k;), static
viscous €,) and static thermalr}) tortuosity were accounted for using the

dimensionless shape factois,( M1, N; and N;) in Eq 2.66 (Perrot et al., 2013).

2
. Tp
Po ud 2KoT 2kot LPOWAZ(__l)
= 1—<91+- 1- + 1+ .
o0 = TGN | 1 o) w(%—oj :

2.64

=
2
2k}, 2k}, ipowCpr2(TH—1
y--ns ek g 2o [, lpowCpr(ion)
iwpoCpky pr2(tp—1) Bx%(Tp—1) kTt
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=2 r= B g M oM
Ml - da2 ko Ml - dx2 kO Nl - 4(T0/T_1) Nl - 4(T(’)_1) 2.66

In summary, a total of eight structural parameveese needed to describe the
propagation of pressure wave through porous strestoacked by rigid backing

or back cavity using the JCAPL poroacoustic model.

2.6.3 Wilson model

Due to the important role played by pore morpholagyg shape factor in the
vibro-acoustical behavioural prediction of the sbupressure wave across
porous structures, Keith D. Wilson (1993) proposediodel to predict the

complex density and bulk modulus of the structuith wiangular and circular

aperture and near-spherical pore sizes. The modekéd on the relaxation-
matched behaviour of the porous medium and wastapé predicting porous

materials regardless of its specific pore strucaune the usual definition of low

and high frequencies as shown below.

_1__9° r_
VC N Pc poT? {1 + 1 ( /6vor>} 2.67

1 @ Dp
ﬁ<w>—m—5{1+(y‘”5x( /aem)} 2.68

1 _ |2k [
Sy = o= {eoth(1 = Dx = 2, B = |2 Ny, = 2 269

Though, more than one parameter (permeability, mhymatortuosity, and
porosity) is required to describe the acousticdlavéour of porous structures
using Wilson’s model but it provides simpler modelth no Bessel and Kelvin

functions (Wilson, 1993) and realistic for all frepcies. The simplified
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Wilson’s model for complex density/() and bulk modulusk,,) for circular
and triangular pores are related to its complexifipezolume () and complex

compressibility §.,) presented in Eq 2.67-2.69.

The termS,, in the proposed models (Eq 2.67-2.69) is termedtssel function
which is dependent on the pore geomelyyjs the pore diameter sizB;is the
ambient pressure; is the specific heat ratipy, is the fluid densityy = 2rf is

the angular frequency; is the fluid viscosityf,, is the specific heat capacity at
constant pressuré; is the thermal conductivity of the material,,. is the air
Prandtl numbes,,,- andé,,,, are the vorticity and entropy mode boundary layer

thickness respectively.

In order to accurately model the acoustic absanptibporous structures with

near-spherical openings using Wilson’s model, mgsessary to specify the bulk
modulus infinite frequency limitk,= %y), the density infinite frequency limit

2 2
(pm=%), the vorticity-mode relaxation time,(,, = %) and the entropy-

mode relaxation timetf, = Np,.T,,r) in the physics modules acoustic

software (COMSOL Multiphysics 5™ user guide).

Other poroacoustic models were developed to mirh& gurface acoustic
impedance and normal incidence absorption coeffica# porous structures
with specific pore morphology. A typical exampletbis is the William EDFM
model proposed in 2001. This model put forward éRpression of effective
density fluid model (EDFM) for acoustic propagatiarsediment obtained from
Biot’s theory with a close agreement in their pogelil values. Table 2.2 presents

a tabular representation of the porous media aiconstdel thereof, their
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acoustic behaviour of porous materials.

Table 2.2. Acoustic porous media models

OTARU AJ.

Models Limitation Application Structural
parameter(s)
Zwikker & Kosten, | All frequency | Straight cylindrical pores | §, 7 & k,
1949
Biot, 195¢ All frequency Straight cylindrical pore | ¢ 7 & k,
Attenborough, 1983 All frequency] Sand and rigiddils 3, 1, ko, C, &
Cp
Delany & Bazley,| 9,01 <L<1.00 | Fibrous materials  with
1970 g straight cylindrical pores
Allard & Champoux,| 901 <L <1.00 | Fibrous —materials ~ with [
1992 o straight cylindrical pores
Mikki, 1990 0.01 <L<1.00 | Fibrous  materials  with
o slanted cylindrical pores
Johnson, Koplik &| All frequency | Nor-uniform sectiol 3,1, ko, A, & &
Dashen, 1987 and
Champoux & Allard,
1992
Lafarge, Lemarinar & Not exact low| Non-uniform section 3,1, ko, A\, &, &
Allard, 1997 frequency k(',
Prides, Morgan & Allfrequency | Non-uniform section withgd 7, k,, A, =,
Gangi, 1993 possible constrictions kb, To & T)
Wilson, 199: All frequency | Suitable for structures wit| ¢§ ¢, k,, Dp&
circular and triangula D
pores w

2.7 Separating low and high frequencies regime inorous absorber

The pressure drop experiment in porous media destiby Henry Darcy’s law
is often used in the determination of the statscous permeability as well as
the airflow resistivity of the porous material. Thikescription of acoustic
properties of porous materials using the JCA feparameters models gives
an insight to account for the visco-inertial andrthal behaviour of acoustical
materials. The resultant effect that arises from ¢heation of viscous and
thermal boundary layers is due to the fact thatsdgarating pore fluid leaves
the structural phase behind as it propagates thraug/NVhen viscous forces

dominate the inertial forces, it is termed the lloaguencies regime and when
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inertial forces dominate the viscous forces, itdemed as high-frequencies
regime. A more realistic way of showing this is ttse of a characteristic angular

frequency in Biot, 1956a & 1956b and presentedgr?FLO and Fig 2.11 below.

| Wy Angular frequency
Low frequencies: viscous regime, | High frequencies: inertial regime,
6, > 1 §, <1

Fig 2.1Q Frequency-dependent visco-inertia dissipationharism.

| Wi Angular frequency

n

»

Low frequencies: isothermal regime,| High frequencies: adiabatic regime,
heat transfer between air and negligible heat transfe® « 1
structured; > 1

Fig 2.11 Frequency-dependent thermal dissipation mechanism

For the existence of viscous boundary layer, wherpulsation is much smaller
than the viscous characteristics angular frequengcyand viscous boundary
layer thickness much larger than un{@y, > 1), the flow is purely viscous.
Also, for pulsation much larger than the viscousarabteristics angular
frequency(w,,) and viscous boundary layer thickness much smédbar unity
(6, < 1), the inertial effects dominate the viscous effeBtame is repeated for
the classification of the thermal boundary layethia low and high frequency
regimes (Johnson et al., 1987). Below the thernfadraxcteristic angular
frequencyw,), the air compression and dilations are isotheamdlieat transfer
exists between the fluid and structure (Lafargaeletl997). Above the thermal
characteristic angular frequer{ey ), it is classified as the adiabatic-regime with
negligible heat transfers. This helps to distisgubetween the low and high

frequency regimes.
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A good porous absorber should have interconnected petwork for the
dissipation mechanism within the possible volunresignificant visco-inertial
and thermal dissipation as acoustic wave travetsith it. Kirchhoff (1868 and
1974) gave mathematical relations for the numedeakrmination of viscous
and thermal boundary layer thickness as a funatibfiuid properties and
frequency and are presented in Eq 2.70 and 2.7dwbelhe frequency is
represented ag while 6,, 6., 1, p,, k, C, are the viscous boundary layer
thickness, thermal boundary layer thickness, fldithamic viscosity, fluid
density respectively, thermal conductivity of theid and fluid specific heat

capacity at constant pressure respectively.

_ H

by = | 2.70

S, = K 2.71
PoCp2rf

The distinction between the viscous dominated (iguencies) regimes and
inertial dominated (high frequencies) and thathef kow and high frequencies
regime for the thermal effects is shown from a nucaé computation for a

frequency range between 100 and 4500Hz using Hyj&hd 2.71. Table 2.3
shows the calculated values of viscous and thelbbmahdary layer thickness for

fluid properties obtained at standard atmospherigperature and pressure.

Table 2.3. Estimation of viscous and thermal bounds layer thickness

N

T = 20°C, C, = 1.0 * 103(J/kg.K), k = 2.6 * 10"2(W/m.K), 7 = 1.8+ 10~° (NF) &
p = 1.204kg/me.

f =100Hz 1.56 x 10™*m 6, < 1 ~ High frequency inertial regime
6, f=4,500Hz 2.33%10°m 6, < 1 ~ High frequency inertial regime
f =100Hz 1.85 * 10™*m §; « 1 ~ High frequency thermal regime

6, f =4500Hz 2.77 «10™°m §; < 1 ~ High frequency thermal regime
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A simple analysis of visco-inertial and thermalsgigtion effects for these
audible frequencies range, shows that for a methkta good sound absorber
the pore opening (pore connectivity) should béendrder of 100m (Lu, 2000)
or within the ranges of 10-100t (Perrot et al., 2013) and 11-380 specified
by Johnson et al. (1987). Closed pore structureskaracterized by very low
openings (Utsuno, 1989) and an observable sourm@imn coefficient from
experimental measurements of pressure wave atissgructure in Lu and He,

2000 was considered poor.

2.8 Multiscale Asymptotic Modelling Approach

Much of the work in terms of modelling of fluid fdoin the porous body has
been limited to macroscopic or semi-empirical flomaracteristics (Boomsma
and Poulikakos, 2001) using volume-average equstidime behaviour of
complex systems under extreme conditions can bgssathusing multiscale or

microscale modelling (Ortiz, 2012).

The precise preservation of more accurate locaingéacal function (Bodla et
al., 2010) through a representative elemental vel@mcontrol volume of the
porous body makes pore-scale modelling imperalitiess model is useful in the
understanding of the behaviour of fluid in the perdody for a subset of the
porosity range due to the approximate representafithe local geometry. This
method can produce accurate results for fluid flowomplex porous media if

an accurate representation of geometry is preserved

Lee et al. (2009) described multiscale asymptotidetiing (MAM) approach

as the asymptotic analysis of governing equatidiis 1 a multiscale approach
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or method employed in the determination of the ms@opic acoustic
parameters at microscale level by deriving wellvtked microscale equations
from independent macroscopic variables equatioasaveraging over a unit

cell. The ratio of microscopic-macroscopic lengtlg).

2.72

g = dl/ _ microscopic variation (unit cell length)

d macroscopic variation (frequency dependent length)
The adoption of Delany-Bazley-Mikki (DBM) model toimic the acoustic
behaviour of porous matrices implies that a simiigsics (Stokes or Creeping
flow) equation is used to determine the pressuop dvithin the micro-length
and eventually, the static viscous permeabilityrfr®arcy equation of fluid
flow. Accounting for the visco-inertial and thermdissipation (near walls
viscosity and thermal conduction) effects due # fttictional force and heat
exchange that exists between the fluid and stratttame when sound pressure
wave propagates a porous medium leading to thesdohet al version of

poroacoustic model.

The MAM method expressed in Lee et al. (2009) caniged as a microscopic
approach to account for the static viscous andcda¢rmal permeabilities of
porous materials subjected to the derivation oiniheroscopic equation from a
set of coupled frequency-domain viscous-thermalaggns and boundary
conditions. The frequency dependent equations fe¥eetiuation of state for
perfect gas, Navier-Stokes (momentum) equatiorgedjugtion of continuity and
the energy equations. The derived frequency-depared®rgy equation in Lee
et al. (2009) for the determination of the statiermal permeabilityk’,) solved

with the appropriate boundary conditions (isothdrarad periodic boundary
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conditions on the wall and the relevant pair fagspectively) is presented in

Eq 2.73-2.75.
poiw%k’o ~V.(V.k',) = 1 (fluid domain £;) 72
Pr = u% 2.74
poiwPre (£2) = 1+ KoK’y {2} 275

where p,is the fluid velocity; u is the dynamic viscosity of the fluid;
Po, B, & T,are the fluid density, fluid pressure and tempeeatietermine at STP
respectively;p, P & T are the varying fluid density, pressure and teiaipee
respectivelyR, G andC, are the gas constant, specific heat capacityratant
pressure and volume respectively; is the bulk viscosity and the thermal
conductivity is represented &sas defined in the Fourier's law of heat transfer

by conduction.

2.9 Summary

In this survey, diverse routes in the productiomneftallic foam structure have
been made known with emphasis on the negative yreeg¥iltration processes
(replication casting process) preferred in this kvdue to their economic
advantage and important control of microstructpadameters during casting.
Fundamental to this work, what is known about tleevfof fluid through
metallic structures as well as its acoustical behawvhen presented to sound
pressure wave has been described. The review nedtavithin the range of

contents including continuity and momentum equatioore-scale and fluid
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models, flow regimes and permeability estimatioe/miholtz wave equation,
acoustic absorption, poroacoustic models, struchasmeters and multiscale
asymptotic modelling. It is to this end that ak titerature covered herein will
assist in the experimental and numerical studyregure drop and pressure
wave across porous metallic structures. This weettle as a guide to the design
of porous absorber with novel attributes that caddist to cut down vibration
significantly and provide heat sink when used ssuadproofing device in high-
end loudspeakers very early on. The next chaptahisfwork focused on
preliminary understanding of the permeability ofqags structures using sphere-

packing models.
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CHAPTER 3

THE PERMEABILITY OF VIRTUAL MACROPOROUS
STRUCTURES GENERATED BY SPHEREPACKING MODELS:
COMPARISON WITH ANALYTICAL MODELS

3.1 Summary

In this chapter, the results of the numerical satiah of fluid flow through
“virtual” spherical packed beds of monosized sues are presented as an
alternative approach to computing the permeatlityealistic porous structures
typical of those made by casting processes. Hlyithmic simulation of the
permeability of these structures agrees well wikheeimental measurements
and similar modelling of structures derived fromRd&y tomographic images.
By varying the model structures, the “bottleneckdw concept proposed by
analytical models in the literature was substamtiatconfirming the high
dependence of permeability on the size of the wirsdloonnecting the pores,
but also highlighting the need for accurate deteatidn of the connectivity of

the pores for these models to be accurate.

NB: An article from this chapter has been published in Scripta Materialia in
2016. Click on the link https://doi.org/10.1016/j.scriptamat.2016.06.037

3.2 Introduction

Porous metals are commonly used as structuremtiseact with a fluid in pro-

cesses such as heat exchange and storage, filteaia separation. Pivotal to
the performance of these structures is the resistemfluid flow that is provided

by the porous body, usually described by the presdtop per unit length de-
veloped across the structure as a function of lthe fate (or velocity) of the

fluid through it. For laminar flow conditions ingven fluid, the permeability
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of the porous structure, which is affected by tbeopity, pore size, shape, and
connectivity, relates flow rate and pressure gratdigrough Darcy's law.

In Goodall et al (2006 and 2007) and Despois €2@07), porous metals made
by the infiltration of liquid metal into a bed ddaificial particles were said to
have offered a more convenient fabrication methitd thie potential to vary the
porosity and pore size independently, thereby giamood level of control over
the structure and hence the fluid flow behavioig.31 shows the typical struc-
ture of porous metals made by replication of padsesds of near-spherical NaCl
beads by Langston and Kennedy (2014) and X-Rayn@e showing typical
pore morphology. Important structural features ateninclude the size of the
pores (dictated by the size of the porogens) #eityn of pores (dictated by the
packing behaviour of the porogens — in this cafetdd by tapping in a mould)
and the number and size of the windows connecliagpbres (dictated by the
ability of the infiltrating molten aluminium to petrate the small spaces at the

contact points between salt beads and the numlgarti€le-particle contacts).

Fig 3.1 An optical micrograph left of a porous sample mdy vacuum casting using near-
spherical NaClgdapted from Langston and Kennedy, 201¢dand right, an X-Ray CTuCT)
image showing the typical pore connectivity.

The models to predict the coordination numbér) (and permeability ;) of

the porous structure available in the literatureff@s and Mortensen, 2005 and
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Furman et al., 2013) and presented in chapter mnaseful and could assist in
the preliminary understanding of the flow behaviairthis structure when
presented to flowing fluid. The coordination numifeg 1.1) is defined as a
function of packing fractiond, and the window radiusy, (Eq 1.2) in terms of
the infiltration pressureRi, and pore (particle in virtual structure) sipg, The
model in (Depois & Mortensen, 2005) reduces to shene expression for
permeability for the case of dense random parpeleking if N, = 6 but not a

typical of this packing condition (Jinnapat and Kedy, 2011 & 2012).

Reasonable correlation between experimental measuts of permeability
and the models was observed in both cases, witlatitaws attributed, in part,
to the non-spherical nature of some of the satigles used. Thus a strong de-
pendence upon the size of the windows connectimgdies and the permeabil-
ity is apparent and controlling the window sizeptigh varying the infiltration
pressure (Furman et al., 2013) has the capacity (@ven pore size) to vary the
permeability by more than a factor of 10 and wdw#dmore convenient way to
vary the permeability rather than by altering tlaeking (porosity) through ad-
ditional and potentially costly processing stepsisTpart of the study aims to
further test the “bottleneck” flow assumption ahd accuracy of these models
by simulation of fluid flow through virtual 3D strtures that are accurate repro-
ductions of real porous metals made by the infitraroute, but in which the
structural characteristics can be controlled pedgjsas demanded by the ana-
lytical models. The novel approach to generatimgéhvirtual structures, which
could be further exploited to predict the permeagbdf more complex porous

structures, is detailed.
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3.3 Image Processing and representative volume

A prior study by this group (Langston and Kenne2ly14) demonstrated that
the discrete element method (DEM) can be useddarately model the packing
of spherical NaCl particles (both monosized andimary mixtures) and from
this the structures of porous metals made by tfitration thereof. Coupled
with a simple mathematical processing of the spdtita for the packed spheres
and development of the conditions for contactingheighbouring beads, the
number of windows linking neighbouring pores, ahdlitt size, was also accu-
rately predicted, enabling useful insights into domnectivity of these struc-
tures.

This study has adopted this same DEM method andreased packed beds of
monosized spheres, controlling the packing frachgraltering the coefficient
of friction between the patrticles, giving packingnditions varying from loose
to dense random packing (in the range of packiagtifsn from 0.59 to 0.64).
Simple code written in MATLAB was used to procgsg z particle coordinates
and radius data from the DEM simulation, applyingriéerion to determine
whether particles are connected. This method &ilddtin (Langston and Ken-
nedy, 2014) but in brief, two particles are assunteede connected if the gap
separating them cannot be filled by the infiltrgtliquid. This ability to fill the
gap is controlled by the capillary radiug, determined from the Laplace equa-
tion (Eq 1.2). For the Al-NaCl system (Jinnapat &mhnedy, 2011 and 2012)
an infiltration pressure of 1 bar leads to a capylradius of approximately gth
and hence particles separated bym@re deemed “contacting” for this infiltra-

tion condition. An extension to this previous stuslyhe graphical representa-
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tion of this connection through calculation of tiaelius of the zone that is ex-
cluded from infiltration by the liquid (using a gike geometrical model also
presented in (Langston and Kennedy, 2014) and gddeposition of the centre
of the contact and the radius to the data setMdtéab code then draws a series
of 2D sliced (binary) images of the particles (Big@) and contacts and exports

them as tiff files (in this case at a resolutior860 dpi).

Fig 3.2 Two-dimensional (2D) and three-dimensional (3@ages of the virtual porous struc-
ture for pore sizes 2.0-2.5mm andufi®capillary radius.

A representative model was created by convertiegh slices into a 3D vol-
ume (Fig 3.2) within the ScanlP package of Simple#4, a 3D image pro-
cessing, analysis, and model generation softwarkagge. Thresholding of the
images was carried out and then a smoothing fumetas applied on the three-
dimensional volume to minimize facets created gydlicing process. A smart
mask process (with 10 iterations) was preferrearecursive Gaussian smooth-
ing (RGS) operation as this more accurately presktiie imported geometry,
in particular, the geometry of the windows (opesid\ cubic representative
volume element (RVE) that was 6 times the particlpore radius was extracted
from the center of the samples, the size of whiak determined by shrinking a

volume until the porosity differed by 2% from thretial (bulk) value (Fig 3.3).

75



FLUID FLOW AND ACOUSTICIABSORRTION INVPOROUS/METELSTRUCTURES USING/NUMERICAL
SIMULATION. AND/EXPERIMENTATION OTARU AJ.

This approach was compared to a more robust aridyhagpmputational ap-
proach to determine an RVE based on isotropic ftomputations for a linear
pressure variation (LPV), impermeable side wal\W)Sand solid side wall
(SSW) boundary conditions with reasonable agreetoesttract the RVE from
the centre (>40% of the total volume) of the packtedctures. Porosity and pore
radius measurements were made within ScanlP mod@anplewaréM to en-
sure that the sphere dimensions and packing clesisitds were a close repre-

sentation of the DEM data.

(1 Percentage porosity of shrinked volume started
| at different sections of the larger volume.

Percentage fluid volume (%)

Cubic thickneest (mm)

Fig 3.3 The plot of percentage fluid volume in metal feaf¥) against cubic elemental thick-
ness (mm) for determination of representative vewiement.

Fig 3.4 presents the internal morphology of DEMictures of mean pore size,
2mm, and capillary radius, 10-8®, between connecting particles (salt granules
in realistic casting) created in ScanlP. The twoahsional (2D) slice view in
Fig 3.5 shows that an increase in coordination ramore contacts) is attained
by increasing the capillary radius in the spherekpey (DEM) model (decreas-
ing the infiltration pressure used during the “tezsting processes). At it
capillary radius, the DEM structure exhibits lowntacts between the packed

beads and increases progressively from 10 tom80his is an indication that
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the coordination number of contacting pores inf@ps metal matrix is strongly
dependent on the capillary interaction between eotimg beads during its pro-

CESITHYT

I'e =1Cum I'c = 3Cum

lc = 45um I~ = 80um

Fig 3.4 Three-dimensional (3D) Images of the internal phofogy of virtual structures with
2mm mono-sized spherical for 10, 30, 45 andr8@apillary radius.

TeTS

Fig 3.5 Two-dimensional (2D) Images of the DEM virtuadustures of uniform (2mm) pore
sizes for a 10 and 8én capillary radius.

Fig 3.6 presents images of the structures genebogtBdEM and that they closely
replicate “real” structures as presented in thei@ages in Fig 3.1. The key
features are replicated viz. the typical numbee,sind geometry of contacts. It
is also clear from these images (taken from theesiaeation) how increasing
the capillary radius not only increases the sizh@fnter-particle contacts (win-

dow radius) but also the number of particle costéobordination number). It is
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also apparent that for identical distributions (@adking fractions) of spheres,
the porosity of the porous metal will increase élislightly) with increasing
capillary radius, owing to the reduced capacity ffling of the inter-sphere

spaces.

Fig 3.6 Images of DEM structure and RVE for different idapy radii (left) 1Qum and (right)
80um.

The importance of permeability in relation to therfprmance of porous
structures cannot be overlooked. At a very lowdfluelocity, the permeability
of the porous material was reported in Dybbs anddtd, 1984 to strongly
depend on the structural parameters and topolodlyeo§eometrical structure.
Fig 3.7 presents the plot of dimensionless compuahak of the permeability to
the square of the pore size ratio (both for therdgic and flow direction
coordinates) against dimensionless RVE flow lengibore size ratio fora 2mm
mean pore size DEM virtual spherical structures Hium capillary radius. The
plots of porosity and a specific surface (ratiaustural surface area to bulk
volume) against dimensionless RVE flow length toepsize ratio are presented

in Fig 3.8.
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Fig 3.7.Plots of isotropic and flow directional represeiota of permeability to pore size ratio,
ko/DP?[-] and against the dimensional flow length to psize ratio (L/Dp) [-] for a virtual DEM
spherically celled structure (pore size, 2mm, aaqgliary radius, 10m).
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Fig 3.8 Plots of porosity (%) and a specific surface (fmgainst the dimensional flow length
to pore size ratio (L/Dp) [-] for a virtual DEM setically celled structure (pore size, 2mm, and
capillary radius, 10m).

For a chosen flow thickness 3x the mean pores aizébeyond, reasonable and
tolerable deviation of structural and flow parametevere observed when
compared to large volume data typically 10x the maare sizes. In this range,

the computed values of the mean openings, mearsjz@®, porosity, tortuosity,
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specific surface (ratio of structural surface doelulk or fluid volumeg:g) and
permeability of the porosity matrix are 276ad, 2.04+0.02mm, 65.3+0.2%,
1.79+0.003, 3.3+0.05m™ 1.21+0.05r"A The significant variations in
permeability for RVE flow length below 3x mean paiges is attributed to the
changes in the structural parameters. This mayabeufable computationally
considering time and convergence but the lack ofiate capture of complete
information necessary to represent the entire velumay deviate the modelling
outcome from a realistic data. It is therefore img@ot to choose a flow length
3x the mean pore sizes for characterizing the siracparameters needed for

predicting flow behaviour of this material.

3.4 Simulation

Simulations were performed using the +Flow modnl8impleware™, using a
built-in Stokes flow solver. The permeability iretflow direction was deter-
mined from the calculated pressure drops (the optkessure was set to zero)
for a series of flow velocities (for water) in tl@ninar flow regime. Imperme-
able side wall boundary conditions were applied (tbrmal velocity component
at the walls is constrained to zero) but for theERdize chosen and for the rea-
sonably symmetrical structures, a less than a 3f@reince in the permeability
was observed when either linear pressure variaticsolid sidewall boundary
conditions were applied (Fig 3.3).

Extensive scale-dependent and mesh-dependentstudie conducted to de-
termine the optimum balance of mesh scale to cgevere time and accuracy.

A linear tetrahedral mesh (LTM) was used and tatuw@pinformation in the
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“bottleneck” areas the mesh growth rate was opgahifeading to element
counts of the order of 1.5-2.5million (Fig 3.9).reability values obtained in

the same way using the CFD module in COMSOL Muitgis 5.0M were

within >95% agreement with the +Flow module.

Fig 3.9 Two-dimensional images of meshed “bottleneck”ezoh “virtual” porous structures
for different capillary radii (left) 10m and (right) 8@m.

Computational fluid dynamics (CFD) modelling wasfpened for structures
constructed from monosized spheres that were hd23aam in diameter, for
capillary radii between 10 and @®, leading to porosities between 60 and 68%,
typical of structural characteristics that might dieserved for porous metals
made by salt bead replication using vacuum or logsgure casting methods.
Fig 3.10 shows the typical flow behaviour in thesectures, for the same region
but extremes of the capillary radius. Rate-coritrgl‘bottleneck” flow is ap-
parent through the windows between pores, highdigiity the regions of high
velocity that correspond to the colour scale anéthvis also indicated by the
velocity vectors. Streamlines that have been soypmrsed onto these plots show
recirculation of fluid in “dead end” pores at ttoavi capillary radius and that at
high capillary radius the flow is less constricaslthe interconnectivity of the

pores increases.
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A 5.83x107
107

Fig 3.10 Representations of flow behaviour (surface fluddocity scale and streamline for a
2um.s! pore inlet velocityp,) on 2D DEM mono-sized slices for different capilaadii (left)
10um and (right) 8dm [Numerical scales unit for the legends measured.g#m

3.5 Results and discussion

Fig 3.11 plots the ratio of the CFD permeabilitieshose predicted by Eq 1.1,
using data for porosity, coordination number, amadaw radius derived from

the Matlab code, against the normalized capilladius. It should be noted that
for rdrp > 0.016, the agreement between the two is godtl,avi average, CFD

predictions being 3% higher. Below this ratio (farge pore sizes and small
capillary radii), the CFD predictions for the peabdity increase more rapidly
than those for the model and this most likely iaths that these conditions
stretch the capacity for accurate geometrical coogon and smoothing (re-
flected by more jagged-edged pores in Fig 3.63. dixpected that at very much
higherrd/rp ratios than those investigated in this study, stialgeometries might

also be difficult to produce as neighbouring windastart to overlap.
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Fig 3.12 shows how significantly the virtual poraisucture changes with ca-
pillary radius for 2mm diameter spheres with a nahpacking fraction (and
thus porosity) of 60% (which increases to 61% her lhighest capillary radius).
It can be seen that the window radius more thaiblésiwover the range of capil-
lary radii investigated and that the coordinatiemiber increases much more
significantly than for the very small change in kiag fraction that would be
predicted by thé&lc expression in Eq 1.1 (although for constant capilfadius,
changes in porosity lead to increases in coordinaiumber that are consistent
with those predicted by Eq 1.1 Nf is determined from the porosity alone, using
Eq 1.1, CFD predictions are still in reasonablesagrent, overestimating the
model by, on average, < 20%. The model in (Furmaat. £2013) was found to
underestimate experimental and CFD data for thengability of structures
made at low pressure (high capillary radius) and likely that neglecting the
strong effect of capillary radius on the coordioathumber contributes strongly

to this discrepancy.
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Fig 3.12 The influence of normalized capillary radius be tatio of structural parameters.

For comparison, CFD simulation was performed orDan®del constructed
from a series of 2D CT slices taken of a porousahmeiade by infiltration of
near-spherical beads, 2.0-2.5mm in diameter, diad.@eported in Langston
and Kennedy, 2014). From the average window diami@tethis structure
(180um in Langston and Kennedy, 2014), closest agreemiémDEM-derived
virtual structures is for those generated with kayi radius values between 10
and 2@m. The permeability of the CT structure was 1.14%18, for equiva-
lent DEM-derived structures with capillary radiugwes of 10 and 20n, they
were 1.09 and 1.48x1%n? showing excellent agreement between flow simu-
lation in “real” and “virtual” structures. Experim&al measurement of the per-
meability in the laminar flow region for this sars@mple, using a variable head
permeameter like that used in (Furman et al.,, 20y8)Ided values of
1.28+0.09x10°m? (Njoku, 2014), confirming a good correlation betnelow

simulation and experimentation.
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3.6 Extension to binary-sized structures

To vary widely packing density of the mono-sizedistures for particle sizes
between 2.0 and 2.5mm, spherical structures witticgasizes between 0.5 and
1.0mm were introduced into the larger sized stmestuo see what benefit
therein. Images and CFD numerically simulated @ss&milar procedure

thereof) values of pressure drop and permeabilita f these binary-sized

structures using the sphere-packing models arempies in this section.

For capillary radiusic, typically between 10 and 8, packing densities in the
ranges of 63-64%, and 68-75% were achieved for thatimonosized (L-L) and
mixed-sized (L-S) packed structures respectivelyg B.13 shows the
relationship between the average window radiysand capillary radius,, for
these structures representing contacts made be@deds of L-L (2.0-2.5mm),
and a 25vol% addition of smaller sized beads (00Bain) in larger ones (L-S).
For the DEM monosized (DU) and mixed-sized (DN 25%scking
arrangements, their average window radiu¥ fepresenting the mean value of
the windows formed by connecting pores show¥ @ier polynomial relation
against increased capillary radius shown in Fig33.The increase in the
permeability of the structures is attributed to $iraultaneous widening in the
“bottleneck” region of these structures coupledwitreasing contacts between
connecting pores (coordination numh¢) as capillary radius increases for all
packings. This represents the effects on redutiagapplied liquid infiltration

pressure during realistic casting of porous metaliuctures.
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In Fig 3.13 and Fig 3.14, within the specified raa@f the mean pore diameter
openings (windows) obtained for both packingssiprecise to say that the
increased particle contacts and packing densigtedeby the mixed-sized (L-
S) structures have significant effects on the floghaviour of the “virtual”
porous structure. For a similar value of capillagtius, the mean window radius
of the monosized (L-L) structure is larger than itiged-sized (DN 25%S) but
the number of contacts created by the latter ogfweeithat of the former
(monosized packings) and thereby contributes morést flow and overall
surface area. However, this statement is only Valigtapillary radius less than
30um (higher infiltration pressure in realistic casgtiprocess). For capillary
radius greater than gt (low infiltration pressure in real casting), tlaege
windows size exhibited by the L-L structure outweighe excessive degree of
contacts offered by the L-S in terms of its conttibn and resistance to the

flowing fluid.

The homogeneous addition and mixing of small amgelasized beads DEM
packing (DN25%S) causes significant changes streetlated and flow
parameters of the porous medium as shown in TalileMg 3.15 and 3.16
present three-dimensional images of the numericathulated velocity (m:§
and pressure (Pa) plots data of an incompresslbid {water at density,
997.78kg.nm?, and dynamic viscosity, 9.772xi0Pa.s) for the “virtual”
monosized and 25vol%S mixed-sized structure foroee pnlet velocity of
2.5mm.s. This indicates a lower pressure drop per unigtierof 1150Pa.m
achieved for the mixed-sized structure due to the tesistance (ligament
thickness) offered by this virtual structure wheympared to the monosized

structure (top) with a unit pressure drop of 1704Fa
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Fig 3.15. Three-dimensional (3D) numerically simulated vélo¢top) and pressure (bottom)
profile plots for water flow across the monosiz8d{2.5mm) virtually-packed structures for a
pore inlet velocity of 2.5mntXs[Numerical scales unit for the legends measured.&t amd Pa
both for the velocity and pressure plots respebt]ve
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Fig 3.16.Three-dimensional (3D) numerically simulated vélo¢top) and pressure (bottom)
profile plots for water flow across the 25vol%S etxsized virtually-packed structures for a
pore inlet velocity of 2.5mnr){Numerical scales unit for the legends measured.&tamd Pa
both for the velocity and pressure plots respebt]ve

Fig 3.17 and Fig 3.18 presents the unit pressuwp dgainst superficial fluid
(water) velocity for the monosized and mixed-sipetking arrangements at

Darcy and Darcy-Forchheimer regimes respectively. extremely low
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velocities in Fig 3.17, typically below 0.5mmt,dosses were mainly due to skin
friction (Dybbs and Edward, 1984, and Boomsma aadliRakos, 2002) and
pressure drop across these structures was obgerbedinearly dependent on
the flow velocity. Beyond this velocity (Fig 3.18he onset of inertia was
observed (viscous forces are negligible while @miion and enlargement
become imperative) and can be described by theyBRwpuit-Forchheimer
second order polynomial fitting of curves using E§5. Within this range of
velocities, the results look promising as it follthe quadratic trend of relation
achieved for experimental and X-ray CT computatioingressure drop per unit
length of fluid flow through porous media availalrethe literature (Tadrist et
al, 2004; Lacroix et al., 2007 and Dukhan et &14). More so, the addition of
smaller sized-sized structures help creates eximndows and increases flow
across the structures. With this, structures meata fnixed-sized packings are
expected to be more complicated and the pattefinidfflow through it would

behave differently from that of monosized pores.
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Fig 3.17 Plots of unit pressures pressure drop (Faagainst superficial fluid (water) velocity
(mm.s?) for the monosized and 25vol%S mixed-sized DEMgitires at Darcy regime.
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Fig 3.18 Plots of unit pressures pressure drop (Paagainst superficial fluid (water) velocity
(mm.s?) for the monosized and 25vol%S mixed-sized DEMcitires at Darcy-Forchheimer
regime.

A tabular representation of structural and flowad&ir these structures are
presented in Table 3.1. This shows that increaperimeability of fluid flow is
attained from low to high degree of capillary raditesulting in increased
particle contacts and openings (dictating the flomgde by connecting pores
within the porous matrix. High-pressure drops aod Ipermeability were
achieved for DEM packed structures at a capilladius of 2@m which is a
negative of what is achieved for the near-sphepeaked structure at highest
capillary radii of 8@um. This is mainly because small size windows whlisitort
the permeation of fluid are created for smallerilay radius and thereby
causing significant resistance to the flow of flulthe size of the windows and
the degree of contacts between the structuresw@aigntlictate the flowing fluid
through it. The size of the windows created byltHestructure outweighs that
of the smaller sized (S-S) structure and thises#ason for its high permeability
and low-pressure drop developétigh pressure drops over this near-spherical

foam replicated structure is associated with higtesficial velocity and that the
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pressure drops across this structure decreasdwidlitection of fluid flow

(Darcy, 1856).

Table 3.1. Structural and flow data for DEM anduCT mono-sized, L-L, and mixed-sized,
L-S, structures.

Darcian
re Dp Porosity, @| permeability
Sample type (um)Pi  (mm) ry (Um) (%) Ko/ 10°°n7?
(L-L) | DU(L-L) 10 2.29C  141.58! 63.46: 1.03¢
DU (L-L) 20 2.270 188.615 63.581 1.470
DU (L-L) 30 2.290 222.285 63.505 1.952
DU (L-L) 80 2.36(  323.86: 64.05¢ 6.15¢
DN (6.25%S 20 114z 14714 68.87¢ 2.74z
DN (12.5%S 20 0.86€  131.39( 71.88¢ 3.17¢
(L—S) | DN (18.25%S) 20 0.854 122.807 74.029 3.243
DN (25.0%S) 20 0.831 117.540 73.933 1.866
DN (25.0%S) 30 0.831 137.179 74.009 1.979
DN (31.2%S) 20.0 0.807 113.597 75.974 3.027
DN (37.5%S 20.C 0.79z  110.32( 74.28¢ 2.42¢
DN (50.0%S 20.C 0.77¢  106.04¢ 75.40¢ 3.17¢
(S-S) |DU(S-9) 20.C 0.75: 97.51¢ 66.07¢ 0.38¢

To further substantiate the impact of structuratiateons on the flow
performance of the binary-sized structures, nurakrgimulation of the
permeability of these structures was studied byimgrthe capillary radius of
the sphere-packing model, typically between 10 &@gim, capable of
replicating by the casting process. Also, the vauwof the smaller-sized
structures in larger ones was varied between 6028B%6. Fig 3.19-3.26 present
a 2D streamline and arrow velocity profile plots tbe mixed-sized packings
(6.25 - 100vol %) for a 20 and @@ capillary radii and superficial fluid inlet
velocity, 2.5mm.3. Pressure drop across these structures was obsw@ve
decrease in the direction of the flow and high initthe “bottleneck” zones of
the structures as indicated by the intensity ofdblur scales in the Figures

below.
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Fig 3.19 Representations of flow behaviour (surface fluddocity scale and streamline for a
2.5mm.s' pore inlet velocity,v,) on 2D DEM binary-sized (6.25 vol%S) slices foffetient
capillary radii (left) 2@m and (right) 8@m [Numerical scales unit for the legends measured in
m.st].

Fig 3.20 Representations of flow behaviour (surface flaidiocity scale and streamline for a
2.5mm.s' pore inlet velocity,v,) on 2D DEM binary-sized (12.5 vol%S) slices foffetient
capillary radii (left) 2am and (right) 8@m [Numerical scales unit for the legends measured in
m.st].

: & ’ ; y .
Fig 3.21 Representations of flow behaviour (surface flaidiocity scale and streamline for a
2.5mm.s" pore inlet velocityy,) on 2D DEM binary-sized (18.25 vol%S) slices fdffetent

capillary radii (left) 2@m and (right) 8@m [Numerical scales unit for the legends measured in
m.st].
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Fig 3.22 Representations of flow behaviour (surface flaidiocity scale and streamline for a
2.5mm.s' pore inlet velocity,) on 2D DEM binary-sized (25.0 vol%S) slices foffetient
capillary radii (left) 2am and (right) 8@m [Numerical scales unit for the legends measured in
m.s].

(J
h /YW S i . o F
Fig 3.23 Representations of flow behaviour (surface fluddocity scale and streamline for a
2.5mm.s! pore inlet velocityy,) on 2D DEM binary-sized (31.2 vol%S) slices foffelient
capillary radii (left) 2@m and (right) 8@m [Numerical scales unit for the legends measured in
m.st].

A 0.08 A 0.08

Fig 3.24 Representations of flow behaviour (surface fluidiocity scale and streamli'r:e for a
2.5mm.s' pore inlet velocity,) on 2D DEM binary-sized (37.5 vol%S) slices foffetient
capillary radii (left) 2@m and (right) 8@m [Numerical scales unit for the legends measured in
m.sY.
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vo

w behaviour (surface fluddocity scale and streamline for a
2.5mm.s" pore inlet velocityy,) on 2D DEM hbinary-sized (50 vol%S) slices for difént
capillary radii (left) 2@m and (right) 8@m [Numerical scales unit for the legends measured in
m.sY.

Yo

Fig 3.26 Representations of flow behaviour (surface flaidiocity scale and streamline for a
2.5mm.s' pore inlet velocityy,) on 2D DEM binary-sized (100 vol%S) slices forfelient
capillary radii (left) 2@m and (right) 8@m [Numerical scales unit for the legends measured in
m.st].

Fig 3.27 and Fig 3.28 present the coordination remblc, (at 1Qum capillary
radius) and permeabilitiegp, (Darcy regime) computed (capillary radii 10-
80um) for DEM spherical packed monosized (L-L & S-8fainary-sized, L-

S, structures.
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Fig 3.27. Plots of coordination numbeXc, against percentage various (0-50vo0l%) additiobiadry-sized
spherical packings for a jith capillary radius.
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Fig 3.28 Plots of Darcian permeabilityo®0°m?, against percentage various (0-50vol%) addition of
binary-sized spherical packings for capillary radaetween 10-§0n.

The increased connectivity openings offered bylib@vol% monosized (L-L)
structure enabled more fluid to permeate througind resulting in the higher
value of permeability than that of 100vol% smatksi, S-S, structure. Continues
addition of smaller sized beads into larger oneaterss more openings, increases

the coordination number and packing density (fluadume) of L-S structure
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and decreases the possible contacts made thisus&'(Eig 3.27). This reduces
the mean openings but the improved contacts beteeemecting pores within
the microstructural arrangement to an extehtl8.25 vol%S for capillary radii
between 10 & 20m), increases the permeability of the virtual perooatrix
(Fig 3.28).

A typical example of this is to compare the strugltwariation of the L-L and
L-S structures for the initial introduction of tBe25vol% smaller sized spherical
structures, DN (6.25%S), presented in Table 3.t.aFbQum capillary radius,
computed values of the mean openings, porosity Cardian permeability are
142um and 11fm, 63.5% and 68.0%, and 1.04X¥#0? and 1.44x10°m? for
the L-L and 6.25vo0l% L-S structures respectivelynifarly, the porosity and
permeability of the 12.5vol% L-S virtual structumecreases to 70.6% and
1.75*10°°m? respectively. Above this 12.5%volume addition, eclahe in
permeability is observed due to smaller windowsataé by the more S-S
contacts and a decrease in the contacts betweelr-lthstructures. For this
capillary radius of 10m, a region of stability is recorded between 2%%¢.
additions of smaller-sized beads due to the minafiffdrences in their average
coordination number of the structure (Fig 3.27)eTdffset created by the
increase in the coordination number of L-S is bedahby the decrease in that
of S-S and L-L. Excessive increase in the percentaume of S-S above this
region & 37.5vol %) further decreases the permeabilityheffiorous structure.
Despite an increase in the coordination number-bf e reduction in the
contacts made by L-L and S-S structures causesr@ate in their openings
(increased ligament thickness) indicating a higinficsurface area and low foam

permeability (Fig 3.28). Lastly, the observable uighe permeability curve at
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25vol% packing addition is attributable to the canelol low mean diameter
openings and porosities of these structures fot ofdke packing arrangements
as evidence in Table 3.1.

Any of the sphere-packing arrangements allows taripulation of its capillary
radius to achieve desired macroscopic parametefsldisr specific engineering
design of “bottleneck-type” structures for optimyarformance. In realistic
casting, a porous metallic structure produced &t i@v infiltration pressure,
typically, ¥ bar (high capillary radii, $@n for virtual packing), has the potential
of having extremely large openings in its strudtyrlase, offering minimal
resistance to the passage of fluid. Such high-tessiucture may not support
engineering applications where strength and strakttigidity are essential but
is useful for low weight applications. However, thisually fascinating low-
density porous structures has the potential ofgoased as an impact energy
absorption (Cho et al., 2012) and excellent miXifigoen et al., 2010) of fluid

due to its low tortuous path with reduced resistaiocflowing fluid.

In contrast, foam replicated structures produce@gt high infiltration pressure
(> 0.9 bar) through the manipulation of DEM packirigmaller sized beds (S-
S), or the larger sized (L-L), monosized structufésred high ligament widths
with greater resistance to the flowing fluid. Sudam type isn't good for
engineering application where continuous moveméfiu@ is imperative but

useful for high-impact applications.
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3.7 Conclusions

Experimental measurements and CFD modelling ofrtdges of real structures
demonstrate that, the DEM/CFD approach is capdhdeeating realistic porous
metal structures with monosized cells. The goodetation between the output
from the DEM/CFD process and the analytical modalbstantiates the
“bottleneck” flow concept developed in these modatsl the resulting high
dependence of the permeability on the size of thelews connecting the pores.
However, there are other contributing factors sastporosity, pore diameter
sizes, and packing arrangements. This also higislidje importance of accurate
representation of the coordination number, whicltaisomplex function of
several parameters and not easy to measure bysoapy or from CT images,

if the analytical models are to be accurate.

It is in this light that a precision measurementl &FD modelling using

tomography images and sphere-packing models taiatéar the pressure drop
developed across the “real” porous metallic stmasuis recommended for
study. This approach could prove useful in the glesif porous absorbers in
loudspeaker; to quantify the permeability of porousterials needed for sound

absorption modelling.
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CHAPTER 4

MEASUREMENT AND NOVEL SIMULATION OF AIRFLOW
THROUGH POROUS ALUMINIUM FOAM STRUCTURES
WITH SPHERICAL CELLS

4.1 Summary

In this chapter, experimental measurement and gcate numerical simulation
of airflow across open-celled aluminium foam stanes with near-spherical
cells varying in pore sizes and interstices aresgmged. The aluminium foam
structures were produced by infiltrating liquid mimium metal into packed
beds of near-spherical hydro-soft salt beads (medun the University of
Nottingham, United Kingdom) varying in particle e& packing densities and

infiltration pressures.

Airflow through this structure was studied in apesmental set-up assembled
to accurately measure air pressure-drops agasgiexficial inlet fluid velocity.
High-resolution (26m voxel size) X-ray computerized tomographT) and
discrete element simulation packing of near-sphaéstructures (DEM) were
used to produce 2D images of the porous matrix tupghe pore-level
technique. Image processing, watershed segmentadimh smoothing were
carried out on a 3D representative fluid volumehaf porous structure whilst
the well-known Navier-Stokes equation was solvedaonoptimized linear
tetrahedral mesh matrix for laminar flow of air.€Tkiscous terms of these
structures were observed to greatly depend onotieextivity of the connecting
pores while the inertial terms depend on their pibyo strut thickness, surface
roughness and fluid velocity. By varying the potpsand bottleneck of the

“virtual” structures, dess than 10 percetdlerable deviation from the reality of
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computed flow data was achieved whilst that obthimgng tomography images
lies in the purview of 0.2-0.8%. Thus, this highlig the non-homogeneity
effects of the structure in which the X-ray CT ireagprovide a more visceral
assessment of the porous matrix but also providimgar-realistic description
using the “virtual” structures to predict the fld®ghaviour of these “bottleneck-
type” materials. Lastly, theoretical models to pcethe viscous (permeability)
and inertial (Form drag coefficient) terms as action of structural parameters
were developed through structural erosion of thest@ctures to provide “semi-
virtual” structures and this can be used to aiddésign of porous material with

novel attributes.

NB: A full article on the airflow measurement and CFD modelling using CT
images has been published in Acta Materialia (Click on the link
https://doi.org/10.1016/].actamat.2018.02.051) and there are potential for more
papers from this chapter.

4.2 Introduction

Engineers and scientists in the past have detedireepermeabilities of many
soils and sands varying in degree of particle saesb interstices measured in
Darcy (D) or milliDarcy (mD) to avoid the intricacyf prefixes like terms (X0
09 10%° 10, 10%?). The numerical value of permeabiliks, measured in the
horizontal or vertical plane for a given packed 9ed rocks depends on the
degree of its particle sizes and interstices (Zimsme, 2003) and the addition
of correction factor, Kozeny constant, (Kozeny2719Carman, 1937, Karimian
and Straatman, 2008, Liu and Hwang, 2012 and Ozguehwal., 2014) was
proposed to bridge the gap between analytical maddl reality due to the

anisotropic and complicated tortuous flow paththefporous medium.
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While packed beds are often made from packing @irady occurring rocks
and sands, artificially-made porous structures nfieae metals and alloys such
as metal foam (aluminium, nickel, titanium, coppsigel etc) are remarkably
useful as structures that interact with a fluighincesses like sound absorption,
filtration and catalysis, heat exchange and stoedgeAn important feature of
this structure is the resistance provided by itsletkl configuration when
presented to flowing fluid across the pores anergtices of the porous matrix,
often described by the unit pressure drop devel@peadss the inlet and exit of
the structure as a function of superficial fluidoggty and properties of the fluid.
Measuring or estimating and controlling the unéggsure drop is imperative to

the design of porous metallic structures with eledmperformance.

Flow through open-celled metallic foams (Fig 12)riore complicated by the
opening of its windows or interconnection of itsregm (Habisreuther et al.,
2009). This interconnection in porous metal foamakded its high porosity,
permeability, large foam surface area per unit bolkme (specific surface) and
thermal conductivity (Ranut et al., 2013, and Dukle4 al., 2014) which has
made it beneficial for use as pressure reductionhaat transfer devices (Ranut
et al., 2013). Understanding the behaviour of flileav through this structure
with open porosities between 80-95% has been prasgerimentally by
Innocentini et al. (1999), Tadrist et al. (2004)daOun and Kennedy (2014).
The unidirectional (horizontal) flow permeabilitpé inertial coefficient were
calculated by fitting the pressure-velocity datéoithe Hazen-Dupuit-Darcy
(Darcy-Forchheimer) second order polynomial moded @.1) withVP, k,,

p & C described as the pressure drop per unit foam riegk L, Darcian

permeability, fluid density and the Form drag cmééiht respectively. The
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pressure drop per unit foam thickneg8®) in the Phillipe Forchheimer model
can be expressed solitarily in the first term & HHS of the equation only at
very low velocities (Darcy regime) where lossesragnly due to skin friction
whilst the second term predominates at high ve&xi{laminar-turbulent
regime) where viscous forces are negligible whietraction and enlargement

are significant (Harker et al., 2002, and Du Pkasid Wouldberg, 2008).

_9 _ - Cr_ 2
oy Vp = kovs+ p\/k_ovs 4.1

Experimental hole-drilling and mechanical compressechniques by Lu et al.
(1999) are useful approaches to changing the staictopology of porous

metallic foams which invariably affect the fluidoW performance of the
materials. Other techniques like changes in th&ipgadensity, salt sizes and
applied differential pressures by Kennnedy (20&28) Langston and Kennedy
(2014) was observed to alter the structural arnavege of the porous matrix
made by the replication process. As a result o8, thioth the viscous
(permeability,ko) and inertial (Form drag coefficien§ and/or Forchheimer
coefficient,Cr) terms in the Forchheimer model are greatly affg.cAdopting,

reliable and more convenient modelling routes ckgpalf replicating the

structural and flow parameters of this structuréey, but in addition, these
processes must enable some flexibility to mimicghemetrical features when
presented to flowing fluid during computation amdaticcurately predicts the

measured flow data of the structure.

Simplified and idealized geometrical models to ettteoshape and morphology
of porous metallic structures have been developid tlve aim of capturing

important characteristics of the foam matrix, tybig the pore, shapes, and
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openings. Cardinal examples are Lord Kelvin and ivée@helan (W-P) unit cell

representation of porous structures. Reported ionEon, 1887, Kelvin

proposed a “virtual” representation of foam topgiég be a polygon with eight
non-planar hexagons of no net curvature and sirgpl@uadrilateral faces.
Weaire and Phelan (1994), developed the W-P ceittstre that reduces the
surface energy of Kelvin's cells by 0.3% and caissif a tetrakaidecahedron
with twelve pentagonal faces and two hexagonal sfased an irregular
dodecahedron with pentagonal faces. Space-fillfrqgeular solids (cuboids or
cubes) was proposed by Gibson and Ashby (2001ipdsi structures for heat
transfer by Lu et al. (1998), and rectangular prismhigh porosity flow in a

porous metallic structure by Du Plessis et al. 49&fforts were made by
Thomas Zileinski (2015), to develop porous struesuwith spherical cells with
the purpose of predicting non-acoustical structupgirameters of the
microstructure for sound absorption. Though, pebitiga prediction of this

structure was limited to flow in the Darcy regime.

Pore-level numerical simulation of flow through hig porous metallic
structures (85-95%) using X-ray computed tomograipigges to capture the
fluid and structural information have been usedcsasfully in predicting the
flow behaviour with a tolerable agreement (1-5% idigon) between the
predicted and measured values of unit pressureainass the porous structure
(Degischer et al., 2013, Diani, et al., 2015, amd@arvalho et al., 2017). This
has not been extended to laminar flow of fluid tlgio porous structures with
spherical cells or simple “bottleneck” type struewj proven in Lu and He
(2000), Li et al. (2014), and Otaru and Kenned®A@) to be of lower porosities.

Though simple and combined analytical models deexloin Despois and
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Mortensen (2005), and Furman et al. (2013) weral ueesubstantiate the
permeability of the “bottleneck” structure at Daregime (Chapter 3) to greatly
depend on the openings connecting the pores of ti@gue porous structures.
For laminar flow of fluid conducted on microcellufdbottleneck” aluminium
foam structures (pore volume fractions from 0.6860and nominal pore size
between 108-436n) made by replication-casting processes, Welar €017)
extended the theoretical permeability predictingttleneck” model to flow
beyond Darcy and to show thatandC terms in the Darcy-Dupuit-Forchheimer
model are greatly influenced by the openings (cotiviey) than the pore

diameter sizes.

The use of discrete element modelling (DEM) simafapacking of spherical
beds to imitate the fluid-structural domain of pgmsomatrix provides an
alternative and economical way of characterizatiod computational study of
fluid flow through open-celled foam structures. Mdbohg procedures
employing pore-level numerical simulation involviiigage processing of a
micro-geometrical representative volume generatidiftering/smoothing,
watershed segmentation (mean pore size), cemdrstatistic (mean window
size) characterization (porosity, volume, tortugsand surface area), mesh-
scale dependent and flow study are well documemtetiapter 3 of this work

and has been published in Otaru and Kennedy (2016).

This chapter considers a realistic laminar air floehaviour in open-celled
aluminium foam structures (pore volume fraction,8096 and pore dimensions,
1.0-1.4mm, 2.0-2.5mm and 2.5-3.15mm) with near-spakcells manufactured
by the replication-casting process. The computatifinoid dynamics approach
considers the utilization of X-ray computerized tgraphy (CT) images of
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the “real” structures and *“virtual” spherical sttukes (DEM) obtained from
discrete element simulation packing of sphericalsbfer the reconstruction of
the three-dimensional micro-geometrical represamtatorous matrix based on
the required pore volume (porosity) for effectidewf of fluid across the
macroporous structure. Also, theoretical descnigiof permeability and form
drag are presented as a function of the strugharameters of the porous matrix
to supplement the available options to predictfiitve behaviour of bottleneck

structures for laminar flow of fluid.

4.3 Specimen manufacture and characterization

The manipulation of packed beds of porogens toteraéndows within the
metal matrix is imperative for engineering desigd application. Production of
the porous aluminium (Al) foam structures usedis work was achieved using
the procedure in (Jinnapat and Kennedy, 2010) aadgston and Kennedy,
2014). In brief, a liquid metal consisting of 99.%f%aluminium (808C below
the melting point of the salts used) was pourealantould consisting of hollow
packed beds of Nottingham University (NU) near-sjga¢ salt (particle sizes,
X~1.0-1.4mm, Y~2.0-2.5mm and Z~2.5-3.15mm) anddsfyli after mixing
before compaction at the desired infiltration pueedetween 0.25 and 0.9 bar.
Preheating of the bulk of space holders or beadsaw®loyed for a temperature
range 450-60 to avoid premature solidification of the melt.eTtoam with
salt (occupying its pore space) was then machinedsuper-precision Gamet
bearing lathe machine to get the desired shapsiaesl to fit into a hollow pipe
assembled for pressure drop experiment. This wers sintered by dissolution
in a warm (40C) waterincubation battHfor 72 hoursto leave porosity. The
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resulting NU metal matrix produced consists of@etal structure (solid) which
gives the foam its structural rigidity, pores odewpby air and interconnected

windows that allow the passage of fluid through it.

The pore volume fractions of the porous structwere measured based on their
mass-scale ratio whilst optical images of the stmas reveal in detail, the pore
diameter sizes, and openings. X-ray computed toapdyr ((CT) was carried
out on each of the different Y samples (made betveequarter of a bar to one
bar) using Xradia-500 microscopes (Fig 4.1a) tapoe two-dimensional (TIF
files) CT slices with a voxel dimension of |26. On the other hand,
MATLAB ™ was used to generate 2D DEM slices of sphericatstres based
on the results of discrete element simulated paskedtures detailed in chapter

3 and presented in Langston and Kennedy (2014).

Fig 4.1a An Xradia-500 Microscope instrument used for aapg 2D CT slices of the porous
metallic foam structures.

A three-dimensional representative volume elem&WH) of the porous
structure was generated in ScanlP module withinp&wareé™ using the 2D
CT and DEM slices individually. A similar procedufer image processing
involving segmentation and mask creation to foltbevboundary walls reported

in chapter 3 was employed to process the “virt@alt CT images. Unlike

107



FLUID FLOW AND ACOUSTICIABSORRTION INVPOROUS/METELSTRUCTURES USING/NUMERICAL
SIMULATION. AND/EXPERIMENTATION OTARU AJ.

binary images used for “virtual” spherical struetsiraccurate determination of
threshold limit of the grayscale (gray level) otET images is important
towards the preservation of pores, pore volume, @whectivity within the
microstructural arrangement based on shades offgray black to white. Fig
4.1b presents tomography 2D slices (no, optimisetfall threshold) of foam
structure characterized by nominal porosity of Z208pores sizes between 1.0-

1.4mm and applied differential pressure of 0.9bar.

Fig 4.1b Two-dimensional slices of fo
percent threshold limit.

am structure havin@et), 72.96 (centre) and 100 vol

The extent of thresholding has resultant effects tba nature of the
microstructure and its macroscopic parameters.shimieing below the nominal
porosity value (measured within ScanlP module ofg@éwaréM) of the foam
structure separates the particles from each olfegelby reducing its capillary
interaction between connecting pores, connectidbgrdination number and
bulk volume. This results in the low value of Dartipermeability (computed
in FLOW module of Simplewaf¥) with an increased specific surface area of
the microstructural arrangement. Thresholding abthe nominal porosity
increases the connectivity between pores and im increases its bulk volume.
Typically, for lower and upper threshold limits Wweien 62 and 85% using Fig
4.1b, Darcian permeability increases exponentigdy= 0.0035&°%929 whilst
the specific surface (foam surface area to bulkiwa) linearly decreasessg

= 14.612-0.13990) with respect to the measuredstyrof the material.
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Care was taken at ensuring that the minimal denakietween the nominal
porosity of processed image and that of the réafishm structure is maintained
to preserve accuracy. To determine the nominal giyraof this structure

(density ~ 2.7g.cr), the foam diameter, depth and weight were medsusing

a digital vernier calliper and smart weight digitdale. The fluid volume
fractions of the processed representative volurR&4(s) were measured and
an average deviation of £0.5% was achieved in coisqa with the measured

nominal porosity of the realistic foam structures.

The specific surfacesfs) was determined as a ratio of foam surface ardlaeto
bulk volume whilst its mean pore and window sizéshese structures were
respectively determined by a watershed segmentatiathe particles (particle
separation) and computing a mean minimum area maesi across some
centrelines adjoining two pores of a large volunfientage data within the
ScanlP. Values of the structural openings and siaes of the CT images are in
agreement with that obtained with an optical imaigev of the “real” structure

using Image J software.

4.4 Meshing and CFD simulation

Computational fluid dynamics (CFD) modelling of lenar air flow through

these structures was possible by solving the welln steady-state
compressible Navier-Stokes equation (Eq 2.3) on eshed-fluid domain
representative matrix (RVE) using the Single-PHasge module of COMSOL

Multiphysics 5.0M. A foam thickness, typically between 8x and 18xaterage

pore radius were extracted below and above itsecenias used as RVE and
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corresponds to have a similar porosity to thaheflarge volume of the “real”
foam structure. For the preservation of continuémy, inlet pore-velocityi{
=@v,) was applied. Also, a zero-outlet pressire(), suppress backflow, no
slip (u = 0) boundary conditions (BC) on the walls and symmatrfa.n = 0

BC on the remaining facets of the porous struoivas applied.

Accurate capturing of the gradients in flow velgaitithin the “bottleneck”
regions of the porous structures was made poshkitslegh workable application
of an elementary mesh-scale dependent study pestbrtn determine an
optimum mesh balance capable of converging fasignanimizing simulation
error. A linear tetrahedral mesh (LTM) was appliedhe fluid domain of the
representative matrix carried out in the FE modflSimplewaré" using a
growth rate of 1.3. For the purpose of accuracytand convergence, the mesh
dependent-study were conducted to grow the tetraheells from the re-entrant
edges leading to the large chunks of smaller-sizelts, typically ranging
between 1.5-5.0x the image resolution within thettlenecks” zones whilst the
maximum cell sizes occurring in the centre of tbeep was set to be 6.75x the

minimum edge length value (Fig 4.2).

Computed pressure drops obtained using the specdigge of minimum edge
length was compared to the highest density mesiotate (close to 6 Mcells)
that could be solved computationally with the aadsié PC specification.
Efforts were made to improve the mesh structurer¢iased mesh density more
than double) by maintaining the minimum edge length.5x image resolution
and reducing growth rate to 1.2. Fig 4.3 shows ttaicomputed output values
of pressure drop ratio against mesh density (Mceildicate a less than 0.2%

increase, signalling a negligible benefit to redtim smaller-sized mesh at the
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“bottleneck” to below 2.7x voxel dimension (2-3 Mesg used when compared
with the consequence of computational time (using tommercial CFD

software) which is more than 10x longer.
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entrant edge and the bottleneck regions of strestwith the highest (left) and lowest (right)
pressure differential.

Ratio of pressure drop [-]

Mesh density/Mcells
Fig 4.3 Plots of pressure drop ratio [-] against mestsigtMcells showing the effect of mesh
structure to capture flow information on the “bettéck” and pore region of Al porous structure
with spherical cellsNlumerical scales unit for the legends measured.&i]m

Lastly, computed values of permeability attained d the Y structures, by
solving Stoke’s equation (Darcy regime) on highgnsge (in the order of 26-
30Mcells) hexahedral/quadratic tetrahedral meshEZT(M), only indicates a
less than 0.3% decrease when compared to the aptirhiTM mesh structures.
The HQTM is formed by creating a conformal altevatio the unrefined part of
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a mesh by splitting the neighbouring elements tb rgk of hanging nodes
(Schneider, Schindler & Weiler, 1996b). Thouglis tiipe of mesh structure is
quite expensive to resolve in commercial CFD saféndue to its high degree
of freedom requiring high memory usage and comjmrtat time. Most
commercial CFD software uses the Taylor-HogdPP elements (quadratic
elements for the velocity and linear element fasgure) for its computation.
By default, the use of stabilized-P. elements (linear for both the velocity and
pressure computations), which obviously reducesitmeber of unknowns and
makes computation faster with less memory util@atn the +FLOW solver of

Simplewaré™ (Chen, 2014 and Simpleware Reference Guide, 2014).

4.5 Experimental measurement of pressure drop

The experimental setup in Fig 4.4 was designea¢arately measure pressure
drops across an open-celled aluminium foam stractia defined flow rate of
air movement. The experimental setup and measutamethods were designed
similar to those reported in (Oun and Kennedy, 28fd 2015). In detall, it
consists of compressed air supply unit, a Norgi&#G40um G 1/2” automatic
pneumatic filter (working pressure 0/10bar), a elgilated brass hydraulic
needle valve series (FT 1251/2 & connection thi&aB 3/8”), standard (stable,
easy-to-read, +3% of full scale) precision-machiaed/lic Flo-Rité™ air flow
meters (0-140LPM) a flow straightener, a mid-flamgsembly of foam sample
holder with a GEMS sensors pressure transducers{@sbar) and a data-log

PC installed with 2016 NI LabVIEW signal for dategaisition.
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Compressed m GEMS Pressure

Inlet air

transaucer
l Max P = 2.5ber (inket) &

23bar (outler)

Flo-Rits™ Compressed

Flaw meter Cutlet air
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Co:‘_ﬂrg i I Flow straightensr |t
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Fig 4.4 Schematic representation of air flow measurement.

A precisely machined foam sample of diameter,028smam, and foam thickness
34.5+0.3mm (conferred to be the maximum lengthhefdample holder in the
mid-assembly without the need of a spacer) was pedpwith a PTFE
(polytetrafluoroethylene) tape to prevent air-byphg ensuring total control of
air passage only through the pores and windowsefdam structure and as
well maintain a tighter fit and greater coefficiafitfriction with the wall of the
mid-flange of 21.183mm internal diameter (flow deter). The filter regulator
made up of element material sintered polypropylkas used to remove water
vapour and impurities (filtration size, df) from the air supply. Two pressure
transducers were connected to both the inlet (Ba2<) and outlet (0-25bars) of
the mid-assembly. Pressure-transducer voltageratibh was done using a
digital pressure indicator (DPI 601) for the inletnsducer (0-2.5bars) whilst
the outlet pressure was conferred to be atmospheric

An unmitigated power supply was ensured by usin@8olts non-rechargeable
batteries supplying 8-30volts GEM transducers. Wi#s done to minimize
noise effects and as well minimizes the gap inrdvamd. The needle valve with
a minimum and maximum operating temperature ote20100C and 210 bars
maximum operating pressure was used to contralukitow of air into the flow

meter from the filter regulator operating at 2.5barhis nickel-plated brass

113



FLUID FLOW AND ACOUSTICIABSORRTION INVPOROUS/METELSTRUCTURES USING/NUMERICAL
SIMULATION. AND/EXPERIMENTATION OTARU AJ.

hydraulic needle valve consists of a double-actiatye for controlling and
shutting off the flow and a single-action valve fiow control with free counter
current.

A plot of pressure and voltage difference measa@dss the foam structure
shows a perfectly fitted (RV) linear correlation (Fig 4.5) of mean standard
deviation 1.63 and 0.77% determined for the inled axit transducers
respectively. A minimum steady time of 2 minutessvedlowed before taking
the average sum of 2,000-3,000 voltage data redarde space of 2-3 minutes

by the data acquisition PC device translating &tngam and downstream gauge

pressures.
3.0
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Fig 4.5.Inlet pressure-voltage calibration a digital pressndicator (DPI 601).

The flowmeter available in metric scales was usatktermine the air flow rate
(0-140LPM) before it flows through the mid-flanganple holder) via the flow
straightener. Upstream and downstream air pressings across the foam
sample were taken with the help of the GEMS pressansducers and data-log
for the given range of flow rates. The measuredrapm and downstream gauge
pressures were converted to absolute pressuramplysadding the measured
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gauge pressures with atmospheric pressure (Khayatgal., 2004, Mostafid,
2007, Dukhan, 2013, and Oun and Kennedy, 2014) t®tree fractional change
in the air as opposed to liquid, care was takeactmount for compressibility
effects to avoid significant underestimation of th@tic pressure variation
caused by an alteration in the density of the flmpfluid (air) across the foam
cross section (Bonnet et al., 2008, Dukhan, 20#&i8u&rd et al., 2008, and Oun
and Kennedy, 2014). Eq 4.2 was applied to deteritiaereal” pressure drop
(4P) across the structure as a function of the ifftgnd outlet Po) absolute

pressures whil®; was taken as reference or atmospheric pressure.

P?-PZ
2PR

AP = Eq 4.2

4.6 Results and discussion

The results and discussion section of this work gnauped into structural
characterization and flow parameters obtained fowifig air across the
different porous Al structures for both measured arodelled derived values
presented in graphs, tables, and figures. Imagesobtained from optical
microscope, scanning electron microscope (SEM)ay)iomography images

and sphere-packing models.

4.6.1 Structural characterization

Table 4.1 presents the structural parameters fodtfierent porous metallic
structures produced using hydrosoft-based saltsddicle sizes in the range of
1.0-1.4mm, 2.0-2.5mm and 2.5-3.15mm representethdyollowing symbols
in the table. X1 (1.0-1.4mm) and Z1 (2.5-3.15mmyctures were produced
using a liquid metal infiltration pressure of 0.8rkwhilst the Y (2.0-2.5mm)
structures were produced at 0.90 (Y1), 0.50 (YZB3@Y3) and 0.25 (Y4) bars.
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X-ray CT images of the Y structures were takendtednine their structural
parameters. Key parameters like porosity, mean gaee and mean openings
or connectivity measured from the 3D CT volumes CRnd presented in
Table 4.1 agrees closely with the measured straictiata of the “real” foam

structures.

As expected, structural measurements of pore b&zel®sely to within the mean
average salt particle sizes used for the castinggss. The mean openings
between connecting pores decrease with increastidgg@ressure differentials
and the pore volume fraction (porosity) predomitacntrolled by the packing
density of the beads. Though, this is also affedtgdhe variation in liquid
infiltration pressure with lower pressure diffeiahieading to less complete
filling of the interstices of the packed beds ane higher level of porosity as

shown in Y4 structure.

Table 4.1. Measured and X-ray CT structural paraméers of the porous Al structure.

o . Mean pore

Infiltration pressure Porosity, -

difference, Pi (bar) @ (%) size, Dp  Mean connec-
Sample ! (mm) tivity, Dw (um)
EXPT-Y1 0.9C 70.5¢ 2.21+0.1¢ 643 + 17
puCT-Y1 70.5: 2.2:+0.17 651 + 2¢
EXPT-Y2 0.€0 72.5¢ 2.2:+0.1z 728 + 2¢
puCT-Y2 72.56 2.22+0.17 720 + 20
EXPT-Y3 0.45 75.09 2.22+0.16 727 +15
puCT-Y3 75.21 2.27+0.15 741+ 21
EXPT-Y4 0.25 78.22 2.25+0.24 920 + 25
uCT-Y4 78.4( 2.2:+0.2F 899 + 1¢
EXPT-X1 0.9C 72.0: 1.21+0.1¢ 275 + 1(
EXPT-Z1 0.9C 75.0¢ 2.75+0.2: 710 + 2

Fig 4.6 presents typical optical microscope imageX1 (left) and Z1 (left)
porous Al structures and scanning electron micresamages of salt used, both
cast at an infiltration pressure of 0.9 bar. Simil@ages of the Y1 (left) and Y4

(right) structures are presented in Fig 4.7 in @oidi with the watershed
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segmented particles obtained from the processe@ Biepresentative volume
with a measured roundness (mean particle circy)aotwithin 0.8-0.85 for the

four Y’s structures.

Fig 4.6 An optical microscope images of foam structuiest with salts with particle sizes (left)
X1/1.0 — 1.4mm and (right) Z1/2.0-3.15mm structuseth produced at 0.9 bar.

Fig 4.7: An optical microscope images of Y1 and Y4 foanuaciu
2.5mm.

Fig 4.8 Scanning electron microscope (SEM) images o saled for the casting process for
particle sizes 1.0-1.4mm (left), 2.0-2.5mm (middiep 2.5-3.15mm (right).

These figures confirm the shapes and sizes of dlitebsads to dictate the

morphology and pore sizes of the structures resedygt These also show
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smaller and multiple rounded windows or connegtitietween near-spherical
connecting pores and the size of these windowseasas with increased
pore/particle sizes and infiltration pressure ddfdial used (Table 4.1). Visual
assessment of the two-dimensional (2D) model coat@kig 4.9) and (3D)
volumes of the CT processed images reveal thabmigtthe window sizes of
the structures are affected with variation in puesdifferentials but also the
number of contacts (coordination number) betweemeoting pores is also
affected. Previous work by Langston and Kennedyl420and Otaru and
Kennedy (2016) have shown that coordination nurpeercell is dependent on
that obtained for packing of salt beads affecteddnyation in packing density
and particle shapes and sizes. For monosized &Vimear-spherical monosized
structures of roundness close to unity, typicalgalbetween 6 and 7 are attained
and higher for distorted near-spherical shapedosaitls (Fig 4.7 & 4.8) used in

this study (Fig 4.9).
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Fig 4.9 A two-dimensional model contour of porous Al smfé taken from CTTmages' for the
highest Y1 (left) and lowest Y4 (right) pressurffatentials.

Fig 4.10 presents three-dimensional images ofttivetsiral phase of the X-ray
CT and DEM-based cubical representation of the ¥lictires. A tabular
representation of Y1 and Y4 structural data obthife the two pore-level

approaches are presented in Table 4.2. The proxibetween structural
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morphology and the window diameter openings ofGfieand “virtual” images
measured from 3D volumes in ScanlP indicates soratbdnefit in the use of

the “virtual” structures to mimic flow through theesacroporous structures.

Despite applying similar image processing proceaur@é smoothing/filtering,
the lack of observable difference in the ratiohaf structural phase surface area
to the bulk volume (termed as specific surfaca}tisbutable to the high surface
roughness of the “real” structure represented by images and could affect
the flow behaviours of these structures. The meare sizes of the two
modelling approaches differed by 4 and 7% for Wieand Y4 structures
respectively and this is mainly due to dilationeets imposed on the fluid
domain of the “virtual” representative structuresteate a structure capable of
replicating the window sizes and porosity of the @Treal” structures. This is
still within tolerable value for differential posizes and flow behaviour through
these structures has been proven to greatly demettte “bottleneck” between
connecting pores (Furman et. al, 2013, Otaru amth&dy, 2016, and Weber et

al., 2017).

Fig 4.1Q Three-dimensional X-ray CT (le
representative Y1 structures.
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Table 4.2. X-ray CT and DEM based structural paraneters of Y1 and Y4 structures.

Porosity, Mean pore size, Mean connectivity, Specific surface,
Sample @ (%) Dp (mm) Dw (um) ors (MnTY)
uCT-Y1 70.5¢ 2.22+£0.17 651 + 2¢ 2.54
DEM-Y1 71.75 2.33+0.08 617 £ 10 2.48
uCT-Y4 78.40 2.23+0.25 899+ 19 2.05
DEM-Y4 78.25 2.41 +0.15 892 +12 1.92

4.6.2 Experimental measurement of airflow through Astructure.

4.6.2.1 Test on documented foam samples and repdaitay analysis

To ensure accuracy of the experimental setup indHgis preserved and the
right data were obtained, care was taken to teetést for leak detection and an
airflow measurement on a 20mm thick Inconel #80(metal alloy) foam
sample (Fig 4.11) of density and pore volume faagti828kg/m and 84%
respectively was carried out and compared to exjstiata available in the
literature (Oun and Kennedy, 2015). A plot of puessdrops per unit length
(Pa.m!) against superficial air inlet velocity (mh)sfor the Inconel foam
structure followed a second order Forchheimer imlaand a reasonable
agreement of 99.7% was attained in comparisontwéhiterature data reported

by Oun and Kennedy (2015).
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£ ® Inconel 45@m - (Oun & Kennedy, 2015)
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Fig 4.11 X-ray CT images of Inconel 4nfnh foam structure and a plot of pressure drops per
unit length (Pa.m) against superficial air inlet velocity (rm)sfor the structure.
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Also, airflow measurement through a 12mm thick RezeRCM-NCX 1723
sample shows reasonable agreement with numerisiatiylated (using X-ray
CT images of the “real” structure) and measuredeslof unit pressure drop
across the foam sample (De Carvalho et al., 2@aMputationally, flow length
was reported to have a considerable influence eriltliv performance due to
the inhomogeneous topology (combination of irregud@decahedron and
tetrakaidecahedron cell with pentagonal faces de=tras the Weaire-Phelan,
1994 model) of the sample geometry. This resultadai non-uniform
connectivity and variable length; thereby necesegaa more developed flow
field computationally (increased computational tjrieefully describe the entire
flow field in a large sample especially at highenf velocities. Flow behaviour
through the “bottleneck-type” structures preseritetein may differ from the
Inconel 45@m and Recemat RCM-NCX 1723 samples but the obskervab
agreements between our measured and literature adairm the precise
experimental setup and the sureness of any meadataaf unit pressure drop

across structures of any morphology and sizes.

Experimental (Coulson, 1949, Bear, 1972, Mostd#@)7, and Dukhan, 2013),
analytical (Ergun, 1952, Du Plessis & Wouldbergp@0and computational
models (Peng, et al., 2012, Petrasch, Wyss andfigtdi 2007, De Carvalho et
al., 2014, and Otaru & Kennedy, 2016) availabl¢hia literature have shown
that the pressure drop developed across a porady When presented to a
flowing fluid is a function of its thickness andetluperficial inlet fluid velocity.

The unidirectional, steady-state and fully devetbpeessure drop of airflow
across Z1 (2.5-3.15mm) aluminium foam structure weesasured repeatedly

(reassembling the experimental setup and flippinth tsides of the foam
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structure) at different air superficial velocitynging from 0.6-6.63m:5 (14—
140LPM) and was divided by its porous body thiclnds=34.5mm) to
determine the pressure drop per unit length/() presented in Fig 4.12. Also,
a reduced pressure draf?/LV) was determined by dividing the pressure drop

per unit length against superficial air inlet vetp@resented in Fig 4.13.
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Fig 4.12 Experimental pressure drop per unit length (Faagainst air superficial inlet velocity
(m.s?) for a repetitive test on aluminium foam sample(Z5-3.15mm).
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Fig 4.13 Experimentally reduced pressure drop (PaZs.against air superficial inlet velocity
(m.s?) for a repetitive test on aluminium foam sample(Z5-3.15mm).

The pressure-velocity relationship in Fig 4.12 fioe given range of velocity

(0.6-6.63m.3) studied shows a parabolic trend of pressure dngiisvelocity

122



FLUID FLOW AND ACOUSTICIABSORRTION INVPOROUS/METELSTRUCTURES USING/NUMERICAL
SIMULATION. AND/EXPERIMENTATION OTARU AJ.

and can be described by a quadratic polynomiéb(8er Forchheimer relation).
Fig 4.13 shows a clear distinction between the eaoigfluid velocity which
clearly follows 29 and 3 order Forchheimer relation. This shows that fluid
velocity ranging between 0.6 and 2.36 #(44-50LPM) obeys the"? order
Forchheimer relation with a correlation of 99.33%ence, the viscous
(Permeability) and inertial (Form drag) terms abtfiuid flow behaviour can
easily be determined using th&? ®rder quadratic model of Hazen-Dupuit-
Darcy (Eq 2.15) fit of a pressure gradient to stip@t velocity. Above this
velocity range, a third order Forchheimer relai®mwbserved for a correlation
of 99.43%. A detailed understanding of the flovhd@our and the regime of

occurrence is done using Darcy-Weisbach approach.

4.6.2.2 Reynolds number and Friction factor relatia

In practically all cases, the term Darcy’s law florv through porous structures
is valid providing its mean pore/particle diamébased Reynolds numbédre)
does not exceed some value between 1 and 10 (B¥&2). Lage et al. (2002),
specified this regime to be a transition from DatoyForchheimer whilst
complete Darcy regime was reported to existERe> <1.0. Complete laminar,
laminar-turbulent transition and fully developetbwient regimes were reported

for Reynolds number between 10-150, 150-300 andC>r8spectively.

A more simplified approach to understanding thegpatof flow and regime of
manifestation is the use of Darcy-Weisbach approacially done by plotting a
dimensionless Fanning friction factofz) against mean pore diameter-based

Reynolds number (Bear, 1972, and Oun and Kennd@ly4)2as shown in Fig
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4.14 for Z1 structure, typified having the largesi sizes and 0.9 bar differential
pressure. Optical images of this structure revealetkan pore size of 2.77mm
measured and was taken as the characteristicy Itheension Dp) of the
“bottleneck-type” structure as used in Boomsma d&wallikakos (2002).
Mathematical representations of the Fanning frctfactor ) and pore-
diameter based Reynolds numberf{Ree presented in Eq 4.3 and Eq 4.4 as a
function of pressure drop!P), superficial velocity ), mean pore diameter or
characteristic linear dimensiorDf), fluid density p) and fluid dynamic

viscosity ).

Eq 4.3

Rep = Eq4.4
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Turbulent %

550 regime %
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1%+ Transition regime (Laminar - Turbulent)
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Pore diameter-based Reynolds numbef, Re
Fig 4.14 Plots ofdimensionless Fanning friction factdy §gainst pore diameter-based Reynolds
number Re) for airflow through the lowest window-sized (Zi9rous Al foam structure.

Notable observations from the plot are the rangeatfies estimated for the
Reynolds number, typically to within 122-1221 fhetspecified velocity range
(0.6-6.6 m.$) and the regimes of manifestation with increaseid flielocity in

the porous structure. Below 435 value of Reynolasloer ¢ys<2.36m/s), there
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exists a power law relationship between the Fanfmiagpon factor and Reynolds
number. Viscous forces predominate inertial foraeshe lower end of this
laminar flow regime whilst inertial forces predoraia viscous forces at the
upper end of this regime. This regime is termethason-linear laminar flow
regime and can be simply be described by tHeoler Forchheimer relation
(Eq 2.15). The permeabilitkd), Form drag C) and Forchheimer coefficient
(Cr) determined in this regime are 18.98%%@7, 6474.63m and 0.89

respectively.

A significant contribution of wall function (incread Form drag) deviates its
behaviour away from power law and this regimerigiesdd as Transition regime.
In this case, the transition from laminar to tudnilflow exists for velocity and
Reynolds number range of 286<2.72m/s and 438Re»<494 respectively.
As Re increases beyond 494, the turbulent flow is olesgiDarcy’s law not
valid) and inertial forces completely dominate thed flow across the porous
aluminium foam structure. This is an indicationtthayh flow velocity of the
fluid through a porous media is a major contributdactor in attaining
turbulence (Lage et al., 2002) while the non-liftgadleviation from Darcy is
caused by inertial effects (Dukhan, 2013) and odiulence even though the

flow is laminar for Re<435.

Other foam structures conformed to having a simitend of the Darcy-
Weisbach approach, but their Reynolds number datioin factor differ from
each other due to the variation in the structuashmeters resulting from the use
porogens (salts) of different sizes and the impo@@plied differential pressure
used during the casting process. A typical exarapthis is the flow behaviour

through foam structure X1 made with packed porogeitis the least particle
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sizes in the range of 1.0-1.4mm and at 0.9 barditpam infiltration pressure.
Darcy-Forchheimer, transition regime and turbutegime for flow through this
structure were attained for pore diameter-based®dyg number, typically in
the range of 48Rep<152, 15XRep<173 and 173Rep<485 respectively
(Fig 4.15). Similarly, the ranges of Reynolds nurstatained for these regimes
for flow through the Y4 structure with the largegtenings are 9%¥Rep <453,

453<Rep<663 and 663Rep<977 presented in Fig 4.16.
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Fig 4.15 Plots of dimensionless Fanning friction factofx{ against pore diameter-based
Reynolds numberRe) for airflow through the lowest window-sized (Xpprous Al foam
structure.
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Fig 4.16 Plots of dimensionless Fanning friction factofg{ against pore diameter-based
Reynolds numberRe) for airflow through the largest window-sized (Ygprous Al foam
structure.
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Understanding this flow pattern is necessary towaite determination of
viscous (permeability) and inertial (Form drag &wmichheimer coefficients) of

fluid flow through porous structures of any topoland cell sizes. Though, the

square root of permeability/@) has been reported (Dybbs and Edwards, 1984,
Kececioglu and Jang, 1994, and Kouidri et al., 2@6d%e useful in defining the
true characteristic linear dimension of these stmaes due to the fact that the
permeability and not cell size represents morertherent morphology of the
porous structure. A plot of the Fanning frictiortfar against the permeability-
based Reynolds number may indicate low values gh&ds number but the
behavioural trends from Laminar to Turbulent regimesnain the same

irrespective of the choice of characteristic lindimnension chosen.

4.6.2.3 Experimental measurement of air pressure dp

A plot of the unit pressure drop (Patjrmeasured for the six foam structures
for the different range of pore sizes and diffei@npressures against the
superficial air inlet velocity (m:§ is presented in Fig 4.17. These polynomial
trends can be fully described by tHé @der Darcy-Dupuit-Forchheimer model
with flow regime particularly to be within Laminausing Fig 4.14-4.16.
Dividing the pressure drop per unit structural kniess measured for all the six
foam samples by the superficial velocity (reduceespure drop) and plotting
against the superficial air inlet velocity as repdrin (Dukhan, 2013, and Oun
and Kennedy, 2015), the laminar flow unit pressdirep (Fig 4.17) can be
further substantiated and to ensure the accurab&ceclof physics used in
numerical simulation approach is selected. Sucloaippresented in Fig 4.18

for all the structures with a linear dependencgR# > 99%) indicating the
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measured pressure drops to be within the Forchineggene except for the X1

structure with the lowest cell sizes.
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Fig 4.17 Plots of measuregtessure drop per unit length (P&)nagainst superficial air inlet velocity
(m.s?) six foam structures.
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Fig 4.18 Plots of reduceg@ressure drop per unit length (Pd)nagainst superficial air inlet velocity
(m.s?) six foam structures.

Flow through this X1 structure (Fig 4.18) indicaties presence of Darcy regime
for the first two velocities with little or no sulasitial difference between their
reduced pressure drops and Forchheimer regime fexistow between 0.9-

2.36m.<s with a linear dependence of very close fit. THéedénce and order of
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magnitude in the measured unit pressure drop fohe@foam structures can be
classified into low, mid and high-pressure dropidir values of pressure drops
are observed for samples with the lowest porosifi€ls and Y1) whilst the

lowest pressure drop is attained for the samplg (Mth largest openings and
conferred to have the highest porosity value (Tdblg. The similarity in the

intermediate pressure drop attained for the Y2,aff] Z1 structure is greatly
influenced by the little difference in the changessociated with porosity and

openings between the connecting cell sizes witmemicrostructures.

The size of the pores within the porous structafliénces the tortuous path
(tortuosity) and interstices available as pore n@uor the flow of fluid (air).
Larger pore sizes (opposed to smaller pore sizefjed a low tortuous path
(tortuosity), low specific surface and large flwlume which invariably
resulted in low-pressure drops and high permeghifitfluid measured across
the foam structures. This flow trend is observed fimm X1, Y1 and Z1
structures (produced using similar liquid presdlifierential of 0.9 bar) at very
low velocity were the flow behaviour of the strugtware largely dependent on
the openings of the structures (Dybbs and Edwa®84)l At high velocity
greater than 1nt’s the high pressure drops attained for Y1 structuhen
compared to the X1 structure are largely due tartbeeased “strut” thickness
resulting in lower porosity value of the Y1 strugtuthereby providing more
resistance to the flowing fluid across the struetuptical imaging of these
structures (Fig 4.6-4.7) revealed a near-sphesitatture for the Y1 structure
whilst the X1 structure consists of highly irreguhaped, inhomogeneous cells

and large window to pore ratio (resulting from mbedf sized spherical salts
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used during casting) thereby providing lesser tasee to flowing fluid at high

velocities.

The behaviour of airflow through this structurealso affected by the number
of windows (coordination number) existing with therous matrix, typically,

flow through Y structures made for different liquiifferential pressures. At
high infiltration pressures, liquid foams (alumimy are forced into spaces
created by packed beds of porogens thereby redtlngonnectivity sizes and
the number of windows available for permeation lafdf Fig 6.19 plots the

window to pore size ratio against the liquid presstifferential used for the
different Y samples indicating a power inverse tiefa between these
parameters. It is evident from this Figure thaloat differential pressure, the
connectivity (openings) between connecting poréBiwthe porous structure is
larger than that produced at high infiltration pre® provided the similar pore
sizes are maintained. The lowest specific surfatrtadtural surface area to bulk
volume ratio,ors), the lowest pressure drops per unit foam thickraasd the

largest window sizes is associated with lowesttmatied pressure Y1 sample
(high capillary interaction between connecting gdnehilst a reverse order of
macroscopic and flow data were obtained for thehdsg liquid infiltrated

pressure Y1 structure (low capillary interactiorivieen connecting pores).
Tabular representation detailing values of the ifipesurface and other

structural parameters of the Y porous structurggesented in Table 6.5A of

the appendices.
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Fig 4.19 The relationship between pressure differentiar)fand the ratio of window to pore
sizes [-] for the cast samples.
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4.6.3 CFD simulation of airflow through Al structures using X-ray CT
images of the “real” structure.

Pore-level computational modelling approach adojtethis study generally
requires structure-derived representative volumameht (RVE) smaller in
volume and flow length than the “real” sample. Th& the possibility that
disagreement between this modelling approach apéremental measurements
may result from the choice of RVE size which isdzhen the skeletal structure
rather than the flow geometry (Petrasch et al.72@8@dla et al., 2010, and De

Carvalho et al., 2017).

Related experimental and modelling works availabléhe literature (Dukhan
and Patel, 2008, De Carvalho et al., 2017, and @uh Kennedy, 2015)
generally considered structure-derived RVE'’s floathpsmaller in length than
the length independent “critical” thickness for diping flow through this
complex structure. For more open, highly porousatlietstructures, some 20-
50 pore diameter sizes were considered to be aropiigte critical thickness
and pressure drop increases for flow through sirast below the critical
thickness (Mostafid, 2007, and De Carvalho, e28l1,7). Though, the related
articles on the critical thickness were carried ontflow through irregular-
shaped highly porous metallic structures with atogy similar to Lord Kelvin
and Weaire-Phelan (W-P) unit cells like the Recemddantum and Inconel

foams which are different from structures presehe@in.

A sensible analysis on the required thickness ofawrdensity near-spherically
celled porous structures needed to aid in the ehofcRVE size capable of
predicting accurately the measured flow data camsid the limited available

computational resource was made perfectly cleaedlstically measuring flow
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through 10mm thick samples. At the extremes of gitydevels (Y1 and Y4
samples), the 10mm thick samples were made byoséugj from the center of
a long sample after testing and pressure drop weesuned for these shorter

samples.

Fig 4.20 plots the normalized pressure drop (i@tinit pressure drop measured
on the smaller to the long thick sample length)irzgiathe superficial air inlet
velocity. Discrepancies between the measured pesdop observed for
smaller Y1 structure (10 mm thick) are no more thé&mhigher than the longer
sample, highest at the highest velocity and forsthaller Y4 structure, they are
all roughly 5% below the longer sample (34.5mmkhid@he close proximity
between the experimental values of the longer hodesr structures is attributed
greatly to slight differences in their density (psity) which is slightly lower for
the shorter Y1 structure (70.21%) and slighter @rgf78.90%) for the shorter

for the Y4 structure.
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Fig 4.20 Normalised pressure drop [-] for 10 mm thick séeapplotted against superficial flow
velocity.
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The no clear or considerable length effects on ftbvough the shorter and
longer samples is, however, of great benefits demgig the numerical
computation of flow through this structure. Thoufjhid flow through this low-
density and much restricted “bottleneck-like” strues speedily promotes the
evolution of flow in open channels (pipes) to flawcontorted structures when
compared to flow through the more open Weaire-Rhated Kelvin-like unit
cell structures (Dukhan, 2013, Dukhan and Pat€@82De Carvalho et al., 2017,
and Oun and Kennedy, 2015). Hence, the choicelafively small samples,
typically, 8-10x the mean pore radii, during sintida of fluid flow through
these “bottleneck-type” structures to enable moue@nt computing, is unlikely
to lead to a significant deviation from the meadudata made on a longer
sample. Also, a time-demanding and computationalignsive simulation
performed on an RVE size that more than doublesotiginal length only
resulted in a 2% decrease in the unit pressure, dvitipin the expected scatter
owing to the non-homogeneous nature of the “realicsures resulting from the

presence of halving-sized salts used during casting

The velocity profile plots of CFD simulation of lamar airflow performed on a
two-dimensional images taken from different seciohthe three-dimensional
CT volume of the lowest (Y1, top) and highest (Bditom) porosity structures
computed at superficial air inlet velocity of 1rhare presented in Fig 4.21 to
clearly understand the flow behaviour that exisithiw this “bottleneck-like”
structures. Flow from left to right (indicated byraws) is observed for
connected pores and the intensity of the coloulesgalues presented in the
legends) is largely dependent on the window size$ eontacts made by

connecting pores (Langston and Kennedy, 2014, datl@ Kennedy, 2016).
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Yo

Fig 4.21 Two-dimensional (2D) velocity profile plots fdot (left to right) through “virtually-
created” porous samples Y1 (top) and Y4 (bottompafoinlet pore velocity of Im*§Numerical
scales unit for the legends measured ir'n.s

For Y1 structure, the tendency of constrictive cese is higher than the highly
porous Y4 structure due to their important smalléndow sizes and fewer
number of connected pores thereby providing a greastriction to flowing

fluid. Pressure drop developed across this stradiit) is expected to be higher
with increased velocity and would be much highersfouctures produce with
similar technological routes and process paramelens at much higher

differential pressure (Otaru and Kennedy, 2016)nv@esely, the porosity,

window sizes and the number of connecting poresease for Y4 structure
made at the lowest differential pressure, leseded flow is observed from the
incoming airflow to the exit region. Flow throughig type of less constricted

structure is similar to the one presented in De/&lap et al. (2017), and Weber
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et al. (2017) whilst that of the highly distortewusture is similar to the one
presented in Langston and Kenned (2014), and Gtadu Kennedy (2016)
discussed in previous chapters. More images ofaimelocity profile plots of

Y1 structures at different mesh scale resolutigrésented in Fig 4.1A-4.8A of

the appendix page.

To compare the measured and X-ray CT based nuritgrstaulated study, a
plot of the unit pressure drop developed acrosghiokness of the structure
against superficial air inlet velocity for the larar flow of fluid is presented in
Fig 4.22. Also, computed values of permeabilitysriralrag coefficient (C) and
Forchheimer coefficients ¢Edone by fitting the pressure-velocity data irfie t
Darcy-Dupuit-Forchheimer model (Eq 2.15) for botte tmeasured and CT
model is presented in Table 4.3. The exclusiverdmrtion of the viscous and
inertial terms in the Forchheimer equation to thespure drop is observed and
the contribution from the Form drag or Forchheimeefficient increases with

increase superficial air inlet velocity, typicallyjthin 64-99% for these samples.

Table 4.3. Measured and X-ray CT structural paraméers of the porous Al structure.

Permeability, Form drag coeffi- Forchheimer coeffi-
Sample ko/10%°(m?) cient, C, (m) cient, G:[-]
EXPT-Y1 13.37 17583.26 2.03
pCT-Y1 13.51 17465.71 2.02
EXPT-Y2 17.0C 5416.7- 0.71
puCT-Y2 17.0¢ 5801.7¢ 0.7¢€
EXPT-Y3 19.2¢ 4491 .4( 0.62
puCT-Y3 18.01 3985.55 0.53
EXPT-Y4 31.24 1635.75 0.29
puCT-Y4 33.45 1700.52 0.31
EXPT-X1 4.16 14249.65 0.92
EXPT-Z1 18.9¢ 6474.6. 0.8¢
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Fig 4.22 Graph of measured and modelled (using X-ray Cages) pressure drops per unit
thickness (Pa.r) against superficial air inlet velocity (m)s

Agreement between the experimentally measured aray XCT CFD computed

values of unit pressure drops for all samples (¥)-¥ good with an average
mean square root fRfit to the measured data of 99, 105, 95 and 1029%,

porosity increases respectively. Despite the latlolmservable changes in
porosity level, pore morphology and shape popuariay packing errors and
the presence of splintered-half-sized sphericés seled during casting of these
structures, a +2% discrepancy in the computed gabfeunit pressure drop

measured for RVE'’s taken at different Z positiothivi the porous matrices was
observed. These deviations are within the expeantelcestablished limits for the
precise prediction of flow behaviour in more op@nqus structure as specified

in (Diani et al., 2015).
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4.6.4 Comparison with CFD simulation of airflow through “virtually-
derived” macroporous spherical structures.

Fluid flow through “computer-generated” spherictdustures mirroring the
skeletal and air phases of the “real” metallic clinees were carried adopting
image processing steps, RVE generation, charaatenz and numerical
simulation similar to the CT-derived structurestuStural characterization of
this “virtual” structures shows very little or ndear deviation from the CT

images as presented in Table 4.2.

Fig 4.23 presents velocity profile plots carried on resolving flow through
equally spaced three-dimensional RVE sizes (8x8x8mofrthe X-ray CT (top)
and DEM-derived (bottom) structures at an extremely (3.35mm.s) and
high (1.25m.3) pore inlet velocities to serve as a basis for garson. Within
the laminar air flow through these structures, éhexist little or insignificant
deviations between the velocity scales recordethénlegends which can be
attributed to the tolerable agreement between tituetaral parameters of the
porous structures, most importantly, their windares and porosities. With
this, there is the confidence that flow computedulgh the “virtual” structures
within the specified range of laminar flow wouldtrdeviate largely from the

experimentally measured values of pressure drop&ancomputed flow data.
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~ B y{

Fig 4.23 Three-dimensional (3D) velocity magnitude profilets computed using X-ray CT
images of the “real” structure (top, @=75.2%"341um & D,=2.0-2.5mm) and DEM *“virtual”
macroporous spherical structures (bottom, @=7403%%,731um & Dp=2.0-2.5mm) of similar
RVE three dimensional spaces (8x8x8 hifior a pore inlet velocity of 3.35mmt¢left) and
1.25m.¢" (right) [Numerical scales unit for the legends measured.gtm

Fig 4.24 presents the unit pressure drops (Ped@veloped across the “virtual”
(DEM) and “real” structures against superficial ialet velocity (m.s). At the

extremes of porosity levels, the agreement betwlee DEM and CT models is
good with pressure drop at the highest for the &wperosity structure and
lowest for the highest porosity structure. At thél4morosity value for the
“virtual” structure, the agreement is good when paned to the experimentally
measured and CT data for flow through the mid-ptess“real” structures,

precisely, Y2 and Y3 (Fig 4.24). At the extremeqsity levels, per usual, Y1
and Y4 structures, the percentage deviation of etetpunit pressure drop
developed across the CT-derived structure are casply 0.14% (lower) and
0.95% (higher) when compared to the experimentalasured data of unit
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pressure drop developed across the “real” strusti®enilarly, for the DEM-

derived structures, the percentage deviations featity are 3.49% (lower) and

8.48% (lower) respectively for the lowest and higghmorosity structures and are

presented in Fig 4.25. A tabular representatiothefcomputed permeability

(both at Darcy and Forchheimer regimes), Form damgl Forchheimer

coefficients for both the CT and “virtually” DEM-deed macroporous

structures are presented in Table 4.4. The Darlyesaof permeabilities were

computed by resolving pressure drops across thardDEM structures using

Stokes equation available in the Fluid module oMS®DL Multiphysics 5.0M

at very low superficial air inlet velocities, typidbelow 5mm.3 (i.e. Re < 1.0),

and neglecting the inertial term in Eq 2.15 to categpermeability values.
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Fig 4.24 Graph of measured and modelled (using X-ray GI REM images) pressure drops
per unit thickness (Pa:th against superficial air inlet velocity (m)sfor Y1-Y4 structures.

Table 4.4. X-ray CT and DEM based flow parametersf Y1 and Y4 structures.

Permeability  Permeability, k Formdrag  Forchheimer

ko /10°°m? /10%°n? (Forch-  coefficient, coefficient,
Sample (Darcy) heimer) C, (nh) Cr []
pCT-Y1 10.50 13.50 17465.76 2.03
DEM-Y1 10.1(¢ 12.31 16798.3 1.8¢
uCT-Y4 28.3: 33.4% 1700.5: 0.31
DEM-Y4 29.5( 34.5] 1515.6¢ 0.2¢
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Fig 4.25 Plots of the ratio of measured to CFD modelled@ CT and DEM) unit pressure
drop [-] against superficial air inlet velocity (&) for Y1 and Y4 structures.

The X-ray CT approach to modelling the unit pressiirop developed across
the “real” structure appeared to be more literaléfining the flow behaviour of
these structures both at the low and high velacitidnen compared to the
outcome of the flow through the “virtually-replieat’ structures. This is
attributed, in part, to the non-spherical naturdghef “real” salt samples used
during casting and has the capacity to vary the sizthe “bottleneck” and
contacts made by connecting pores within the mimogire (Otaru and
Kennedy, 2016). Structural inhomogeneity of thelrsamples resulting from
the presence of half-sized salts reduces the meaulazity of the CT samples
to within 0.80-0.85 whilst the DEM-derived struaurs homogeneous all
through with mean circularity close to unity, typlly, between 0.99-1.0 (Fig
4.26). There is the hope that deviation betweefytda” and “virtual” structures
can be minimized to a greater extent if the satuduring casting can be made
more spherical with little or no unwanted half-sizells appearing in the “real”

structures (Fig 4.6-4.10). This would help reduepahdency on the CT images

141



FLUID FLOW AND ACOUSTICIABSORRTION INVPOROUS/METELSTRUCTURES USING/NUMERICAL
SIMULATION. AND/EXPERIMENTATION (OTARU AJ.

as an outlet and supplement the available opti@msuhderstanding and
predicting flow behaviour across “bottleneck” stures at reduced operational
cost. Other benefits like variation in the struatumorphology, pore and window
sizes, easy to process binary images and reduaagutationally time and
memory are associated with the DEM-derived stresturDue to the
homogeneous nature of the DEM structures, it iseeés compute flow on a
nearly isotropic and lesser-sized RVE structurpi¢gily for flow length 6x the
mean pore radii giving equal porosity as computedtie larger volume) when

compared to the non-homogenous near-sphericalrGdtstes presented herein.

— A736

=4 A = A ”Hn
Fig 4.26 Two-dimensional (2D) velocity profile plots folofv (left to right) through porous

samples Y1 (left) and Y4 (right) for an inlet parglocity of 1m & [Numerical scales unit for
the legends measured in rfi.s

4.6.5 Modelling challenges associated with X-ray Cdomputation.
Computational modelling of flow through the struetderived RVE CT
representation of the whole test sample is unconynfeasible owing to the
computational power needed to resolve such excglgdhmgh-density cells
occupying the fluid domain matrix of the porousisture. Though, morphology
and local variations in porosity may occur betwden“real” sample and RVE
controlled volume used in the CT modelling, butgse predictions of the

experimentally measured data are greatly dependentthe accurate
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representation of the model structure using higioltgion CT images, image
processing complexities and the choice of boundanditions applied to the
geometrical RVE CT volume. Image rendering ancegholding of the
greyscale CT images can be a herculean task bubhdbd to ensuring the
windows and pores geometry is accurately preseivatchderpinning to the
actualization of unequivocal model values in thisly.

The contributory effects of developed flow duringodelling cannot be
unnoticed especially for the lowest density stregtly1. Whilst changes in the
RVE flow direction from 6-15mm yielded very littler no clear discrepancies
in the computed unit pressure drop developed a¢hes3D CT volume of Y2,
Y3 and Y4 structures, the initial agreement betwélea experimentally
measured and computed values of unit pressureddregloped across an 8mm
thick (and below) RVE length is weakest?{R2) for the Y1 structure. This is
the structure where the representation of the alicture at both the CT and
image processing thresholding are most challendihis. was also observed for
near-spherical “bottleneck” structures of this tytygically with large pores and
small windows presented in (Otaru and Kennedy, PErbsion and dilation of
the skeletal phase of this microstructure wouldoeetively lead to a far-
reaching over-estimation of the “real” values. échme apparently clear (Fig
4.22) that extending the RVE CT flow length to 10rtimek and above for this
low-density structure (Y1) significantly improvedrgrediction from 92 to 99%
of the “real” value but at the price of extremelgh computational time and
power.

In the “real” measurement on 10mm shorter sampldki® structure, overall

agreement is 97% closer to flow measured on thgelo84.5mm sample. Hence,
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capturing detailed and efficient information on thi@dows sizes, contacts and
pores within this inhomogeneous low-density streesthirough developed flow
resulted in accurate predictive values of unit gues drops across the structure.
A 2D (YZ section) visualization of the actual 3D €dmputed velocity (left)
and pressure (right) profile plots for a superfigia inlet velocity of 1m.3 are
presented in Fig 4.27 with air flowing from topliottom of the structures. The
lowest density structure Y1 is presented on tofn wjty and z dimensions of
8x8x10mn3 whilst the highest density structure (Y4) is prasd at the bottom
with X, y and z dimensions of 8x8x8minsimilarly, Y2 and Y3 structures have

the same dimensions as Y4.

A 194

Fig 4.27. Two-dimensional (2D) visualization of the acttizlee-dimensional (3D) CT volume

of the velocity (left) and pressure drop (right3tdbution for flow through porous samples Y1
(top) and Y4 (bottom) for air superficial inlet veity of 1m st [Numerical scales unit for the

legends measured in m.and Pa for the velocity and pressure plots redpel.
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4.6.6 Extension to “semi-virtual” CT structures

While “virtual” representation of widely used highporous metallic structures
like the Inconel and Recemat samples have beeamegsin the literature using
Lord Kelvin and Weaire-Phelan unit cell approacties,DEM packing of near-
spherical structures presented herein has showpdbsgbility to predict the
structural and flow parameters of “real” metallicustures made by replication
casting of near-spherical salts without having ssasly to produce the “real”
samples. The enormous benefits in the flexibilitynicrostructural variation of
the “virtually” created structures undoubtedly gdlve DEM structures greater
advantages over the CT representation of the “resfuctures. Also,
computational power, time and cost could be cuttsthwough the theoretical
and analytical relations that exist between the #md structural parameters of

the porous matrices.

Understanding of the microstructural effects ondhanges in the pressure drop
behaviour (in the absence of producing the “reaifiples) can be done through
sensibly creating “semi-virtual” three-dimensioRE CT volumes from the
“real” RVE CT structures. Erosion (subtracting pfeof the RVE CT skeletal
phase or dilation (adding pixels) of the RVE CTidlphase within the ScanlP
module of Simplewar is like the application of lower differential peese,
typically below 1bar, during casting of the “reaBimples (1 pixel = 26n). In
contrast, dilating the skeletal phase or erodirgfthid phase of the RVE CT
structure is like the application of higher diffetial pressure, typically above
1bar, during casting. The Navier-Stokes equatios reaolved for the RVE CT
and adapted CT structure for velocities betweera@d 2.36m:3$. Also, CFD

pressure drop was attained for very low velocitigpjcal for pore diameter
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Reynolds number less than 1 to assist in predidtiegpermeability of these
structures in the Darcy regime of fluid flow. Fi28 presents two-dimensional
fluid domain model contour view (top) and three-dimsional (bottom) skeletal

phase of the “real” RVE CT structure Y3 and struateroded structures with

1- (center, Y31) and 2- (right, Y32) removed.

~
Fig 4.28 Two-dimensional (2D) CT model contour fluid domanatrices (top) and three-
dimensional (3D) CT RVE skeletal phases (bottom)dwest porosity structure, Y3 (left) and
after structural erosion of 1- (center, Y31) andriyht, Y32) pixels removed from the skeletal
phase for 8.5mm flow thickness.

Fig 4.29 presents CFD computed data obtained feruthit pressure drops
developed across the “real” CT structures, Y3 addavid the “semi-virtual”

structures, Y11-Y15, with 1-5 pixels removed frohe tskeletal phase of the
lowest porosity real CT structure, Y1. Similarlgptilar representation of the
structural and flow parameters for the “real” ams@rhi-virtual” structures are
presented in Table 4.5. Evidently, porosity, pavatacts, pore openings, pore
sizes and structural specific surface (definechasratio of the surface area of
the 3D RVE CT structure to its volumess, whilst the ratio of the structural
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surface area to the bulk volume is representeé:§)yconsistently increase for
the adapted “semi-virtual” CT structures from thed!” 3D CT RVE volume

(Fig 4.28 and Table 4.5).

Fig 4.29 shows that the pressure drops developszss@the “semi-virtual”
structures (flow thickness, 8.5mm) consistentlyrdase with the removal of
pixel elements from the skeletal phases. A 2D ssprtation of the actual 3D
(YZ-axis) of velocity and pressure profile plotepented in Fig 4.30 shows the
highest velocity of 8.45nTlsand highest pressure of 81.5Pa recorded on the
legends (scale bar) for the “real” CT structurewitean openings, 7. The
velocity and pressure drop consistently decreadie ivpixel (mean openings,
921um) and 2-pixels (mean openings, 168 removed from the skeletal phase
of the Y3 structure, typically, 5.97 to 4.42mand 53.6 to 24.4Pa respectively.
Also, a significant increase in permeabilifsy, and decrease in Form drag
coefficients, C, were consistent with those affédig microstructural changes
because of reduction in applied differential pressin the “real” sample.
Typical examples are the close agreements betweesttuctural parameters
and unit pressure drop developed for the “real’RABE CT sample and the 1-

pixel structural eroded “semi-virtual” sample Y11.

Table 4.5. Structural and flow data for the real,Y3 & Y4 and eroded (Y1i) CT structures.

@ D Dw Ko/1C%°m? ) )

Sample | (%) (mrFT)1) (mm) (Forchheimer) C(m) o (M)  ors (M)
pCT-Y1 | 70.8 2.23 0.69 13.90 17583.26 6413.09 2649.08
pCT-Y11 | 76.8 2.29 0.84 21.28 4152.82 7351.45 2214.70
pCT-Y12 | 82.1 2.36 1.02 40.32 1399.60 8031.83 1853.30
pCT-Y13 | 86.€ 2.4< 1.1t 50.7: 826.9¢ 8581.1¢ 1564.3¢
pCT-Y14 | 90.z 2.4¢ 1.3t 117.0¢ 509.9¢ 9776.4: 1062.2°
uCT-Y15 | 93.0 2.55 1.57 223.95 286.76 10567.74 791.27
uCT-Y3 75.2 227 0.74 18.007 3985.55 7312.92 2410.80
uCT-Y4 78.2 2.23 0.89 33.45 1700.52 7455.44 2054.44
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Fig 4.29.Plots of simulated pressure drop per unit len§t.ifi!) against superficial air inlet
velocity (m.s') for semi-virtual structures (structural domainston, 1-5 pixel removed) using
CT images compared with simulations for near-edaiviereal” samples.

As97

Fig 4.3Q Two-dimensional (2D) visualization of the acttlalee-dimensional (3D) CT volume
of the velocity (top) and pressure drop (bottonsgrébution for flow through porous samples
Y3 (left) and after structural erosion of 1- (centy31) and 2- (right, Y32) pixels removed from
the skeletal phase of the microstructure for sigiatfair inlet velocity of 1m 3 [Numerical
scales unit for the legends measured in'masd Pa for the velocity and pressure plots
respectively.

In addition, the unit pressure drop developed actbs “real” Y4 RVE CT
sample is slightly higher than the 2-pixels struateroded (Y12) structure due
to the important smaller window sizes, mean paressand porosity of the “real”

Y4 RVE CT structure, typically 89@n, 2.23mm and 78.2% respectively whilst
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for the lower pressure drop Y12 structure, thecstmal parameters recorded are
1017um, 2.36mm and 82.1%. The mean openings and compaies of
permeability consistently increase with continuédictural erosion, but care
was taken not to over erode the structures in awlevoid isolated and lost
skeletons (ligaments) within the porous structufiesbular representation of
structural and flow data computed for all the “tfeadd “semi-virtual” structures

are presented in Table 4.5A of the appendix pages.

Analytical relationship between the structural paegers and permeability of
the “bottleneck-type” porous structures were madessiple through the
application of dimensionless analysis. Fig 4.3ltpla reduced permeability
against the reduced window to pore diameter size using data obtained for
the combined “real CT” and “semi-virtual” RVE CTrsples with a linear (R
> 0.95) permeability dependent on the structurabmpeters of the porous
medium. For Darcy and Forchheimer flow of fluide tampirical constantg’;

in Eq 4.5 below are observed to be 0.0121 and @.0&Spectively; thereby
given slightly higher permeability values at therdfheimer than Darcy.
Similarly, a plot of the high velocity dependentrifiodrag and Forchheimer
coefficients against the computed values of Forthée permeability in Fig
4.32 shows a near-power inverse relation betwesriitous and inertial terms

of the porous matrices.

_°

ko = Wl* (1-0) Tp

T Eq 4.5
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Fig 4.32.Graph of the viscous and inertial terms of theoperstructure using the CT images of
the Y’s and fluid domain dilated structures.

Extensive work by Tadrist et al., 2004 points dwttthe well-known Ergun

relation used for predicting flow through porousustures contains relatable
practical relation between the viscous and inetéiehs and the porosity of the
materials. Whilst, the Ergun relation was saiddousately predict the pressure
drop developed for flowing fluid across packed bggigun, 1952, Richardson

& Backhurst, 2002, Karimian & Straatman, 2008 amnd & Hwang, 2012), the
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direct application of similar model does not acteisgpredict the pressure drops
developed across porous metallic structures (Duki2&i3). A reciprocal
relation for the viscous and inertial terms wasppsed in Dukhan and Patel,
2008 to be dependent on the frame (structure) caid@ea per unit structural
volume @rz), and structural surface area per unit bulk volufegg)
respectively (Eq 4.6). A linear inverse dependeofche permeability against
the reduced computed specific surface (within S&awias observed in Fig 4.33
with empirical constant®/;” obtained as 7.73 and 6.42 for flow in Darcy and
Forchheimer regime respectively. A linear relati@mtween the Form drag and
reduced specific surfacegy) in their natural log form was observed (Fig 4.34)
and Eq 4.7 was attained to theoretically predietwhlue of Form drag in the

Forchheimer regime of fluid flow.

1 _W*ﬂ&c—w*ﬂ Eq 4.6
[kte =Wz G 1oer? 3 93(1/orm) qs
1-0)o
¢ = 1.059 exp{0.912 In (“572) + 1.647 Eq4.7
8.0E+07 77339
y = 7.7339%x
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Fig 4.33.Plots of permeability inverse (fh against structural parameters{nof the porous
structure using the CT images of the Y’s and fldianain dilated structures.
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Fig 4.34.The plot of the natural log of Form drag coeffidi€nt) against natural log of

structural parameters (hof the porous structure using the CT images ef Yfs and fluid
domain dilated structures.

The work put together on this reciprocal relation Antohe et al. (1997),
Boomsma and Poulikakos (2002), Hwang et al. (20829, Dukhan and Patel
(2008) for the experimental measurement of pressume developed across 10-
40PPI Duocel foams (topology similar to the Lord\Ke and Weaire-Phelan
unit cell representation) indicated a direct neamgr law relation with 88 and
95% correlation coefficient respectively attainedthe permeability and Form
drag plots and empirical constants, smaller thanahe predicted herein, for
their range of sample sizes and topology. This shtbat the empirical constants

may vary for foams with different pore morphologydashape factor.

Comparative analysis of the measured values ahd C for the “bottleneck-
type” structures presented herein shows 5% legwipredicted values of these
terms using our proposed models. For commerciagdihigh-density, Inconel
450um and Recemat RCM-NCX 1723 samples structures,npadlifferent
topologies from the one presented herein (84 af#l Bdrosities respectively),

CFD values of permeability obtained in the Darayimee are 1.41+0.12x10m?
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and 1.62+0.26x18m?. The predictive values of permeability using Ef dte
1.65x10°° and 1.63x10%m? respectively. Similarly, these values are

respectively 1.45x1f and 1.48x108%m?using Eq 4.6.

The proximity between the measured and predicteebgandicate the reliability
of the proposed models to predict accurately teeotis and inertial terms of the
porous metallic structures in the Darcy and Forghke regime despite their
geometrical variations and shapes. With the emainonstants known, the
viscous and inertial coefficients of porous metalBtructures could be
determined without the need to go through the gosttperimental and
computational modelling routes. Hence, the desi§rthes novel material
capable of withstanding any engineering applicatioauld be aided through
knowing values ofk, andC at the least possible time. For flow at extremely
high velocities (Turbulent flow regime(; is more important, converselg, is
neglected at the very low (Darcy flow regime) véies and both are important
for the laminar flow of fluid thereof. Tabular resentation of the proposed

models is presented in Table 4.6.

Table 4.6 A tabular representation of proposed models hail &pplications

Model name Equations Applications
_ ?
ko = 0'0121(1—0)) "pTw Suitable to predict
permeability of
1 — 77 (1-9)* porous metallic
Darcy / ko = "0 931/0pp) 2 structures  typified

by porosity within
70 and 95% in the
Darcy regime.

_P_

ko = 0.0157 =

TpTw Suitable to predict

permeability of

(1-0)2 porous metallic
31/ N2 structures  typified
#*(1/0rr) by porosity within
70 and 95% in the
Forchheimer
regime.

Forchheimer 1/k0 = 6.42
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1- Suitable to predic
C = 1.059 exp {0.912 In <ﬂ> + 1.647} P

e Form drag of
porous metallic
structures  typified
by porosity within
70 and 95% in the
Forchheimer
regime.

4.7 Conclusions

Structural characterization, flow measurement arate{bevel numerical

simulation of infiltration-processed “bottleneckpy’ structures have been
presented using tomography images of the “realicstires and sphere-packing
model thereof. The permeability of the structuesaid to greatly depend on
the sizes of the “bottleneck” between connectingepotypically higher for

larger apertures and lower for smaller aperturés. iertial term increases for
low-density structures and decreases for high-tessuctures with a reduced

structural surface area to bulk volume.

Agreements between the experimental and modellatgesaf pressure drop
developed across the “real” and “virtual” porousistures are good and within
expected scatter. The simplicity in terms of suak re-arrangement of the
virtual structure based on the known value of faaminal porosity and high
computational cost imposed by the CT approach mtde®EM approach an

equitable alternative.

The extension to “semi-virtual” CT structures adapfrom the “real” CT
representative structures through structural enosithin ScanlP enables us to
understand clearly the response of pressure dropaation to changes in the

structural parameters of the microstructures.
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Analytical models capable of predicting the viscansl inertial terms of flow
metallic structures were proposed to reduce thesmtdgncy on the costly

experimental setup and CFD.

Knowledge acquired so far on structural and flof@imation of porous metallic
structure could prove useful to the design of safporting and high impact
porous absorber in loudspeaker application. Hethege is the need to explore
other structural parameters influencing the sourgbgption behaviour of this

material.
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CHAPTER 5
NUMERICAL SIMULATION OF PRESSURE WAVE ACROSS
‘BOTTLENECK-TYPE” POROUS STRUCTURES
5.1 Summary
In this chapter, numerical simulation of sound pues wave across “bottleneck-
type” monosized porous structures using strucpaehmeters obtained from X-
ray CT images of “real” structures, sphere-packingdel and the possible
ranges of pore sizes needed for the realisticraasti “bottleneck” structures
for soundproofing purposes are presented. Reakol@peements between
predicted and measured data available in the titeravere substantiated for
this structure and extended to model commercialgilable sound absorbing
structures with nearly transversely isotropic clstructures with non-uniform
sections and possible constrictions. By varyinggbee sizes, capillary radius
and connectivity of the “bottleneck-type” structsirethe characteristic
absorption curve confirms the high dependenceaistec absorption properties
of the material on the permeability, porosity anshdew to pore size ratio;
typically, within 0.4-1.5x16°m?, 60-80% and 0.1-0.3 respectively, for efficient

soundproofing.

NB: An article from this chapter has been published in Scripta Materialia
(Click on the link: https://doi.org/10.1016/].scriptamat.2018.03.022)

5.2 Introduction

Till present, noise and vibrational control in pgahplaces (industrial plants,
football stadium, cricket grounds, and railway telsi and buildings (sport
centres, musical rooms, religious rooms, pubs,s;laind auditoria) are often
done with the support of natural (glass wool, aotasbestos, fur felt, hemp, and

156



FLUID FLOW AND ACOUSTICIABSORRTION INVPOROUS/METELSTRUCTURES USING/NUMERICAL
SIMULATION. AND/EXPERIMENTATION OTARU AJ.

flax) and synthetic fibers (polyester, polypropyeand kevlar) materials. These
materials are known to be very good absorbers aexpensive (Jorges and
Malcom, 2010) but there low heat resistance, higlistare content and
decrease in absorption potential over time (Derg).e2008) has limited their

applications across the wide spectrum of engingesaundproofing devices.

Artificially made lightweight, low moisture, highelat resistance, high specific
surface, structural controlled and self-supportiman-flammable open-celled
metallic structures for sound absorption are aleeommercially available
(Xiaolin, et al., 2009) and has seen them used vargty of locations. This
distinctive combination of multi-practicable perfmance lends porous metallic
structures to be useful in a wide range of noigk\abrational control thereby

replacing the complex fibrous structures.

Studies have shown that enhancing the acousticr@tiso performance of
porous metallic structures are done by inserticairgfap during installation (Lu,
and He, 2000, Bo and Tianning, 2009, and Muhamnteal.e2013) which
predominantly becomes Helmholtz resonant absorptiten, et al., 2003),
increasing the porous body layer thickness (Yedl.e1995, and Liu and Chen,
2014), back cavity (Liu and Chen, 2014), hole-ohgl or rolling and
prearrangement of space fillers during productiandt al., 1999) as in the case

of replication-casting process adopted in previthegpters.

Much difficulties are attached in controlling presevariables during the
processing of metal foams, therefore structuralolmgpy and properties
(porosity, tortuosity, permeability, surface arpare openings and pore sizes)

can vary significantly with revealing the effect d¢ime acoustic absorption
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behaviour of the structure. For instance, a higtogity (90-95%) and open
morphology corresponds to metal foams of large gares, typically, between
2.5-5.0mm, low airflow resistance (Liu and Hwan@12, Otaru et al., 2018,
Oun and Kennedy, 2014, and Han, et al., 2003) anidmns extremely poorly
when presented to absorbed pressure waves at bWwigim frequencies. This is
confirmed in Lautensack and Kabel, 2009 for thensloabsorption response of

commercially used Recemat RCM-NCX 2733 structure.

The pores in open-celled structures are conneopethier with touching cells
which evidently allows pressure wave to exploreititiernal architecture of the
structure from the face presented to sound soartteetexit. Experimental study
on the sound absorption coefficient of Alporas faamcture in Lu et al. (1999)
pointed out that, the sound absorption coeffict#nhis structure increases with
a decrease in the relative density (R.D) of thepdanThe relative density was
observed to be small (~ 0.1) for effective soundoaption and under
compression, sample porosity decreases (becomisgdicells) and a shift in
absorption curve to the frequency minimum and redugeak of absorption

were observed when compared to an uncompresseddbsimilar thickness.

Sound absorption measurement of semi open-celleed(Pmm) foams in Lu et
al. (1999) provides a peak absorption coefficien0.8 for frequency in the
purview of 800-2000Hz. A comparative analysis & &bsorption behaviour of
metallic aluminium foams of different pore openingsHan, et al. (2003),
favoured open-celled structure when compared talbeed ones. They show
that the aluminium (Al) foam samples with a smalimnal pore size, typically
below 50Qum, exhibit the best absorption peak when thereoisingap and
predominantly Helmholtz resonant absorption inghesence of airgap.
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Li et al. (2011) concluded that the sound absonptiehaviour of “bottleneck”
structures made by the replication-casting prosestpacked beds of spherical
salt (porogens) increases with increased numbesndller sized apertures,
typically of mean connectivity size between 3004400and porosities to within
60-70%. An approximate window sizes (pore openingdde of 10@m was
specified in Wang and Lu (1999), to be optimum wgtbater sound absorption
and noise reduction coefficients. Lu and He (20@6nsured the static air flow
resistivity and sound absorption coefficient foludar metals with semi-open
cells having different packing densities, pore sized pore openings. The
influence of pore sizes, porosity and foam layeckimess on the acoustic
performance of porous Al foam structures were frrgubstantiated in Lu et al.
(2009), and Zielinski (2015) put forward the imm@ort of microstructural
parameters on the acoustic performance of poroserbér using randomly

generated spheres.

The structural thickness dependent normal incidabserption coefficient also
termed as the ratio of sound intensity absorbeadcident sound intensity, (Sun
et al., 2001) at varying degree of frequenciesstareral commercially known
porous absorbers available in the literature ageguted in Fig 5.1 whilst images
of the structures are presented in Fig 5.2. Tygioahparison from an acoustic
perspective in Fig 5.1 indicates that the “bottldag/pe” (AL foam) porous
metal structures (as in the case of Li et2i114 samples) performs poorly over
the essential mid-frequency range (2000-4500 Hzgrwhompared to the
performance of the fibrous materials (glass wobteff GWF, and melamine

foam, MF) and porous sintered fibre metals (SFM3laswvn in Fig 5.1 and 5.2.
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Fig 5.1. Plots of normal incidence absorption coefficiengdiagt frequency for a 25mm hard-

backed glass wool fiber material (GWF, 98.7% pdwddy Kino and Ueno, 2008; 25.5mm

hard-backed melamine foam (MF, 99.3% porosity) byokand Ueno, 2008; 10mm hard-backed
nickel-chrome extra strong (NCX2733, 89.93% posdshy Lautensack and Kabel, 2009;
23.31mm hardbacked porous sintered fiber metal (SFEM4% porosity) by Bo and Tianning,

2009; 11.2mm hard-backed porous metal sponge 458itge and Rosler, 2014 and 20mm
hard-backed open-celled aluminium foam structuriés gpherical cells presented by Li et al.
2014, (AL Foam, 60% porosity).

Fig 5.2 Digital microscope photograph of (a) Glass wabéf material (GWF) by Kino and
Ueno 2008 (b) Melamine foam (MF) by Kino and Uei®& (c) Photographic cross-section of
Porous sintered fiber metal structures (SFM) by @&l Tianning, 2009 (d) Typical pore
morphology of aluminium foam structure with sphaticells by Li et al., 2014 (e) 3D
reconstructed X-ray CT image of nickel-chrome (NG33) extra strong structure by
Lautensack and Kabel, 2009 and (f) 3D reconstrugtedy CT image of porous metal sponge
450 by Hinze and Rosler, 2014.
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This low-density (porosity~66%) semi open-celledusture (Fig 5.2d) is
closely guided with connecting near-spherical pdegnable controlling of
pressure waves to gainfully access the interiauéir apertures and pores of
the structure. When the number of cells in thecstme is greater than one,
succeeding cell naturally becomes cavity to a mlece cell exposed to

incoming waves (Li et al., 2011).

Despite the improvement for this structure withntssel attributes (as in the
case of Li et al.,, 2014) to perform well above pxisting porous metallic
structures particularly with those of geometry tikd to Lord Kelvin and
Weaire-Phelan (W-P) unit cell representations g 5.2e), their absorption
potential is not envisioned to compare positivelghwcommercially known
soundproofing fibrous materials. An understandihthe changes of the foam
properties (porosity, pores, and windows) resultingm microstructural
alteration is essential for the optimization ofsthbottleneck-type” structures
toward increasing their absorption potential arukist performed by simulation.
This part of the study is aimed at assessing ti#yai® numerically simulate
the normal incidence absorption coefficient of thettleneck-type” porous
metallic structures with the possibility to enhartbeir geometry, using only

structural information and established models.

5.3 Structural characterization

The structural characterization and flow behavioiutbottleneck-type” porous

metallic structures using CT images of the “realnples and “virtual” packed

spherical structures to determine their structparameters which relate the

interaction between the fluids-solid phases imtiagerials have been carried out

161



FLUID FLOW AND ACOUSTICIABSORRTION INVPOROUS/METELSTRUCTURES USING/NUMERICAL
SIMULATION. AND/EXPERIMENTATION OTARU AJ.

using a representative volume element (RVE) recoad (in ScanlP) from
2D slices of images. These are well detailed inipres chapters and a few have
been published in Otaru and Kennedy (2016), anduCiaal. (2018). Also, the
different poroacoustic models available in theditare which have been applied
to model the characteristic acoustic impedancesandd absorption coefficient
of porous absorbers for different structural moipbg ranging from
transversely isotropic pores to non-uniform sedia#ith possible constrictions

(Fig 2.9) are detailed in chapter 2 of this work.

Presently, the number of interdependent and indisgdae structural parameters
used in empirical models to describe the acoustiediaviour of porous
materials varies between 1 and 8 depending on ahegplexity of the pore
structure (Johnson et al., 1987). Typically, thel@aw resistivity (@), open
porosity @), dynamic tortuosity ), viscous characteristic length)( thermal
characteristic length z§, static thermal permeabilityk{), static viscous

tortuosity ,) and static thermal tortuosityy).

The airflow resistivity of these materials was detimed to be a ratio of the fluid
dynamic viscosity to the permeability of the porstrsicture (Yeh et al., 1995).
Permeabilities K,) were determined by the numerical simulation oft un
pressure drops per unit lengih?) developed across a representative sample of
porous body against superficial laminar fluid vétp¢l) fitted to Darcy model
(Eq 2.9). Important permeability data for most stpnoofing devices are likely

to be reported in the literature, but for “bottlekeype” structures, model such
as those in Despois and Mortenson (2005), and Ruenal. (2013) have shown

to aptly predict permeability in the Darcy reginMore so, work by Otaru and

Kennedy (2016) showed these models to accurateljigirCFD simulations of
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fluid flow through virtually-derived “bottleneck” onosized structures in the

Darcy regime, better for those of higher capillagtiusrdrp > 0.03 (Fig 3.11).

As part of this work, the coordination numbers maglecontacting spheres of
particle sizes 1-3mm (used in chapter 3) were nredsuror a range of pore
openings, sizes, and porosities, the proposediépettk” model was re-applied
with an empirical fit to the measured coordinatmmber {V,.) and fitted to the
CFD permeability data with the following expressi¢with R*~0.99) for
window to pore ratior(/rp) between 0.17-0.40 (See Eq 5.1). Nominal porasitie
were measured to be the volume fraction of theessgrtative volume element
(RVE) fluid domain to the total volume of the magooous structure and void

spaces.

1.03 N, 0 15
61T rp

. 0.27
where N, = 17 0 <T—W> Eq5.1

p

k0=

At a very low inlet velocity, typically below 1mmsthe viscous characteristics
length (\) was determined to be twice the ratio of weightedhsyvelocity in

the RVE volume (Eq 2.45) and that of its RVE suefaghilst the thermal

characteristics lengthx} was determined to be twice the ratio of the wetpo
RVE volume to the interconnected pore RVE surfég Z.46) as reported by
Perrot et al., 2013. As this information is comnyoniissing, Johnson, et al.
(1987) showed that approximate values from the pge@metry can be used,
typically half its window and pore sizes respediiviSee Fig 2.8 reported in

Olny and Panneton, 2008).

The absence of complete measured data for altithetsral parameters thereof

brings about an impediment to a more complete angpcehensive modelling
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and is an iterating issue for many papers reldtiegsound absorption of porous
metallic structures available in the literature.tiWknowledge of structural
information like porosity, pore sizes, connectiyiyd permeability, it becomes
imperative to formulate reliable relationships witther parameters needed for
modelling. Reported in Dukhan (2013), for poroustah structures, the
dynamic tortuosity can be completely describedfasetion of the porous body
of the material and is mathematically describe®byPlessis and Fourier (2012)

(See Eq 2.42).

To establish confidence in the application of thisuosity model, a reliability
test was carried out using the porosities (pacKnagtions) of the virtual
monosized structures (1-3mm) used in Otaru and &&@ynr(2016). For an
isotropic porous material with a random distribataf solid particles and voids,
Dias et al. (2006) proposed an exponential modet C,0") of dynamic
tortuosity ¢) dependent on porositg), shape factoiCoand tortuosity factom(
~0.4-0.6). A plot of natural log of the dynamic tarsity against the natural log
of packing density computed for “virtually-derivegdbrous structures for pore
sizes ranging between 1 and 3mm, porosities betvte&h and 0.69, and
capillary radius to between 10 andi8®reported in Otaru and Kennedy (2016),
shows a linear inverse relationship with a stroingff data R2~99.9%) and
tortuosity factornis 0.55 (Fig 5.3) was attained. This theoreticatipiyielded
explicit expressions indicating some reliable preeti values of dynamic
tortuosity which lies within the lower and upperund tortuosity factor of 0.4
and 0.6 respectively for most porous materials nteploin Guo, 2015. Model
output using this model is said to be in good ages# with experimental data

(Dias et al., 2006) and are well documented in Q045.
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Fig 5.3 Graphical representation of natural log of dymatortuosity (nt) against natural log
of packing density (porosity)) using analytically predicted values reported byRessis and
Fourier, 2002 (Tortuosity facton is 0.552, shape facto€,is 0.35 with a very good fR? =
0.999).

With known values of pore sizes, connectivity, peaflity, porosity and
dynamic tortuosity, modelling of the characteristicoustic impedance and
sound absorption coefficient of porous metalliustures using well-known
poroacoustic models like Delany-Bazley-Mikki (DBM)phnson-Champoux-
Allard (JCA), and Wilson models is possible. Thelagation of the Johnson-
Champoux-Allard-Lafarge (JCAL) and Johnson-ChampAlard-Prides-
Lafarge (JCAPL) models require determination of tremaining three
parameters, typically static thermal permeability)( static viscous tortuosity
(7o) and static thermal tortuosityy), using dimensionless shape factors defined
in Dukhan (2013) (See Eqg 2.66). Considerable waorkafarge et al. (1997)
pointed out that the dimensionless shape fact&qi.66,M;, equals unityor
structures with identical circular por@ie the one presented hereif)66 for
slit, 0.3 for foam and 0.03 for glass wodking measured structural parameters
of Al structures reported in Li, et al. 2014, corgalivalues of this shape factor

(M7) were close to unity and in a similar trend, ottierensionless shape factors
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(M3, N; & N{) are also equal to unity, but may differ fraf) depending on the
pore morphology. An example of the structural paetars of Al structure used

Li, etal., 2014 is presented in Table 5.1.

Table 5.1 Structural parameters of Al structures with spdarcells in Li, Zhendong & Han
2014.

Property Determined Value Units Model
by?

Porosity @) Measuriny 0.€ - JCA, JCAL, JCAPL

Wilson

Pore diamete Measuring 1.60x1¢3 m

(Bp)

Window diameter Measuring 0.31x10° m

(Bw)

Permeability k,) Measuring 0.81x10% m?  JCA, JCAL, JCAPL,

Wilson

Dynamic Theoretical 1.867 - JCA, JCAL, JCAPL,

tortuosity ) model Wilson

Thermal lengt Half the pore 0.80x1(3 m JCA, JCAL, JCAP
diameter

Viscous lengt Half the window 0.155x1(3 m JCA, JCAL, JCAP
diameter

Static thermal Calculated, 4.80x10% m?  JCA, JCAL, JCAPL

permeability g5) Mi1=1

Static viscous Calculated, 2.334 - JCAPL,

tortuosity ) Ni=1

Static thermal Calculated, 1.25 - JCAPL,

tortuosity ) Ni=M;=1

5.4 Simulation procedure

The simulation procedure of pressure wave propagaiiross porous structures
was carried out with the following steps, namelgfiwition of structural and
geometry parameters and variables, geometry creatimterial selection,
choice of physics and appropriate boundary conationeshing and solving
within the pressure acoustic frequency domain nwdof COMSOL
Multiphysics 5.2M. A two-dimensional (2D) tube geometry was created
mimic realistic standing wave tube measurement wkuilt air (STP) as the
material occupying the fluid domain in the tube metry as shown in Fig 5.4.

The geometry consists of a 20mm thick hardbackedysostructure (PS),
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40mm thick fluid domain zone (FD) and 20mm thick perfectly matched layer

(PML).

PML
(20mm)

Fig 5.4. A two-dimensional geometry of a hardbacked porous structure in an impedance tube.

A triangular mesh of 21pm minimum elemental size, maximum elemental size
half the minimum wavelength, a maximum element growth rate of 1.3, curvature
faciwi i Vradd L.orelsdionon thenaraw. regiop guere_anplied to the EN and.. ..
PS domains while the PML domain was confined topedammesh. A Helmholtz
or linear acoustic pressure acoustic frequency donf20uPa reference
pressure) physics interface (Eq 2.31) which feattwéal acoustic pressurg)(
fluid density p,), propagation coefficientk|, monopole Q) and dipole g)
source terms was solved on the PML and FD domaims.structural domain
(PS) features an interchange between poroacoustidels (Attenborough,
DBM, JCA, JCAL, JCAPL and Wilson) to account foethreal specific surface
acoustic impedancé&, (Eq 2.32) and normal incidence absorption coeffiti

Ac, (Eq 2.33) of the materials.

A background pressure field was applied on FD da@erfectly matched layer
on the PML domain whilst a periodic Floquent bougdzondition was applied
on the side faces. The inlet of PML and outletled PS were conditioned to
sound hard boundary wall before solving. The comjoal time needed to
resolve a solution is dependent on the number amger of frequencies
considered, typically, an approximation of 65 freqcies were resolved in

2minutes for our specification.
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A test on the influence of FD (air domain) variatshows insignificant effects
on the simulation results. Also, a 2D/3D correlatifactor is provided to
compare the study of a 2D study (Fig 5.5, left) resolving the structural
macroscopic parameters using the Johnson-ChampbardA (JCA)
poroacoustic model into a comparative estimatioramfactual 3D half-tube
model (Fig 5.5, middle & right) and a correlatiooetficient of 99.2% was
attained (Fig 5.6). The arithmetic mean of the sbahsorption coefficient at
the s octave frequencies (250, 500, 1000 and 2000Hp)kalewn as the Noise
reduction coefficientNRO), the average of the absorption coefficients far t
twelve one-third octave (200-2500Hz) band also kmakae sound absorption
average $AA, the quarter wave resonance peak in absorptioth@rmpeak
absorption coefficientXp) (Bell, 1982) along with the macroscopic paranseter
of the sound absorption curve (Han, et al., 20@8Blanet al., 2014) enable the

assessment of their relative acoustic performance.

Fig 5.5 A 2D (a) and 3D half-tube (b & c) model represgioins of total acoustic pressure (Pa)
computed for 25mm hardbacked glass wool fiber cdetpusing Johnson-Champoux-Allard
model Numerical scales unit for the legends measuredan P
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Fig 5.6. Vertical-axis, is a 2D and horizontal, is a 30ueaof computed normal incidence
absorption coefficient for a 25mm hardbacked gles®l fiber material using Johnson-
Champoux-Allard model for the frequency of 100-69@0

5.5 Model validation

To ensure accuracy is preserved and the right ationldata are obtained, care
was taken to first put the acoustic porous medidefsoand the set impedance
tube representation into test by comparing simoatilata to an existing
measured data available in the literature. For smhrerical cell structures,
measured (literature) and numerically simulatedrréu) data of normal
incidence absorption coefficient of a 25mm hardleacglass wool fiber (Kino
and Ueno, 2008), 25.5mm hardbacked porous melafoama structure (Kino
and Ueno, 2008) and 23.31mm hardbacked, 20mm piagd 40mm air-gap
porous sintered fiber metal (Bo and Tianning, 2008)presented in Fig 5.7.
Structural data for the determination of absorptaefficient of these non-
spherical celled structures along with their cadtedl values of the absorption
peak (Ap), noise reduction coefficiemMiRCO and sound absorption average
(SAA are presented in Table 5.2. Also, measured dtitee) and simulated
(current) values of the sound absorption coeffichopen-celled aluminium

foam structures with spherical cells (bottlenegketystructures) are also
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presented herein and would form an integral pathisfwork in relation to the

consideration of predictive absorption coefficienising structure-related

parameters of the “virtual” and “casted” Al strues with near-spherical cells.

Table 5.2 Structural (literature) and acoustic (currentfadar non-spherical cell structures.

. Material @ A x ko/10° Ap/fmax
Literature NRC SAA
type | (%) @m) (@wm) (m ° (kHz)

Kino anc Glass wool

Ueno, - 98.70 132 237 1.084 1.009 0.965/4.00 0.369 0.347
fiber

2008

Bo and Porous

Tianning, | sintered 90.94 113 194 0.959 1513 0.980/2.80 0.445 0.598

2009 fiber metal

Kino anc Melamine

Ueno, 99.30 199 445 1.390 1.005 0.930/4.00 0.356 0.332

2008 foam
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The predictive absorption curve indicated reasanditd to the experimental
data observed for both the glass wool fiber andamale foam structures for
both models, and an overall better fit to the DBMd®=I. A more likely cause of
the better agreement is that the DBM empirical rh@gig 5.2a and 5.2b) was
developed from the acoustic behaviour of fibrougemals in an impedance
tube. The transversely isotropic nature of maaggfiber materials makes there
microstructures simple. The hollow struts of thes#erials are interconnected
and characterized by obvious open pores with inapbgiorosities close to unity
(Table 5.2). Their characteristic absorption seete reported in (Hinze and
Rosler, 2014, and Kino and Ueno, 2008) to majorgpehd on the pore

morphology and porosity of the materials.

At very low frequencies, typically below 200Hz, digtions using the DBM
model are poor and this is said to be due to thegative values of their real
specific surface acoustic impedance at these legquincies (Mikki, 1990) and
tends to overestimate prediction for frequenciassaliheir air flow resistance.
Within the frequency range under consideratiois ibserved that the JCA-5
parameters model gives a better fit to the experiad@lata recorded for porous
sintered fiber metal in Bo and Tianning (2009).thrs case, the DBM model
was not able to accurately predict the behavioaratterized by a dip in the
absorption curve for frequencies beyond 3kHz betX@A model aptly predict
the behaviour of this structure for both casesanflbacked and introduced back
cavity (Helmholtz resonance absorption) simulatierpresented in Fig 5.7c and
Fig 5.7d. This shows that the growing complexityni a transversely isotropic
structures (as in the case of glass wool fiber methmine foam) to a more

complicated structure (porous sintered fiber meteith increased “struts”

172



FLUID FLOW AND ACOUSTICIABSORRTION INVPOROUS/METALLICBTRIRES/ USING/NUMERICAL
SIMULATION. AND/EXPERIMENTATION OTARUIAJ.

thicknesses, reduced porosity, larger surface amdaoffering more resistance
to the incoming pressure wave would require mownth permeability to

accurately described their acoustic behaviour.

It is important to note that the structural morggyl of melamine foam is
likened to that of highly porous commercial metafbam structures, typically
Recemat RCM-NCX, Porvair, and Alantum. It wouldceréfore, presumably to
say that the predictive outcome of the charactermbund absorption curve
using the Delany-Bazley-Mikki (DBM) model would ptide a better fit to their
measured values. This is simply shown in Fig 5&med for the sound
absorption coefficient against frequency (500-7500fbr extremely porous
metallic sponge 450 and 800 studied for variouscsiiral thicknesses reported

in Hinze and Rosler, 2014.

~ 10 ®  Sponge 450, L=8.0mm
S DBM (450), L=8.0mm
S e Sponge 450, L=11.2mm -3
= - = =DBM (450), L=11.2mm -~ F
S o8 & Sponge 800, L=12.5mm o -
o — — DBM (800) L=12.5mm PR
g A Sponge 800, L=17.5mm R PRRTELL S\ A
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Fig 5.8 Plots of measured (Hinze & Rosler, 2014) and &ited (current) normal incidence
absorption coefficient of hard-backed porous mgpahge 450 and 800 against frequency (500-
7500Hz) at different structural thicknesses.

Predicting the measured normal incidence absorpbeifficient of “bottleneck-
type” structures available in the literature basegermeability alone would be

convenient and timely. Sadly, predictions usirgyElBM model were poor for
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the given range of frequency reported in Li et(2014) (Fig 5.9) and in the
absence of values for the porosity, tortuosityceiss and thermal lengths, the
JCA model cannot be applied. Using measured andretieally predicted
values of structural data in Table 5.1, The JCAALCJCAPL and
Attenborough models failed to reliably describe theasured characteristic

absorption curves over a large portion of the feamy range.
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Fig 5.9 Plots of measured (Li et al., 2014, structuraB) modelled (current) normal incidence
absorption coefficientAc) against Frequency (100-6500Hz) for a hard-back@um thick

aluminium foam structure (Tortuosity,= 1.867) with spherical cells.

Similarly, despite requiring five-eight structugdrameters to predict the sound
absorption coefficient of this material, it is esid that the outcome in the
application of JCAPL model in Fig 5.9 quadrate ctetedy with that of JCA

model whilst the JCAL matches the JCA and JCAPLultssat higher

frequencies, typically, beyond 3.8 kHz. Observalig Johnson et al. models
are not suitable for this “bottleneck-type” strugtwith circular apertures (pore
openings) and spherical cavities (pores) but haes proven to be suitable for
structures with non-uniform sections with possisestrictions as shown in Fig

5.7c and 5.7d. Hence, with known values of stratporosity, tortuosity and
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permeability (both for measured values at 1.5 ad&rdm.st and predictive
value using Eq 5.1), the Wilson model is evideuatlgood fit to the measured

characteristic absorption curve in Fig 5.9.

The Wilson model was further extended to model messand predicted sound
absorption coefficient of other “bottleneck-typeftustures in literature for
varying structural parameters. For a hardbackedilsion, the modelled data
show reasonable agreement with the measured datiaeinal., 2011 for the
following frequencies in Table 5.3. Reasonable expents between modelled
(current) and measured sound absorption coeffigrelit and He (2000) for
frequencies; 500, 1000 and 1600Hz were also acthireooth hardbacked and
airgap studies (Table 5.1A of the appendix pageyddd the experimental
maximum frequency of 1900Hz studied in Lu and He0®, the agreement
between their predicted and currently simulatedueslof noise reduction
coefficients NRQ and maximum peak of absorptioAp] were within reason

(Table 5.2a of the appendix page).

Table 5.3.Measured (Li et al., 2011) and predicted (curreot)nd absorption coefficient of
aluminium foam structure with spherical cells (@%95at 500, 1000 and 2000Hz.

Measured Measured, Ac Predicted, Ac
Dw Dp L

Samples  (um) (um) (mm) | 500Hz 1000Hz 2000Hz 500Hz 1000Hz 2000Hz
Ul 300 1300 20 0.099 0.270 0.998 0.094 0.266 0.963
u2 30C 160C 20 0.10¢ 0.29¢ 0.97( 0.101 0.30¢ 0.98¢
U3 300 1900 20 0.124 0.299 0.97( 0.107 0.339 0.998
U4 320 1300 10 0.034 0.084 0.211 0.035 0.067 0.164
us 320 1300 15 0.060 0.129 0.451 0.058 0.130 0.484
U6 32C  130( 20 0.09¢ 0.231 0.88¢ 0.08¢ 0.23¢ 0.93:

Accurate measurement or predicted value of porosigrtuosity, and
permeability of the “bottleneck” is key to the agVing reasonable prediction of
the sound absorption curve using Wilson model. Whang tortuosity value of
1.2 in Fig 5.9,failed to reliably predict the right vorticity-modelation time,

entropy-mode relation time and the density infinftequency needed to
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compute the surface acoustic impedance and theahongidence absorption
coefficient of the material. Similarly, theoretiqakdictions of the permeability
of the low-density “bottleneck-type” porous struetsiat 1.5mm:5reported in

Li et al. (2014) using Eq 5.1 was not far from itgakith predicted coordination

ranging between 6 and 7 (Table 5.4). It is gooddte that the flow behaviour
of these “bottleneck” structures is largely cor&dlby their openings (Otaru
and Kennedy, 2016) which is integral to predicting acoustic performance of

this structure.

Table 5.4 Measured (Li et al., 2014) and predicted struadtof Al structures with spherical
cells.

Measured Predicted
Samples @ (%) Dwum) Dpum) kJ/10°m? | ko/10%°m? N T
A 57 260 1600 0.49 0.49 5.93 1.907
B 60 310 1600 0.81 0.97 6.55 1.867
C 63 36C 160C 1.45 1.73 7.1€ 1.82€

5.6 Discussion of results

The reasonable correlations between measuredaflite) and predicted
(current simulation) characteristic absorption @srin Fig 5.9 suggests that the
sensible application of the Wilson model would pdeva useful guide to the
design and optimization of enhanced “bottlenecletyporous structures for

soundproofing purposes.

For a guide, a 20mm thick hardbacked (backed bigid wall) numerical
simulation was performed using structural paransetéthe “virtually-created”
monosized packed spheres in Otaru and Kennedy,, 2016 pore diameter,
pore openings, capillary radius and porosities irapdpetween, 1-3mm, 175-
797um, 10-8Qum and 66-69% respectively (presented in Table fa3ddition,

the computed normal incidence absorption coefficigr) of the “virtual”
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monosized structures against frequency (100-6508Hgzpresented in Fig 5.10-
5.12 whilst values obtained for the maximum pealaloforption Ap), noise
reduction coefficient NRQ and sound absorption averageAf are also

presented in Table 5.5.

Fig 5.10 plots the normal incidence absorption ficieht against frequency
(Hz) using structural parameters of the theordticpredicted (TH) and
“virtually-created” (DU) monosized structures hayia similar capillary radius
(80um) but different pore sizes (1, 2 and 3mm). Figlsstows similar plots but
in this case, variation in capillary radius of thértual” structures with

unchanging pore sizes was studied and the impatahgore openings is
presented in Fig 5.12 by singling out structurethwdifferent pore sizes and

capillary radius but similar openings.

Table 5.5 Structural parameters and acoustic propertieBE¥! monosized (1, 2 & 3mm)
spherical structures.

DEM structures-

capillary radii Dy Dp
(um) (mm) (mm) @ (%) = ko m? Ap NRC SAA
DU1-10 0.17¢ 1.0z 66.99¢ 1.77C 4.61E-1C | 0.96¢ 0.39¢ 0.60:
DU1-30 0.270 1.02 67.508 1.763 1.41E-09 0.974 0.338514
DU1-45 0.313 1.02 68.169 1.754 2.28E-09 0.912 0.296449
DU1-80 0.375 1.02 70.458 1.721 4.29E-p9 0.792 0.238359
DU2-10 0.274 2.04 66.319 1.780 1.21E-09 0.988 0.348531
DU2-30 0.421 2.04 66.43¢ 1.77¢ 2.44E-09 | 0.90¢ 0.291 0.44(C
DU2-45 0.49: 2.04 66.637 1.77¢ 4.23E-08 | 0.80¢ 0.24C 0.36¢
DU2-80 0605 2.04 67.306 1.766 7.86E-09 0.678 0.184286
DU3-10 0.370 3.06 66.440 1.778 5.23E-09 0.768 0.220337
DU3-30 0.557 3.06 68.662 1.747 6.87E-09 0.702 0.1¥4300
DU3-45 0.64t 3.0¢ 68.707 1.74¢ 9.36E-09 | 0.63¢ 0.16¢ 0.26¢
DU3-80 0.797 3.06 68.93¢ 1.74: 1.54E-08 | 0.537 0.13: 0.217
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Fig 5.1Q Plots of 20mm thick hardbacked numerically sirtedanormal incidence absorption
coefficient @Ac) against frequency (Hz) using structural paransatéthe theoretically predicted
(TH) and “virtually-created” monosized “bottlenecdttuctures having a similar capillary radius
of 80um and different pore sizes, 1, 2 and 3mm.
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Fig 5.11 Plots of 20mm thick hardbacked numerically sirtedanormal incidence absorption
coefficient Ac) against frequency (Hz) using structural paransetérthe “virtually-created”
monosized “bottleneck” structures having similarepsizes of 2mm and different capillary
radius of 10, 30, 45 & §0n.
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Fig 5.12 Plots of 20mm thick hardbacked numerically sirtedanormal incidence absorption
coefficient Ac) against frequency, Hz using structural parametksslected “virtually-created”
monosized “bottleneck” structures having differpote sizes and capillary radius but similar
pore openings.

As expected, the absorption coefficient of theseen®ls was noticed to greatly
depend on their resistance (airflow resistivity pgrmeability) and packing
density as pressure wave propagates through thes @ord windows of the
porous matrix (Zhang and Zhao, 2007). The conthetsveen the vibrating
particles and the pore wall of the microstructussigate a significant amount
of heat energy and diffusivity favoured by shonmegnivavelength (Smith, 1970)
at audible frequency whilst interparticle collisiahlow frequency (< 1000Hz)
is described as elastic with insignificant amourlbst energy confined to large
particle wavelength (Johnson et al., 1987, and Qloaxand Allard, 1992). The
vibration increase caused by an increase in paititéraction at audible or high-
frequency increases the characteristic absorppests to a peak. Oscillation
tends to occur because the porous material isgasiergy to the surrounding
air resistance and the maximum peak of final elopiilm is achieved when the

rate of lost energy equal to that of the incomingrgy into the porous structure.
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For the structural thickness independent studydrbFL0-5.12, the variations in
the characteristic absorption spectra are an itiditaof the microstructural
changes of the “bottleneck” structures used. Tirapertant parameters are the
pore sizes (affected by the size of salt beads ingedlistic metal foam casting),
porosity (affected by packing density) and porenipgs (affected by infiltration
pressure in real casting and capillary interaction the virtual structure).
However, these parameters are interrelated asaii@didn Table 5.5. Smaller
sized structures, typically, 1mm pore diameter ssizerresponds to having
smaller sized apertures and higher flow resistias/opposed to the larger pore

sized structures, 2 and 3mm.

For pore sizes 1, 2 and 3mm and constant capriaiys in Fig 5.10, structures
DU1-80, DU2-80, and DU3-80 are observed to havegites between 67-70%
and pore diameter openings of 375, 605 andu#Oiespectively. The obvious
differences in the acoustic response of thesealigtiuctures can, therefore, be
credited to the effect of pore diameter sizes. ghtpeak of absorption (0.792),
noise reduction coefficient (0.233) and sound gtismm average (0.359) were
achieved for the 1mm pore diameter sized strucfg1-80) whilst the
corresponding acoustic response of the 2mm (DU2a8@) 3mm (DU3-80)
sized structures shifts the absorption curveseaquency maxima with lower

absorption peak and noise reduction coefficienébl@ 7.5).

In Fig 5.11, the mean pore diameter sizes of thestre are limited to 1mm
with possible variation in the capillary radiug.)(of the microstructural
arrangements between 10 andw®0 The structure with the lowest pore
openings of 17pm (DU1-10) was observed to have the broadest andgstst
absorption peak with greateddRC and SAA than other microstructural
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arrangements of wider pore diameter openings apdlarg radius ranging
between 30 and &@n. This indicates the strong dependence of absorpti

coefficient on the pore diameter openings.

Evidently, for different pore sizes in Fig 5.10ethgreatest absorption, noise
reduction coefficient and sound absorption ave@gesspond to the structure
with the lowest pore diameter opening (DU1:80. Depending on the capillary
radius ¢.) of the modelled structures used, the pore dianmdenings can be
made similar irrespective of their pore diameteesiusing the sphere-packing
model in Eq 1.1. In Fig 5.12, the characteristis@ption curve of structure
having pore diameter sizes of 1mm and capillarjusadf 4um (DU1-45) and
that of 2mm pore diameter sized structure at aapiltadius of 3pm (DU2-30)
overlaps completely with each other >2R9%), due the inconsequential
difference in their important pore diameter opesin§imilarly, the acoustic
absorptive response of the 2mm structure at806apillary radius (DU2-8dm)
lies midmost the response of 3mm structures anB3(DU3-30) and 4pm
(DU3-45) capillary radius thereby underlining trenspicuousness of the pore
diameter openings of the virtual structures to tia#ionalization of the

characteristic absorption curve.

To further substantiate the importance of pore @ét@mopenings and sizes on
the acoustic performance of realistic porous stinest with spherical cells; the
preceding chapter of this work published in Otarale(2018)has highlighted
the airflow behaviour of these structures adop@#dP simulation using X-ray
CT images of the real structures and sphere-padkiigyl) models to predict
the pressure drop measured across porous matrades an different pore sizes
and liquid differential pressures. In brief, foddferential pressure of 0.9 bar,
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the ranges of pore sizes are 1.0-1.4mm (X1), Bt (Y1) and 2.5-3.15mm
(Z1) were studied. To fully understand the impocwrof window sizes
(openings) in response to their acoustic behavtberdifferential pressure used
to drive liquid metal into the 2.0-2.5mm packed esftal salts were varied,
typically, 0.9, 0.60, 0.45 and 0.25 bars therelmydpcing structures of similar
pore sizes, but different pore diameter openingaead as Y1, Y2, Y3, and Y4

respectively (Table 5.6).

Table 5.6 Structural and acoustic parameters of porouststres with spherical cells (X, Y, and 2)
characterized using CT images and DEM.
Dw Dp
Samples a (mm) (mm) i ko m? Ap NRC  SAA
uCT-Y1 70.52¢ 0.65C 2.22t 0.292 1.35E-08 | 0.55¢ 0.14C 0.222
uCT-Y2 72.56: 0.72C 221t 0.32f 1.71E-08 | 0.50¢ 0.12¢ 0.19¢
pCT-Y3 75.205 0.741 2.273 0.326 1.80E-pP8 0.486 0.118187
uCT-Y4 78.397 0.899 2.226 0.404 3.34E-pP8 0.371 0.08b135
DEM-Y1 71.752 0.617 2327 0.265 1.23E-08 0.571 9.140.229
DEM-Y2/3 | 74.73¢ 0.731 2.37: 0.30¢ 1.91E-08 | 0.47¢ 0.11f 0.18:
DEM-Y4 78.24¢ 0.89: 2.40¢ 0.371 3.45E-08 | 0.36€ 0.084¢ 0.13:
uCT-X1 72.05: 0.278 1.21: 0.227 4.31E-09 | 0.787 0.231 0.357
uCT-Z1 75.24: 0.73z 277/ 0.26¢ 2.20E-08 | 0.44¢ 0.107 0.17C

Fig 5.13 presents the computed normal incidencerpben coefficient of these
structures characterized using X-ray CT imageshef eal sample against
frequency. X1 structure with the lowest mean pomess 1.213mm, and
openings, 0.275mm yielded the highest absorptioak pghilst the lowest

absorption peak is associated with the Y4 struaiuttethe widest openings and
confer to have the highest permeability of 3.45%h6#; dictated majorly by the

size of the windows, 0.899mm (Otaru et al., 20I8)e Z1 structure has the
largest mean pore size, typically, 2.774mm but besabetter than the Y4
structure with a mean pore size of 2.226mm. Thisagrly due to the important
smaller window sizes of the Z1 structure (0.732mwrhgn compared to the Y4

structure and likened to the acoustic responseigedvby the Y2 and Y3
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structures recorded to have mean window sizes @200.and 0.741mm

respectively.

0.8
+’H‘R

c VAN - + =uCT-X1

I5 / - 6 —uCT-Y1 +

= f K - & =, CT-Y2 {

s 06 + y —©2-uCT-v3 {

= 4 %y —e-uCr-v4 Y

g < AR - % = CT-Z1

¥

g5 04

.6 %

£

E o

€ 02

5 °  F S T

Z b o

0 1000 2000 3000 4000 5000 6000 7000
Frequency, Hz

Fig 5.13. Plots of 20mm thick hardbacked numerically comgut®rmal incidence sound
absorption coefficient against frequency (Hz) ustrgctural parameters of X, Y and Z samples
obtained from X-ray CT images of the real sample.

Comparatively, the characteristic absorption speptovided using structural
parameters obtained from the CT samples of thesteaiture agree closely with
that of the sphere-packing models presented irbFig. For similar porosity,
pore diameter sizes and openings of the sphericellgd Y structures, close
agreement was observed in their computed valugewheabilitiesAp, NRC
andSAAas provided in Table 5.6. The predictive acoustsponse of these real
samples is quite low when compared to commerciaigd soundproofing
materials like those in Kino and Ueno (2008), ara @d Tianning (2009).
Additionally, the reasonable agreements betweerchiagacteristic absorption
curves in Fig 5.10 and Fig 5.13 highlight the bésef the use of sphere model
(DU) and theoretically (TH) predictive value of peFability needed for
predicting acoustic performance of the structurel anguide toward the

enhancement of the material for efficient perforo@n
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Fig 5.14 Plots of 20mm thick hardbacked numerically coreduhormal incidence sound
absorption coefficient against frequency (Hz) usitrgctural parameters of the Y samples (2.0-
2.5mm) obtained from X-ray CT images of the “resdimple and “virtually-created” sphere-
packing models.

5.7 Optimization and sensible application of “botteneck” structures

So far, measurements and predictions of the charsiit sound absorption
coefficient of “bottleneck-type” structures haveosm that porosity and
permeability are key structural parameters neededninimizing resonance
effects when exposed to the sound pressure wavail&kbunderstanding of the
contributions and optimization of these individuahd interdependent
parameters was done using theoretical models ih.E@nd Eq 5.1 to account
for permeability and pore openings and to explongcimlower pore sizes,

typically below 500um, to figure out what benefietein.

Table 5.7 shows possible ranges in values thatemsonable for the process.
For a window to pore size ratio of 0.15 and 68%kpar density, 200um
diameter particles give 30um window diameter opgsiand permeability of
8.69x10m?. Similarly, 1400 and 1800um mid ranges of porenditer sizes

yielded pore diameter openings of 210 and 270u peively; the largest pore
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diameter sizes structure (3000pm) gives 450um pd@mneter openings and
1.95x10Ym? in permeability. Extending the packing density ® @&nd 80%,

structural permeability decreases by more than aatf increases twice in
approximation respectively. Increasing, the windowore size ratio to 0.3 and
0.45 further widened the pore connectivity and oeduthe surface area of the

structure with observable increase in permeability.

Table 5.7.Structural and acoustic properties of “bottlenegket’ porous structures for window
to pore ratio for 0.15, 0.30 and 0.45 and porasit, 68 and 80%.

@i Ko fpeak

Samples (%) [ Dp (um) (m?) Ap (Hz) NRC  SAA

Al 56 0.15 200 5.89E-12 0.288 6500 0.1071 0.1309
A2 56 0.1F 140 2.89E-10  0.87¢ 180C 0.369¢ 0.560¢
A3 56 0.1F 300( 1.33E-08 0.99: 200C 0.334¢ 0.497:
Bl 80 0.1t 20C 1.20E-11 0.437 650( 0.175¢ 0.212(
B2 80 0.15 1400 5.89E-10 0.997 2200 0.3983 0.6102
B3 80 0.15 3000 2.70E-09 0.853 2500 0.2683 0.4115
C1 68 0.15 200 8.69E-12 0.365 6500 0.1406 0.1709
C2 68  0.1f 140(C 4.26E-10  0.961 200C 0.399:  0.609(
C3 68 0.1F 300( 1.95E-08 0.93¢ 220C 0.310: 0.470¢
D1 56 0.4t 20C 2.14E-1C  0.80¢ 170C 0.367! 0.545%
D2 56 0.45 1400 1.05E-08 0.851 6500 0.1819 0.2611
D3 56 0.45 3000 4.81E-08 0.533 6500 0.0922 0.1367
El 80 045 200 4.37E-10 0.979 2200 0.4140 0.6278
E2 80 0.4t 140(C 2.14E-08 0.43¢ 280C 0.105¢ 0.164%
E3 80 0.4¢ 300( 9.83E-08  0.22¢ 280C 0.049: 0.077¢
F1 68 0.4¢ 20C 3.16E-1C  0.91¢ 190C 0.404¢ 0.608¢
F2 68 0.45 1400 1.55E-08 0.540 2400 0.1340 0.2126
F3 68 0.45 3000 7.10E-08 0.292 2500 0.0635 0.1045
Gl 56 0.30 200 5.68E-11 0.613 6500 0.2936 0.3770
G2 56 0.30 1400 2.78E-09 0.995 6400 0.2869 0.4133
G3 56 0.3C 300( 1.28E-08  0.81: 650( 0.167¢ 0.241:
H1 80 0.3C 20C 1.16E-1C  0.82¢ 650C 0.405¢ 0.540:
H2 80 0.30 1400 5.68E-09 0.702 2600 0.1978 0.3046
H3 80 0.30 3000 2.61E-08 0.405 2800 0.0955 0.1496
11 68 0.30 200 8.38E-11 0.724 6500 0.3557 0.4655
12 68 0.30 1400 4.11E-09 0.810 2300 0.2404 0.3678
13 68 0.3C 300C 1.89E-08 0.50z 240C 0.121¢ 0.194¢

Practically, this permeability and window to poatio increase can be achieved
by lowering the differential or infiltration presguused in realistic casting
processes (Otaru, et al., 2018); and in the spb&cking model, it is achieved

by increasing the capillary radius of connectingtipkes or erosion of the

185



FLUID FLOW AND ACOUSTICIABSORRTION INVPOROUS/METALLICBTRIRES/ USING/NUMERICAL
SIMULATION. AND/EXPERIMENTATION OTARUIAJ.

structural phase of the “virtual” structure duritiee dimensional image
processing in ScanlP (Otaru and Kennedy, 2018nbAlar representation of
the structural and acoustic properties (to be dised later) of the “bottleneck-
type” porous structures are presented in Tabldds.the window to pore ratio
of 0.15, 0.30 and 0.45 and porosities, 56, 68 adf#h.8A detailed tabular
representation to include more mid ranges of paesaeeded for the effective
study of the acoustic behaviour of “bottleneckustures are presented in Table

5.6A of the appendices.

Fig 5.15 plots the numerically simulated normalidence characteristic
absorption coefficient against frequency for “battck-type” porous structures
for a constant window to pore ratio of 0.15, difet pore sizes and porosities.
Fig 5.16 presents the plots of computed valuebefitoustic propertieBIRG
SAA and Ap) against predicted permeability of the structurdsar linear
frequency dependent absorption responses werevelolsier structures with the
lowest permeability values (A1, B1, and C1), tyflicavithin 0.6-1.2x10"m?.
This shows the attribute of low-density closed-c#lbttleneck” structures
(Utsuno, et al., 1989, Lu, et al., 1999, and Lu &w® 2000) owing to their
extremely low pore diameter openings thereby piagidjyreater resistance to
pressure wave at the surface of the material. Aefable increase in the peak
absorption and broadest absorption were attainestriactures with the highest

packing densities, else, for structures with thveelst packing density.
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Normal incidence absorption coefficieAi;

0 1000 2000 3000 4000 5000 6000 7000

Frequency, Hz

Fig 5.15.Plots of 20mm thick hardbacked normal incidenceogii®on coefficient against
frequency (Hz) for structures with constant windimapore size ratior¢/rp-0.15), for different
pore sizesPp=200, 1400 and 30@dn) and different porosities, 56, 68 & 80% in Tabl&..

Fig 5.16 shows that the absorption potential af 8tructure is relatively poor
for highly open and highly closed structures WWRC, SAAandAp, typically,

below 0.3, 0.5 and 0.8 respectively and bettetifermid permeability, ranging
between 0.4-1.5x1¥m?. The consideration on which of the acoustic proger
be given much priority would depend on the freqyeianige of application. For
instance, at the low-frequency absorption (belo@(2%),NRCandSAAshould

be given priority as it accounts for material bebaw at the one-third octave
frequencies whilst the maximum absorption peak@e@ither exist within and
outside the frequency range depending on the pdifitgaf the structure as

shown in Table 5.7 and Fig 5.10-5.17.
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Fig 5.16.Graphical representations of acoustic propertiesiaierically simulated “bottleneck-
type” structures against permeability for pore siketween 200 and 3000pum.

The packing of spheres (salt beds) to achievedb@at structural porosity and
window sizes of this novel “bottleneck-type” st can be controlled
experimentally. Lu and He (2000), and Langston Hednedy (2014) have
shown that high-density structures can be achi¢wedigh loose packing, with
a large volume of void spaces created by touchpigeies to be filled with
infiltrated liquid metal at an extremely high temgteire (600-808C). Similarly,
highly porous structures can be achieved realititarough a dense packing
of the salt beds whilst the pore diameter openigs largely controlled by
simply varying the differential pressure as showthe preceding chapter of this
work. The sphere-packing model in Langston and l€eyn(2014), and Otaru
and Kennedy (2016) adopted herein has shown tB&8% packing density is
achievable for randomly packed monosized structime3able 5.5. For a
window to pore ratio of 0.15 and pore diametersiae1400um, the acoustic

response of this structure (C2) nearly completefgriap with the “virtually-
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generated” structure, DU1-10, with important por@nkter ratio of 0.17 and

porosity of 67% as shown in Fig 5.17 and Table 5.8.
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Fig 5.17 Plots of 20mm thick hardbacked numerically sinedeand measured (Li et al., 2014)
normal incidence absorption coefficient againsgdiency (Hz) for optimised “bottleneck-type”

monosized structures and commercially used sounfipgpglass wool fiber (Kino and Ueno,

2008), melamine foam (Kino and Ueno, 2008) and pesintered fiber metal (Bo and Tianning,
2009).

Table 5.8. Structural and acoustic properties of numericalljnubated and measured
“bottleneck-type” porous structures and commergiafled non-spherical porous soundproofing
materials.

rr,  Dp ko (T9) fpeak
Samples d (%) n (um) Ap (Hz) NRC SAA
A21 56.0C 0.1f 180C 4.77E-1C 0.95¢ 180C 0.36¢ 0.56¢
B2 80.0C 0.1f 140C 5.89E-1C 0.997 220C 0.39¢ 0.61(
Cc2 68.00 0.15 1400 4.26E-10 0.961 2000 0.399 0.609
El 80.00 045 200 4.37E-10 0.979 2200 0.414 0.628
F1 68.0C 0.4  20C 3.16E-1C 0.91¢ 190C 0.40t 0.60¢
DU1-10 66.9¢ 0.17 100C 4.61E-1C 0.96¢ 200C 0.39¢ 0.60¢

Measure 60.0C 0.1¢ 160C 8.10E1C 0.97z 235( 0.337 0.41f
DBM/GWF 98.7C 0.5€ 474 1.08E-08 0.96¢ 480C 0.291 0.441
DBM/MF 99.3C 0.4t 89C 1.39E-08 0.94: 520C 0.314 0.44:
JCAISFM 90.94 0.58 388 9.59E-10 0.941 3300 0.275 409D.

For a 20mm hardbacked numerical simulation in Fij75much improved
acoustic properties were achieved for these strestoetter than that in Li et al.
(2014) for porosity, 60% and window to pore raiol9, and those of non-

spherical celled soundproofing materials in Kind &feno (2008), and Bo and
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Tianning (2009). Also, the complexity in getting of salts completely from
smaller pore diameter sized “bottleneck” structu(eslow 500um), could
provide a hindrance in its application; and if pedp removed, they could prove
useful in greatly minimizing resonance effects byéring the differential
pressure used during casting process (Table 5r8)iddve performance of
these small-sized and highly porous “bottlenecletygiructures (B2 and E1) in
Fig 5.17 behaves well over the essential low (200621z) and mid-frequencies
(2000-45600Hz) better than those “bottleneck-ty&'uctures in Li et al.
(2011), and Li, et al. (2014) and commerciallyduseund absorbing structures

as well.

Structural length effects and airgap insertion wauwenerically considered for
sensible application of the optimized C2 structaepable of reproducing
realistically. For thicknesses ranging between & a&®mm, hardbacked
numerically simulated values of the characteriatisorption curve is plotted
against frequency in Fig 5.18. To fully understdhne contributory effects of

back cavity insertion to the rationalization of tferacteristic absorption curve
of these “bottleneck-type” structures, Fig 5.19 tpldhe noise reduction
coefficients against structural thickness for haaked and airgap (cavities, 10,
25 and 50mm) behind (BHD) and between (BTW) twoadlguthick porous

structures of similar topology. For thicknessesobellOmm, the absorption
coefficient of this material is very poor and afsim the absorption curve to the
lower frequency with greater absorption peak waseoled for improved

structural thicknesses, 10 and 20mm. This shiftthéu to the lower frequency

for thicknesses beyond the 20mm but the absorpiak drops to 91 and 84%
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of the maximum absorption value at the 30 and 40thiok structures

respectively.
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Fig 5.18 Plots of hardbacked numerically simulated norineidence absorption coefficient
against frequency (Hz) for optimized C2 structurethicknesses between 5 and 40mm.

0.8
O R —— —
ad — #_——-—""_— '''' + _———--——"’i
Z 06 R G
:g + /9 ............. P <
% /0/ NN —_

0.4 S X
8 -(/4. /)/ .........
5 0'/:,:@..-/ /L
S +<>/ x Hardbacked —o— 10mm BHD
5 02 e/ . @ 10mm BTW —O— 25mm BHD
o g X 2@+ 25mm BTW —+— 50mm BHD
2 & ceeeee 50mm BTW
Z 00 x X

0 5 10 15 20 25 30 35 40

Structural thickness (mm)
Fig 5.19 Plots of noise reduction coefficie™MRQ against structural thickness (mm) for 20mm

thick hardbacked, 10, 25 and 50mm airgap behindDBENnd between (BTW) two 10mm
optimized C2 structures.

An observable shift in the predicted normal inciceeabsorption coefficient to
the lower frequency was noticed with the insertbairgap both behind and in

between the structures. A higher absorption peakeow frequenciesf (<

2000Hz) favoured airgap between two equally thiakngles whilst higher
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absorption peak and curve favoured airgap insettiginnd the structures at
higher frequencied & 2000Hz). Structural vibration at the low frequies is
quite low (Johnson et al., 1987) and exited presswave from the preceding
sample into the succeeding sample is further regisex, striking the surface
of the second sample and thereby giving a higheorgtion peak at the low
frequencies whilst continuing travelling of soundw& within a longer length
structure, shifts the absorption curve to the loWeguencies with reduced
energy associated with structural vibration. In Big9, for structures below the
20mm thickness, high&RCfavoured airgap insertion behind the structures an
above this thickness. There are not any signifidéfgérences in the insertion of
airgaps behind or between equally thick samplessTthe choice of structural
thickness and cavity insertion would depend on tleguency range of

applications.

5.8 Erosion and dilation effects using the sphereagking model

In the sphere-packing model, erosion and dilatibthe skeletal phase of the
“virtual” porous matrix could be of assistance todvene design of material with
novel attributes. Erosion of the skeletal phaselaged celled structures further
widened the windows and, else, it is termed ditatiof much opened
“bottleneck” structures as shown in Fig 5.1A-Fi@ZA of the appendices. A
tabular representation of structural parameteresrofied and dilated structures
along with their numerically computed values of st properties is presented

in Table 5.7A of the appendices.

Changes in the inherent properties of the 1mm plameter sized structure

having the least pore diameter openings (DU1-1G¢wéserved with porosity
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and pore sizes increasing by 6-7% and 2-4% resdciand windows nearly
double upon erosion (pixels removed). Also, thataih of the structural phases
of structures with the widest openings having 1namesizes (DU1-80), reduces
their porosity, pore diameter sizes and windowanmilar percentages observed
as in case of erosion. The absorption potentigls KRG andSAA of DU1-10
(no erosion) and DU1-E1 (1 pixel removed) structumok good due to their
important window to pore ratio of 0.172 and 0.27@ a permeability of 4.6x10
10 and 1.47x10°m? was attained respectively for both structuress Thiwithin
the range of permeabilities observed in Fig 5.16ibatable to having the

optimum values of acoustic properties.

A further increment in the openings of this struetdy removing 2-pixels
element, greatly increases their permeability anddew to pore ratio but
reduces the absorptive performance of the strudturiess than 90% peak
absorption and may not be good to cast our spHigricelled porous metallic
structure with such operating parameters for effitsoundproofing. Also, the
peak absorption, noise reduction coefficient anghdoabsorption average of
dilated DU1-80 structure increases between 0.79210.0.233-0.292 and
0.359-0.435 respectively. This is due to the imguartreduction in the mean
openings and window to pore size ratio of the aagstructure (DU1-80) from
364-309um and 0.364-0.309 respectively. Continued dilatdrthe structural
phase seems unfavourable for the 1mm sized steuatut@um capillary radius
but looks better when applied on a much-openedtsirel with large pore sizes

(2-3mm pore sizes) at the i@ capillary radius.

In summary, accurate determination of pore sizelspame openings are key to
the rationalization of predictive sound spectra pragperties of this “bottleneck-
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type” porous metallic structure with the permediedi of excellent absorbers
typically ranging between 0.4-1.5x3Wn?for any packing density between 60-
80%. To achieve this permeability, it is advisatdemaintain the window to

pore size ratio to within 0.1-0.3. Below and abtivese specified ranges, the
structure would either be too close or too opentereffective absorption of the

sound pressure wave and poor vibrational control.

5.9 Conclusions

Pore-level CFD determination of permeability uskifray tomography images
of “real” structure and analytical “bottleneck” appch available in the
literature, make clear that the “virtual” macropasostructure is efficient in
replicating porous metal foams made by sinterimgalution process of packed
beds of spherical salts and the precise deterromadf other macroscopic

parameters needed for sound absorption modelling.

The variations in absorption peak, absorption artishifts of absorption curve
to either the frequency minima or maxima at varyitegree of the capillary
radius and pore sizes indicate a strong dependeit®e normal incidence
absorption coefficient on the important permeapildnd porosity of the

structure.

Alteration to the “bottleneck” structures to modwrbre intricate monosized
structures for pore sizes below p@® and to explore the opportunity to which
the larger pore size structures could be usefud,deae, to achieve the optimum
structural parameters needed for casting proce3$esextent to which this

structure thrust back pressure wave to accesstésar cellular structure was
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achieved for pore diameter openings belownisand becomes poor absorber
for window diameter opening beyond 3&0. The potential for the “bottleneck”
structures to respond well to the absorption ofnslopressure wave was
achieved for permeabilities, porosities and windowpore ratio between 0.4-

1.5x10%°m?, 60-80% and 0.1-0.3 respectively.

Furthermore, structural erosion and dilation of enolosed and more opened
structures carried out within ScanlP only providesaful tool for stretching the
important of microstructural effects on the acaugterformance of realistic
porous structure in the virtual sense and can fecated by simply varying the
differential pressure used in the real castindhefrnetallic structures using Eq

1.2.

Lastly, the absorption potential of this structurgs further improved at the
octave frequencies through increased porous layekrtess and an appropriate

airgap insertion, computed numerically.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

The research presented in preceding chapters hadesed a spectrum of
unanswered questions regarding the flow and acobsthaviour of porous
aluminium foams with major emphasis on “bottlenégbe” structures. The
work has encompassed studies on the manufactowepfhaviour and acoustic
absorption in these structures leading to the demigl optimization of materials
capable of replacing conventionally used porouseies in high-end speakers.

The key conclusions drawn out from this work atiterated below.

+ Determination of the structural and flow informatief mono-sized

“bottleneck-type” structures is possible using sphgacking models.

» Structural and flow information of these structucaes be varied widely

for mixed-sized (bimodal) packing arrangements.

* Air CFD simulation across these structures usimgagraphy images
and sphere packing model were within experimertatter and pro-
posed theoretical models can be used to quantify Behaviour at low
and high velocities. These represent a novel fondin

» Appropriate ranges of optimized non-acoustical msoopic parameters
needed to the design of enhanced “bottleneck-tygigictures were
achieved for hardbacked and airgap pressure wavdagions.

* These parameters could prove useful in the dedigmomus metallic

structures for efficient sound absorption in lowstsgers
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Statement of Originality

Chapter 3 onwards is original work. Characterizgtiiow simulation and
acoustic absorption through porous structures udisayete element simulation
(DEM) packing of near-spherical structures has Ineén studied and this
represents a significant breakthrough to pore-gealenique. The application of
this technique is presented in Chapter 3 to Chdptérthis work. Three papers
from these chapters have been published in higligeened Elsevier journals of
high impact factor ratings and there are provisiftmrsmore potential papers.
Lastly, proposed theoretical models to predictviseous and inertial terms of
these unique structures using “structural-adap¥eddy CT images of the real
structures is new and has been published by tlwapgm Acta Materialia,

Elsevier Journal, February 2018.
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APPENDICES
APPENDIX I: FLOW AND IMAGE DATA FOR AIRFLOW THROUGH POROUS METALIC STRUCTURES.

Table 4.1A Experimental data of pressure drop per unit keiga/m) over foam structures X, Y, and Z.

Vs (m/s) EXPT-X1 EXPT-Y1 EXPT-Y2 EXPT-Y3 EXPT-Y4 BX-Z1
0 0 0 0 0 0 0
0.66: 12924.3i 10623.6! 3487.8. 2849.3. 1372.6¢ 4273.7
0.948 19446.77 19600.53 6454.21 5753.56 2343.01 5.833
1.232 31311.32 33892.02 11087.54 9222.94 3655.17 176.30
1.51¢ 45530.8! 48754.3! 16957.8: 14307.9! 5412.6¢ 19249.1!
1.80( 63220.5! 71304.7: 23428.2! 19077.01 7325.4° 27723.41
2.085 82156.42 96801.22 30690.37 25423.44 9802.23 5557392
2.369 105886.2 121198.12 38835.50 31322.74 12476.186052.48
Table 4.2A X-ray CT @CT) and DEM computed values of pressure drops pietength (Pa/m) for X, Y, and Z foam structures.
Vs (m/s uCT-Y1 uCT-Y2 puCT-Y3 uCT-Y4 DEM-Y1 DEM-Y2/3 DEM-Y4
0 0 0 0 0 0 0 0
0.663 10418.41 3761.31 2782.11 1256.45 9920.65 3712 1144.63
0.948 20160.77 7244.97 5267.27 2361.38 19559.42 8.701 2212.82
1.23:Z 33458.1I 11913.4¢ 8528.0: 3775.7" 32532.1! 11634.9: 3382.8°
1.51¢ 49854.2! 17708.1! 12564.9. 5561.8: 48761.9: 17324.6. 4995.0:
1.800 70732.97 24609.50 17376.47 7552.69 68263.40 410370 6865.61
2.085 95131.82 32605.65 22963.83 10081.31 91035.19 31997.54 9031.18
2.36¢ 120790.8 41684.8: 29328.2: 12769.3! 117078.7 41006.1: 11491.8
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Table 4.3A.X-ray CT uCT) computed pressure drops per unit length foaid Y 1i dilated structures (RVE cubic flow lengti8-8mm).

Vs (m/s Y1 (Pa/m Y1l (Pa/m Y12 (Pa/m Y13 (Pa/m Y14 (Pa/m Y15 (Pa/m
0 0 0 0 0 0 0

0.66: 9228.1: 2746.1( 1029.0 644.7¢ 370.4( 210.2¢
0.948 18270.60 5283.15 1954.20 1255.34 694.72 389.9
1.232 30362.76 8661.30 3174.43 1935.34 1122.83 8824.
1.51¢ 45505.5; 12827.21 4524.0¢ 2843.3( 1653.6t 917.3¢
1.80( 63737.4¢ 17627.5. 6250.5 3873.9° 2274.8: 1258.4
2.085 85060.96 23886.65 8252.73 5112.27 2994.69 8.686
2.369 109459.18 29950.34 10559.59 6412.83 3813.07 136.86

NB: Y1 means no structural dilation whilst Y1i repent structural dilation with i representing tienter of pixels added to the fluid
domain or removed from the skeletal matrix.

OTARU AJ.

Table 4.4A.X-ray CT uCT) computed pressure drops per unit length forW2,Y4 and Y2i, Y3i and Y4i dilated structures (B\¢ubic flow length ~ 8.5mm).

Y3 Y31 Y32 Y4 Ya1 Y42
Vs(m/s) | Y2(Pa/m) Y21 (Pa/m) Y22 (Pa/m) Y23 (@p/| (Pa/m) (Pa/m) (Pa/m) | (Pa/m) (Pa/m) (Pa/m)

0 0 0 0 0 0 0 0 0 0 0
0.663 3761.31 2139.39 1043.79 551.19 2782.11 1849.5 782.33 | 1256.45  973.03  604.16
0.948 7244.97 411557 1973.40 1022.9¢ 5267.27 B965. 1467.80 | 2361.38  1826.88  1112.73
1.232 11913.49 6740.15 3203.76 1648.61  8528.01 .B512 2360.72 | 3775.75 297226  1791.21
1.51€ 17708.1¢ 9989.8! 4706.9: 24151 | 12564.9; 8169.6!  3474.5¢ | 5561.8.  4379.4«  2619.2
1.800 24609.50 13896.68 6529.03 3338.46  17376.4736463  4793.24 | 7552.69  6090.08  3625.27
2.085 32605.65 18395.56 8572.55 440336  22963.84338  6325.86 | 10081.31 8062.65  4780.82
2.36¢ 41684.8. 23540.8 10919.5: 5616.6. | 29328.2; 19251.6. 8068.8: | 12769.31 10315.2; 6098.5¢
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Table 4.5A. Structural and flow data for Y1, Y2, Y3 and Y4 antli, Y2i, Y3i and Y4i dilated structures.
@) Dpmm) Dw(mm) @ACTT o KACTN e Ce i ore (M) ors(m?)
Sample (Darcy) (Forchheimer)

uCT-Y1 70.€ 2.2t 0.6¢ 10.5( 13.9(C 17583.2! 2.07 6413.0¢ 2649.0¢
uCT-Y11 76.€ 2.2¢ 0.84 19.91 21.2¢ 4152 .8. 0.61 7351.4! 2214.7(
puCT-Y12 82.1 2.36 1.02 32.80 40.32 1399.60 0.28 &EB1 1853.30
puCT-Y13 86.6 2.43 1.15 48.02 50.73 826.96 0.19 8BB1. 1564.39
uCT-Y14 90.2 2.4¢ 1.3t 99.8¢ 117.0¢ 509.9¢ 0.17 9776.4« 1062.2°
uCT-Y15 93.C 2.5t 1.57 159.11 223.9¢ 286.7¢ 0.14 10567.7- 791.2%
puCT-Y2 72.6 2.22 0.72 13.90 17.08 5801.76 0.76 am18. 2528.00
puCT-Y21 78.2 2.32 0.90 22.32 28.94 3263.05 0.56 B4 2149.81
puCT-Y22 83.4 2.46 1.07 38.27 43.59 1470.99 0.31 &89 1709.54
uCT-Y23 87.9 2.60 1.28 64.40 82.75 753.43 0.22 9HD3. 1311.02
puCT-Y3 75.2 2.27 0.74 15.60 18.007 3985.549 0.53 273 2410.80
puCT-Y31 80.9 2.36 0.92 26.63 35.39 2667.88 0.50 H1 1986.14
uCT-Y32 85.¢ 2.4¢ 1.1€ 46.0¢ 58.9: 1085.1° 0.2€ 9581.3° 1570.8t¢
uCT-Y4 78.2 223 0.89 28.3t 33.45 1700.52 0.31 7455.44 2054.44
puCT-Y41 83.3 231 0.92 39.32 58.43 1415.87 0.34 &b68 1759.44
uCT-Y42 87.7 2.37 1.01 56.81 75.30 816.86 0.22 10371 1447.64
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0
vo vo Y9

Fig 4.7A. (Left-right), 3D velocity profile plots and 2D (Y,Z4, ¥ & %4) section of computed airflow across fagtrcture Y1 at 1.0 missuperficial inlet velocity (pore inlet
velocity, vp, in this case, is 1.418m/s calculated using thenfporosity, 70.5%)Numerical scales unit for the legends measured.&tm

Fig 4.8A. (Left-right), 3D velocity profile plots and 2D &, ¥, ¥ & ¥.) section of computed airflow acrossnfiostructure Y1 at 1.516 mtsuperficial inlet velocity (pore
inlet velocity,vp, in this case, is 2.150m/s calculated using thenfporosity, 70.5%)Numerical scales unit for the legends measured.&tm
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v 825
v.158

Fig 4.9A. (Left-right), 3D pressure profile plots and 2D (Y, Y2 & ¥4) section of computed airflow across faatmucture Y1 at 1.0ntssuperficial inlet velocity (pore inlet
velocity, vp, in this case, is 1.418m/s calculated using thenfporosity, 70.5%)Numerical scales unit for the legends measuredain P
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Fig 4.10A (Left-right), 3D pressure profile plots and 2DZ\Yv4, ¥ & %) section of computed airflow acrossnfiostructure Y1 at 1.516mtsuperficial inlet velocity (pore
inlet velocity,vp, in this case, is 2.150m/s calculated using thenfporosity, 70.5%)Numerical scales unit for the legends measuredain P
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Fig 4.12A A 2D contour fluid phase and 3D RVE structurahgd of Y1 structure for (Left) 2-pixel addition afRight) 3-pixel addition to the fluid phase.
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&

Fig 4.13A A 2D contour fluid phase and 3D RVE structurahgd of Y1 structure for (Left) 3-pixel additi

VN A S
Fig 4.14A A 2D contour fluid phase and 3D RVE structuraagd of Y2 structure for (Left) no fluid phase ddatand (Right) 1-pixel addition to the fluid phase
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4 v N 76 %
16A A 2D contour fluid phase and 3D RVE structurahgh of Y3 structure for (Left) no fluid phase ddatand (Right) 1-pixel addition to the fluid phase

Fig 4.
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Fig 4.17A A 2D contour fluid phase and 3D RVE structurahgd of (Left) Y3 structure for 2-pixel additionttee RVE fluid phase and (Right) Y4 structure withftuid
phase dilation.

D¢
g

Fig 4.18A A 2D contour fluid ph
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APPENDIX II: IMAGES, TABLES, AND FIGURES ON SOUND ABSORPTION BRAVIOUR OF POROUS STRUCTURES
Table 5.1A.Tabular representation of the measured (Lu & H8p2@nd simulated (current) sound absorption cdiefit at 500, 1000 and 1600Hz for a 20mm thick bac#ted
and airgap aluminium foam structures with spheriedks.

Measured and simulated absorption coefficient

500Hz 1000Hz 1600Hz

Samples Cavity Measured Simulated| Measured Simulated| Measured Simulated
A 0.14 0.13 0.54 0.46 0.84 0.89
B 0.19 0.10 0.28 0.28 0.70 0.74
C 0.22 0.07 0.29 0.16 0.67 0.45
d 0.13 0.08 0.22 0.19 0.52 0.55
f Hard backed| (0,11 0.08 0.31 0.23 0.78 0.68
ae and20mm 7040  0.49 0.1 0.89 0.88 0.68
ea each sample 0.48 0.33 0.74 0.99 0.69 0.77
bd 0.34 0.37 0.98 1.00 0.78 0.61
db 0.31 0.30 0.94 0.99 0.89 0.66
ba 0.51 0.46 0.75 0.94 0.70 0.66
da 0.47 0.36 0.75 1.00 0.79 0.71
a+10mm| Behind the 0.37 0.32 0.80 0.88 0.79 0.85
a+25mn sample 0.62 0.6t 0.7% 0.87 0.65 0.64

a+10mn | Betweentwo| 0.3 0.2 0.7¢ 0.8C 0.87 0.9€

a+25mn | 10mm thick 0.62 0.5C 0.8¢ 0.9¢ 0.82 0.84
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Table 5.2A. Tabular representation of predicted (Lu & He, 2080d simulated (current) noise reduction coeffitiand absorption peak for a 20mm thick hardbacked

aluminium foam structures with spherical cells.
Predicted Predicted (Lu &

Measured (Current) He, 2000) Predicted (Current)
Dw Dp
Samples @ (%) (um) (um) | ko/10%%? NRC Ap NRC Ap

al 50.84 100 999 0.045 0.220  0.45%0 0.280 0.641
a2 50.84 200 999 0.431 0.419 0.851 0.395 0.960
a3 50.84 300 999 1.624 0.359  0.997 0.327 1.000
a4 59.8¢ 50C 99¢ 8.63( 0.27C  0.841 0.17¢ 0.84¢
at 59.8¢ 30C 50C 3.917 0.25z  0.90( 0.24¢ 0.95¢
a6 50.84 300 1000 1.622 0.359  0.997 0.327 1.000
a7 50.84 300 1500 0.969 0.399  0.9y7 0.363 0.998
a€ 59.8¢ 30C 200c 0.67: 0.40¢  0.90( 0.381 0.99¢
ac 59.8¢ 30C 300c 0.402 0.42C  0.68( 0.39¢ 0.951]
alc 50.0C 30C 99¢ 1.13¢ 0.3617  0.99¢ 0.34( 0.99¢
all 60.00 300 999 1.633 0.359  0.997 0.327 1.000
al2 70.00 300 999 2.222 0.346  0.9Y8 0.292 0.986

242



FLUID FLOW AND ACOUSTIC/ABSORRTION INNPOROUS/METALLICETRIRES/ USING/NUMERICAL

SIMULATION AND/EXPERIMENTATION OTARU AJ.
Table 5.3A Structural parameters and acoustic properti€&Ed monosized (1, 2 & 3mm) spherical structures.
OFB=
DEM structures- Dw Dp | SHVs DEM DEM o THEO
capillary radii ¢m) | (mm) | (mm) | (mn7?) %] T A (um) ~ (um) ko m? (Pa.s/m) ko m? Ap NRC SAA
DU1-10 0.175| 1.02 6.434) 66.994 1.7Y0 98.722 541.298.61E-10 39490.24 0.33E-10 0.968 0.396 0.605
DU1-30 0.27C | 1.0z 5.997 | 67.50¢ | 1.76: | 171.64: 574.06' | 1.41E-09 12911.3!| 1.39E-09 | 0.97¢ 0.33¢ 0.51¢
DU1-45 0.313] 1.02 5.705 68.169 1.754 216.624 535.992.28E-09 7984.65 2.29E-09 0.912 0.296 0.449
DU1-80 0.375] 1.02 5.052] 70.458 1.721 289.531 651.014.29E-09 4243.59 4.42E-09 0.792 0.233 0.359
DU2-10 0.274| 2.04 3.347] 66.319 1.780 161.182 1®¥1.81.21E-09 15045.45 0.58E-09 0.988 0.349 0.531
DU2-30 0.421| 2.04 3.246| 66.439 1.7Y8 228,571 1(B.B 2.44E-09 7461.07 2.39E-J9 0.908 0.291 0.440
DU2-45 0.492 | 2.04 3.15¢ | 66.637 | 1.77¢ | 300.29( 1098.68¢ | 4.23E-09 4303.7¢ | 3.98E-09 | 0.80¢  0.24( 0.36¢
DU2-80 0.605| 2.04 2979 67.306 1.766 406.185 11D.67.86E-09 2316.1 7.97E-09 0.678 0.184 0.286
DU3-10 0.370| 3.06 2180, 66.440 1.7Y8 334.633 19@P.45.23E-09 3480.8§ O0.93E-09 0.768 0.220 0.337
DU3-30 0.557| 3.06 2.065 68.662 1.747 373.924 16203 6.87E-09 2649.93 3.79E-09 0.702 0.194 0.300
DU3-45 0.64% | 3.0€ 2.03¢ | 68.707 | 1.74€¢ | 436.23°7 1638.55. | 9.36E-09 1944.9¢ | 6.13E-09 | 0.63¢  0.16¢ 0.26¢
DU3-80 0.797 | 3.0€ 1.961 | 68.93¢ | 1.747 | 558.11¢ 1690.32( | 1.54E-08 1182.1< | 1.23E-08 | 0.537 0.13: 0.212
Table 5.4A. Structural parameters and acoustic propertiesiM Bnixed-sized (S-S and L-L) spherical structures.
DEM structures-% Dw Dp S/Ve
addof S-S (mm)  (mm) (mn) 1%} T A (um) ~ (um) ko m? c (Pa.s/M) Ap NRC  SAA
DU(L-L)-0% 0.283 2.270 2.999 63.435 1.820 154.054176.633 1.03E-09 17606.383 0.995 0.358 0.543
DN(L-S)-6.25% 0.22¢ 1.14: 3.09: 67.99t 1.75€ 172.49' 1102.29! 1.44E-09 12642.71: 0.97: 0.33¢ 0.511
DN(L-S)-12.50% 0.19¢ 0.86¢ 3.38¢ 70.55¢ 1.72( 184.04. 1024.92: 1.74E-09 10479.79 0.94t 0.31¢ 0.48i
DN(L-S)-18.25% 0.186 0.854 3.612 71586 1.705 176.0 885.629 1.61E-09 11314.783 0.953 0.326 0.498
DN(L-S)-25.00% 0.178 0.831 3.818 73950 1670 180.8 828.650 1.56E-09 11678.061 0.954 0.327 0.501
DN(L-S)-31.20% 0.17z2 0.807 4.09¢ 73.81C 1.67: 169.71. 777.35. 1.59E-09 11452.45 0.95z 0.32¢ 0.49¢
DN(L-S)-37.50% 0.167 0.79: 4.35] 73.36: 1.67¢ 168.64¢ 739.27. 1.55E-09 11714.76. 0.95¢ 0.32¢ 0.50:
DN(L-S)-50.00% 0.161 0.779 5.487 73.310 1679 13@.4 604.581 1.27E-09 14355.908 0.975 0.345 0.529
DU(S-S)-100% 0.149 0.752 7.983 65.884 1.786  71.843149.343 2.38E-10 76491597 0.857 0.400 0.591
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Table 5.5A Structural and acoustic parameters of poroustsires with spherical cells (X, Y and Z) charaated using CT images and DEM.

Dw Dp OFB
Samples %) (mm) (mm)  (mnd) T rtrp A (um) A (um) ko m? Ap NRC SAA
uCT-Y1 70.526 0.650 2.225 2.540 1.720 0.292 513.218327.827 1.35E-08 0.555 0.140 0.222
uCT-Y2 72.563 0.720 2.215 2.518 1.690 0.325 564.09B325.059 1.71E-08 0.504 0.123 0.196
uCT-Y3 75.20¢ 0.741 2.27: 2.407 1.651 0.32¢ 562.30¢ 1372.94. 1.80E-08 | 0.48¢ 0.11¢ 0.183
uCT-Y4 78.39: 0.89¢ 2.22¢ 2.05¢ 1.601 0.40¢ 739.26. 1576.61. 3.34E-08 | 0.371 0.08t 0.13¢
DEM-Y1 71.75: 0.617% 2.32i 2478  1.70z 0.26%5 483.28: 1344.58. 1.23E-08 | 0.571 0.14% 0.22¢
DEM-Y2/3 74.736 0.731 2.373 2229 1658 0.308 532.3 1482.851 1.91E-08 0.476 0.115 0.183
DEM-Y4 78.246 0.892 2.406 1.921 1.604 0.371 752.228660.122 3.45E-04 0.366 0.084 0.133
uCT-X1 72.053 0.275 1.213 4.588 1.698 0.227 285.03759.841  4.31E-09 0.787 0.231 0.357
uCT-71 75.243 0.732 2.774 2.245 1.650 0.264 621.64123.585 2.20E-0§ 0.449 0.107 0.170

Table 5.6A. Structural and acoustic properties of “bottlenegset porous structures for window to pore ratio @5, 0.30 and 0.45, pore diameter sizes betw86éra@d
3000um and porosities, 56, 68 and 80%.

Samples 2 (%) T rwirp rp (mm) ko m? Ap fpeak (Hz) NRC SAA r'wpm
Al 56 1.9198 0.15 0.1 5.89E-12 0.288 6500 0.1071 0.1309 15
Al2 56 1.919¢ 0.1t 0.t 1.47E-10 0.711 170C 0.358! 0.512¢ 75
A2 56 1.919¢ 0.1t 0.7 2.89E-10 0.87: 180( 0.369¢ 0.560¢ 10t
A21 56 1.9198 0.15 0.9 4.77E-10 0.954 1800 0.3663 0.5640 135
A22 56 1.9198 0.15 11 7.13E-10 0.991 1900 0.3586 0.5479 165
A23 56 1.919¢ 0.1t 1.3 9.96E-10 0.99¢ 200( 0.347¢ 0.523¢ 19t
A3 56 1.919¢ 0.1% 1.t 1.33E-09 0.992 200( 0.334¢ 0.497: 22F
B1 80 1.574: 0.1t 0.1 1.20E-11 0.437 650( 0.175¢ 0.212( 15
B11 80 1.5743 0.15 0.3 1.08E-10 0.816 6500 0.4006 0.5286 45
B12 80 1.5743 0.15 0.5 3.01E-10 0.929 2100 0.4271 0.6323 75
B2 80 1.574: 0.1t 0.7 5.89E-10 0.997 220( 0.398: 0.610: 10&
B21 80 1.5743 0.15 0.9 9.74E-10 0.989 2400 0.3633 0.5593 135
B3 80 1.5743 0.15 1.5 2.70E-09 0.853 2500 0.2683 0.4115 225
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C1 68 1.7551 0.1t 0.1 8.69E-12 0.36¢ 650( 0.140¢ 0.170¢ 15
C1z 68 1.7551 0.1t 0.5 2.17E-10 0.84( 180C 0.404¢ 0.590¢ 75
Cc2 68 1.7551 0.15 0.7 4.26E-10 0.961 2000 0.3994 0.6090 105
c21 68 1.7551 0.15 0.9 7.04E-10 0.997 2100 0.3819 0.5854 135
C2z 68 1.755] 0.1t 11 1.05E-08 0.99¢ 210c 0.359¢ 0.548¢ 165
C3 68 1.755] 0.1% 15 1.95E-09 0.93¢ 220(¢ 0.310: 0.470¢ 22t
D1 56 1.919¢ 0.4% 0.1 2.14E-10 0.80¢ 170C 0.367: 0.5457 45
D2 56 1.9198 0.45 0.7 1.05E-08 0.851 6500 0.1819 0.2611 315
D3 56 1.9198 0.45 15 4.81E-08 0.533 6500 0.0922 0.1367 675
El 80 1.5743 0.45 0.1 4.37E-10 0.979 2200 0.4140 0.6278 45
E2 80 1.574: 0.4t 0.7 2.14E-08 0.43¢ 280C 0.105¢ 0.164% 31¢E
E3 80 1.574: 0.4t 15 9.83E-08 0.22¢ 280C 0.049: 0.077¢ 67%
F1 68 1.7551 0.45 0.1 3.16E-10 0.918 1900 0.4046 0.6086 45
F2 68 1.7551 0.45 0.7 1.55E-08 0.540 2400 0.1340 0.2126 315
F3 68 1.755] 0.4t 15 7.10E-08 0.292 250( 0.063¢ 0.104¢ 67%
G1 56 1.919¢ 0.3C 0.1 5.68E-11 0.61: 650( 0.293¢ 0.377( 3C
G11 56 1.919¢ 0.3C 0.3 5.11E-10 0.961 180C 0.365:¢ 0.562¢ 9C
G12 56 1.9198 0.30 0.5 1.42E-09 0.989 2000 0.3313 0.4902 150
G2 56 1.9198 0.30 0.7 2.78E-09 0.995 6400 0.2869 0.4133 210
G3 56 1.919¢ 0.3C 15 1.28E-08 0.81: 650( 0.167¢ 0.241: 45C
H1 80 1.574: 0.3C 0.1 1.16E-10 0.82¢ 650( 0.405¢ 0.540¢ 3C
H11 80 1.574: 0.3C 0.3 1.04E-08 0.98¢ 240 0.358( 0.5511 9C
H2 80 1.5743 0.30 0.7 5.68E-09 0.702 2600 0.1978 0.3046 210
H3 80 1.5743 0.30 15 2.61E-08 0.405 2800 0.0955 0.1496 450
11 68 1.7551 0.30 0.1 8.38E-11 0.724 6500 0.3557 0.4655 30
111 68 1.755] 0.3C 0.2 7.54E-10 0.99¢ 210c¢ 0.378¢ 0.5801 9C
12 68 1.755] 0.3C 0.7 4.11E-09 0.81C 230(¢ 0.240¢ 0.367¢ 21C
13 68 1.7551 0.30 15 1.89E-08 0.502 2400 0.1219 0.1945 450
DU1-10 66.994 1.7700 0.172 0.501 4.61E-10 0.968 2000 0.396 0.6047 86

OTARU AJ.
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Table 5.7A. Tabular representation of macroscopic data ofehetoded and dilated DEM structural phase for dn@ 3mm.
DEM structure-
capillary radii (um) R (mm) Dp (mm) ors (MnTY) %] T rw/rp ko m? A (um) A (um) Ap NRC SAA
DU1-10 0.175 1.020 6.434 66.994 1.770 0.172 4.60H-198.722 541.298 0.957 0.359 0.600
DU1-30 0.270 1.020 5.992 67.508 1.763 0.265 1.49H-0171.641 574.065 0.974 0.338 0.514
DU1-45 0.31: 1.02C 5.70¢ 68.16¢ 1.75¢ 0.307 2.28E-09 | 216.62: 595.99 | 0.91Z 0.29¢ 0.44¢
DU1-80 0.37¢ 1.02C 5.05z 70.45¢ 1.721 0.36¢ 4.29E-09 | 289.53: 651.01: | 0.79z 0.23: 0.35¢
DU1-E1 0.280 1.037 5.655 72.073 1.697 0.270 1.49H-0166.423 587.979 0.962 0.333 0.510
DU1-E2 0.366 1.060 4.876 76.757 1.627 0.345 3.49H-0240.456 648.379 0.819 0.249 0.383
DU1-E3 0.47: 1.08( 4.22¢ 81.01C 1.55¢ 0.437 6.90E-09 | 325.90! 734.90: | 0.65¢ 0.181 0.27¢
DU1-E4 0.56¢ 1.097 3.55:¢ 84.85. 1.49¢ 0.51¢ 1.03E-08 | 380.71: 815.99: | 0.56z 0.14¢ 0.22¢
DU1-E5 0.631 1.112 2.912 88.199 1429 0.567 1.58H-0442.480 916.627 0.476 0.122 0.182
DU1-D1 0.139 0.985 6.950 61.963 1.840 0.141 2.18B-171.968 518.779 0.828 0.388 0.571
DU1-D2 0.09¢ 0.95¢ 7.46¢ 57.18¢ 1.90¢ 0.10C 1.06E-10 | 53.15: 499.04¢ | 0.65¢ 0.34¢€ 0.47¢
DU2-10 0.27¢ 2.04( 3.347 66.31¢ 1.78C 0.13¢ 1.21E-09 | 161.18: 1041.88 | 0.98¢ 0.34¢ 0.531
DU2-30 0.421 2.04( 3.24¢ 66.43¢ 1.77¢ 0.207 2.44E-09 | 228.57: 1073.83(| 0.90¢ 0.291 0.44(
DU2-45 0.492 2.040 3.158 66.631 1.776 0.241 4.23B-0300.290 1098.688 0.809 0.240 0.365
DU2-80 0.605 2.040 2.979 67.306 1.766 0.296 7.88H-0406.185 1150.634 0.678 0.184 0.286
DU2-E1 0.42( 2.07: 2.88: 71547 1.70¢ 0.20¢ 6.03E-09 | 339.07: 1151.19:| 0.72C 0.201 0.312
DU2-E2 0.54: 2.11¢ 2.48: 76.32¢ 1.63% 0.25¢ 1.37E-08 | 470.86: 1268.85!| 0.53¢ 0.13¢ 0.21(
DU2-E3 0.653 2.159 2.031 80.749 1563 0.302 2.59H-0616.078 1446.580 0.406 0.096 0.150
DU2-E4 0.731 2.194 1.709 84.670 1.496 0.333 3.99H-0734.368 1602.956 0.328 0.076 0.117
DU2-E5 0.791 2.22F 1.39¢ 88.08¢ 1.432 0.35¢ 5.87E-08 | 873.61° 1798.90' | 0.26¢ 0.06: 0.09:
DU2-D1 0.19¢ 1.96¢ 3.62¢ 61.097 1.85z 0.10C 5.09E-10 | 111.10: 999.94: | 0.971 0.38( 0.58:
DU2-D2 0.13¢ 1.91: 3.90¢ 56.15¢ 1.91¢ 0.071 2.17E-10 | 77.01¢ 964.88: | 0.81: 0.36¢ 0.54¢
DU3-10 0.37( 3.06( 2.18( 66.44( 1.77¢ 0.121 5.23E-09 | 334.63: 1569.49: | 0.76¢ 0.22( 0.331
DU3-30 0.557 3.060 2.065 68.662 1.747 0.182 6.89H-08373.924 1620.394 0.702 0.194 0.300
DU3-45 0.645 3.060 2.039 68.707 1.746 0.211 9.38H-0436.237 1638.553 0.638 0.168 0.264
DU3-80 0.797 3.06( 1.961 68.93¢ 1.74: 0.26( 1.54E-08 | 558.11¢ 1690.32( | 0.537 0.13: 0.212
DU3-E1 0.742 3.137 1.791 73.651 1.674 0.236 2.09B-0613.520 1778.329 0.464 0.111 0.178
DU3-E2 1.100 3.199 1.472 78.312 1.602 0.344 4.78B-877.154 2024.31% 0.321 0.072 0.114

246



FLUID FLOW AND ACOUSTIC:ABSORPTION INNPOROUS/METALLICUETRIRES USING NUMERICAL

SIMULATION AND/EXPERIMENTATION (OTARU AJ.
DU3-E3 1.30¢ 3.25¢ 1.25: 82.50¢ 1.53¢ 0.40z 7.18E-08 | 1033.28! 2233.41 | 0.25¢ 0.057 0.08¢
DU3-E4 1.472 3.30(¢ 1.04: 86.23¢ 1.467 0.44¢ 1.08E-07 | 1212.42! 2489.85. | 0.20¢ 0.04¢ 0.07¢
DUS-E5 1.599 3.339 0.842 89.450 1404 0.479 1.61E-0421.923 2803.614 0.168 0.038 0.056
DU3-D1 0.265 2.992 2.246 63.655 1.817 0.089 3.78F-0292.626 1546.862 0.842 0.255 0.382
DU3-D2 0.184 2.915 2.430 58.771 1.884 0.063 1.99F-0225.883 1482.278 0.953 0.312 0.459
DU1-80 0.375 1.029 5.052 70.458 1.721 0.364 4.29E-0289.531 651.014 0.792 0.233 0.359
DU18-D1 0.341 1.00¢ 5.58¢ 66.31: 1.78C 0.34¢ 3.30E-08 | 266.20: 612.16: | 0.85¢ 0.26: 0.39¢
DU18-D2 0.30¢ 0.98¢ 6.102 62.17% 1.837 0.30¢ 2.51E-09 | 243.59: 579.78¢ | 0.911 0.29:z 0.43¢

Fig 5.1A. A 2D fluid phase model contour and 3D structyfzse of DEM virtual structure of 1mm pore sized eapillary radius of 20m for a (left) No structural erosion,
DU1-10, and (right) 1-pixel, DU1-E1, removed frohetstructural phase.
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a 4
Fig 5.2A. A 2D fluid phase model contour and 3D structyntzise of DEM virtual structure of 1mm pore sizes eapillary radius of 10m for a (left) 2-pixel, DU1-E2, and
(right) 3-pixel, DU1-E3, removed from the structuphase.

)L - | . 5 ; ;‘ : :
Fig 5.3A A 2D fluid phase model contour and 3D structynteise of DEM virtual structure of 1mm ore sized eapillary radius of 10m for a (left) 4-pixel, DU1-E4, and
(right) 5-pixel, DU1-E5, removed from the structuphase.
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5

Fig 5.4A A 2D fluid phase model contour and 3D structptzse of DEM virtual structure of 1mm pore sized eapillary radius of 1@m for a (left) 1-pixel, DU1-D1, and

>

(right) 2-pixel, DU1-D2, added to the structurabgh.

Fig 5.5A A 2D fluid phase model contour and 3D structitese of DEM virtual structure of 2mm pore sized eapillary radius of 1@m for a (left) No structural erosion,
DU2-10, and (right) 1-pixel, DU2-E1, removed frohetstructural phase.
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Fig 5.6A. A 2D fluid phase model contour and 3D structyntehse of DEM virtual structure of 2mm pore sizes eapillary radius of 10m for a (left) 2-pixel, DU2-E2, and
(right) 3-pixel, DU2-E3, removed from the structuphase.

Fig 5.7A. A 2D quid phase mdel contour and 3D structytaise of DEM virtual structure of 2mm pore sized eapillary radius of for a (left) 4-pixel, DU2-E4, and
(right) 5-pixel, DU2-E5, removed from the structuphase.
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Fig 5.8A. A 2D fluid phase model contour and 3D structptzse of DEM virtual structure of 2mm pore sized eapillary radius of 1@m for a (left) 1-pixel, DU2-D1, and
(right) 2-pixel, DU2-D2, added to the structurabgh.

Fig 5.9A. A 2D fluid phase model contour and 3D structpfzse of DEM virtual structure of 3mm pore sized eapillary radius of 3@m for a (left) No structural erosion,
DU3-10, and (right) 1-pixel, DU3-E1, removed frohetstructural phase.
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4

Fig 5.10A A 2D fluid phase model contour and 3D structptsse of DEM virtual structure of 3mm pore sized eapillary rdius of 10m for a (left) 2-pixel, DU3-E2, and
(right) 3-pixel, DU3-E3, removed from the structuphase.

Fig 5.11A.A 2D fluid hase model contour and 3D structutege of DEM virtual structure of 3mm por sizes cayillary rdius of 10m for a (left) 4-pixel, DU3-E4, and
(right) 5-pixel, DU3-E5, removed from the structuphase.
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Fig 5.12A A 2D fluid phase model contour and 3D structptase of DEM virtual structure of 3mm pore sized eawpillary radius of 1m for a (left) 1-pixel, DU3-D1, and
(right) 2-pixel, DU3-D2, added to the structurabgh.
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Fig 5.13A.Plots of normal incidence absorption coefficiersiagt frequency
(Hz) for structures with constant porosity (56%jfedtent pore sizes (rp=100,
700 and 1500m) and three different windows to pore ratio (r&@pl5, 0.45

and 0.30).
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Fig 5.14A.Plots of normal incidence absorption coefficiersiagt frequency
(Hz) for structures with constant window to pordiaa(rw/rp-0.30), for
different pore sizes rp=100, 700 and 1) and for different porosities
(=56, 68 & 80%).
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Fig 5.15A Plots of normal incidence absorption coefficiagainst frequency
(Hz) for structures with constant porosity (80%jfedtent pore sizes (rp=100,
700 and 1500m) and three different windows to pore ratio (r&@pl5, 0.45
and 0.30).
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APPENDIX 1ll: KOZENY CONSTANT OF SPHERICAL
STRUCTURES GENERATED BY SPHERE-PACKING
MODELS

As part of the appendices, we look to computatigreaplore the possibility of
using the sphere packed structures to flow thrquaygtked beds which are an
inverse representation of metal foam structure. dine is to understand the
benefit of the virtual structures to the accuratedjction of Kozeny constant
spherical packed structures and make a comparigtn established facts

available in the literature.

Summary

The study presents a novel approach to Kozeny aonsif near-spherical
packed beds from two-dimensional images obtained fdiscrete element
method (DEM) simulation packing of spheres for vireual description of the
porous packed beds. A Three-dimensional represemtatemental volume
(RVE) of the porous microstructure with uniform fele sizes 1 - 3mm were
restored from 2D slices of DEM images with a cudirat length three times the
average pore size. Particles and fluid volume pvesien were resolved to
utilize smart mask smoothing at iteration numbed@ffor the de trop noise
within the microstructure. The modeled values agessonably well with an
analytical Blake-Kozeny (BK) model within an esiabked Kozeny-constant
(K) of 4.5-5.1. K value of 4.62 is proposed for Biuation which shows
reasonable agreement with modeled values and nezbdata on polydispersed

packed beds in the literature.

Keywords: Porous media; Permeability; Kozeny-Constant
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The flow of fluids through porous media is of gresg¢rest in many fields. These
include water flow through rocks, petroleum recg@vesrocesses, sound

absorption and metallurgical processing. For lamilzav, the well-established
Darcy equation relates the flow rate per unit e(geaof fluid through a porous

medium under a defined pressure drop per unittefiigt| [2] and [4]. The two
are related through the viscosity) of the fluid and the permeability of the

porous medium. This inter-relationship is giverkEiuation 1

Q_ ko . D_SZ @3
&= —Zypp|  and kO_Bk((l—Q))Z) 1

The permeability is a key term describing the floghaviour within the porous
medium. The Blake-Kozeny equation, shown in Equmfi [16] defines the
permeability of a packed bed of spheres as a fumaif the porosity or void
space (9), particle siZ®s), and the Kozeny constant B]. The complex nature
of the porous medium makes the Kozeny constandjffcult to determine. K

value of 5.0 proposed by Kozeny, 1927 is univeysalitrue and K values
ranging from 4.5 to 5.1 have been proposed [8]isItlear that accurate

determination of K is imperative for the precis¢éedmination ofk,, .

Several computational approaches on the deterramafi Kozeny constant of
flow through packed beds have been done but aecuaiie of this constant for
flow developed across spherical packed beds ussgete element method
porescale approach has not been studied. Exampldsese computational
works involving determination of Kozeny constantliterature are cross flow

and staggered square cylinder [6], soil samplerandom spheres [10], random
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packings constructed with square-shaped partid@$, [spatially correlated
porous media [21], Fibers [1], Square rods, culbelscglinder [17 & 18], Foam
[11], Blocks [5], spherical particles & blocks [22h the mainstream, the work
of Liu and Hwang, 2012 [15] proposed the Kozenyprstant for fibrous porous
materials whilst the work by Ozgumus, Mobedi & OiziD14 [19] put forward
the Kozeny — constant for rectangular rods. Thidystompares computational
fluid dynamic (CFD) simulations for laminar flow wfater through packed beds
of spheres and compares predictions for the pertitgalith those from the
Blake - Kozeny equation. The study then extendsatialysis to polydisperse

systems.

Discrete element method (DEM) has been used tolatenthe packing of 1, 2
and 3mm diameter spheres in a cylindrical vessalhamatic of which is shown
in Fig 1. The details of this method are publishefll4]. The packing density
was controlled by varying the value of the intertigde friction, achieving
packing densities between 0.55 and 0.67, consistghtthose for loose and
dense random packing of monosized spheres. Posi size data were
exported to MATLABM which was used to create serial 2D sections at
prescribed intervals at a resolution of 300dpi.twd and three-dimensional
images of packed spheres (2mm) are presented iBaFighe 2D image slices
were restored to a 3D volume (Fig 2b). Accuratservation of the particle
size and fluid volume were achieved by optimizihg smart mask smoothing
process in the ScanlP module of SimpleWdre A representative volume
element (RVE) was determined by measuring the veltnaction as a function

of test volume size, at a number of test regiong € and 2d). The volume
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fractions of the test regions converged to withn-35% of the bulk value for

a test volume that was 3x the patrticle size.

(LT
LTV T

cltiamiasat

Fig 1: DEM simulation of the filling of a 35mm diametgessel with mono — sized beads
(Langston & Kennedy, 2014).

Fig 2. (A) Two-dimensional (2D) horizontal slice (B) &®&-dimensional (3D) volume of DEM
monosized packed spheres (C) RVE Fluid domain Bh&YE structural domain representative
matrices of the virtual macroporous structures (DBltained using sphere-packing models.

A high density hexahedral/quadratic tetrahedralhm@E)TM, known as FE-
Grid in Simpleware) was used as a benchmark (Figl8¢h creates over 25
million cells with a recorded minimum edge lengtlsd than 14m. Fig 3(left)
shows a 2D section of the FE grid (HQTM) meshedcstire, indicating a
hexahedral mesh on the fluid dominated region aetrahedral mesh on the re-

entrant edges. Simpleware +FLOW module solves tnady-Stokes equation
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at fluid velocities consistent with laminar flow ithe Darcy regime. An
impermeable side wall boundary condition was imgesel the permeability in
the height, Z, direction was determined. Fig 3(igpresents a three-
dimensional fluid phase velocity streamlines plbtained from solving the

impermeable side walls Stokes equation in the FL§oWer of Simpleware.

| 896

672

N
:

: ﬂ i ;&Wﬁj"%@g

Fig 3. A two-dimensional image of the HQTM (left) and $Blocity streamline plot (right).

The highly dense mesh structure looks extremelypaationally expensive on
resolving in a commercial CFD software requiringthimemory usage and
longer computational time. The Flow+ solver in Bleware, however, avoids
the use of quadratic elements for the velocity lmear element for pressure
computation, instead of using linear element fothpenaking computation
faster and using less memory. Studies have shoatrtie HQTM holds greater
promise in terms of accuracy and useful for fieitement and finite volume than
the LTM, but the LTM is quite useful when propedptimized [3] and [20].
However, the mesh dependence study was thus usgatify the likely trade-
off between mesh element number and accuracy (caupaith the FE grid
mesh) in resolving the representative structura 6% — bit (32GB RAM and

3.7GHz) PC specification. For this study, a sdesiptimization study adopting
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the linear tetrahedral mesh (LTM) (Fig 5) was used@dn RVE for 2mm spheres

with a void space of 42.9%.

Tables 1 and 2 present the change in the pernyahilio (the computed
permeability to the baseline obtained from the F& gimulation) as a function
of mesh geometry, and the computational time festblution. The optimization
process was carried out by varying the minimummagimum edge lengths as
multiples of the resolution of the original 2D dtamages (1 pixel = 22 um). A
sensible balance of computational efficiency (bemigdful of reducing the
element count to below 3 million cells for easeusé in CFD packages) and
accuracy was identified by a minimum and maximumgeelgngth 2.5x and 3x
the resolution respectively (Fig 4 left). For a megth 2.2 million cells, the
permeability is 95.6% of that for the FE grid mo¢&B7*10° m?). In the case
of laminar flow, having small elements at the mdetisurfaces yields very little
improvement in modelling accuracy for a large pgnah mesh density.
Coarsening the mesh on the surfaces (Fig 4 righgje velocity is already
assumed to be zero (no slip) is imperative to redbhe mesh density as well as
the computational cost. The relationship betwees pkermeability for the
optimized linear tetrahedral mesh (LTM) and higldiscretized FE grid
hexahedral/quadratic tetrahedral meshes (HQTM)sam@vn in Fig 5 (ball

points) giving a consistent, 6% lower value for tpimized LTM mesh.

Table 1 Data for constant growth rate, variation in Lmax andrl_= resolution
Lmax ~ Permeability Mesh density Permeability =~ Growth Homogenisation

(mm) / 10%n?? /10°8 ratio rate time (s)
10.0x 5.4z 1.121: 0.8t 1.3C 152
9.0x 5.44 1.1269 0.85 1.30 159
6.0x 5.68 1.2624 0.89 1.30 176
4.0x 5.99 1.8906 0.94 1.30 302
3.0x 6.14 2.9670 0.96 1.30 535
2.0x 6.29 8.5742 0.99 1.30 2065
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Table 2. Data for constant growth rate, variation in minimum Lamd Lmax = 3x
resolution
Lmax ~ Permeability Mesh density Permeability Growth  Homogenisation

(mm) / 10%°m? /10°8 ratio rate time (s)
2.5X 6.11 2.190 0.956 1.30 346
2.0x 6.20 2.288 0.960 1.30 395
1.5x 6.31 2.764 0.963 1.30 469
1.0x 6.31 2.967 0.964 1.30 555

18

Modelled Permeability /Z€fm?2 (Lmin

0 3 6 9 12 15 18
Permeability / 18°m?2 (FE Grid)

Fig 5. CFD Modelled permeabilities for the optimized LTdgainst the HQTM mesh structure.

The optimized LTM mesh structure was exported toM3OQL Multiphysics

5.2M (CMXx) for solving. The low-velocity incompressibldavier-Stokes
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equation, velocity inlet, zero pressure outlet,shp-wall and symmetrical
boundary condition of side faces were solved orflthé domain of the micro—
geometrical structuré homogenization time in the range of 500 and 608s
recorded for CMx computation for each pressure arbitst that of Simpleware
FLOW direct computation of permeability is limiteB00-500s. Using
COMSOL, the pressure drop was calculated for lanfloe of water (velocities
between 0-100mm/s) corresponding to pore diametgn®ds (Re) numbers
between 0-110, 0-220 and 0-330 for 1, 2 and 3mne Eze structures
respectively. The permeabilities at Darcy regimeemabtained for Re<1.0,
typically, flow velocities less than 0.1mnm.m this case, as prescribed by Lage,
Krueger & Narasimham, 2005 and then determinedittyng the pressure-
velocity to Darcy equation as opposed to directmatation of permeability for
different boundary conditions in Simpleware +FLOV@dule. Table 3 shows
the permeabilities (At Darcy regime) for packed d&dth 1-3mm spheres for
porosities between 0.33 and 0.45. Also, the peritittieband Form drag for all
regime of laminar flow was computed by fitting theessure-velocity data into
Darcy-Dupuit-Forchheimer model suggested in [2344. A two-dimensional
image of surface-arrow velocity plots for flow thigh (50mm.3 pore inlet
velocity) the interstices of a 1 and 3mm monosia3%6 void space or packing
fraction) particles packed beds are shown in Figltts clearly shows that the
size of the particle and void spaces within thekpdgorous beds often dictates
the flow of fluid (water) through it. A large paske sized (3mm) virtually packed
beds the much higher void spaces within the bedshwdventually influences

more fluid through it whilst the lowest sized pelgi (Lmm) confers to higher
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pressure and low permeability (in order of'%@?) through it which is often the

case of realistic flow packed beds (Fig 6).
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< 800000 = 3.06mm ko= 4.61x10m?, R
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Fig 6. Top, is the plots of pressure drop per unit ler(@#.m") against superficial velocity for
laminar flow of fluid through a 1.02mm and 3.06mraan pore sized virtually packed structures
and bottom, is the 2D images of the velocity sti@as (cubic structural thickness 3mm to the
bottom left, and 9mm, to the bottom right) at 50mtpore inlet velocity.

The computed values of permeabilities at Darcymegusing FE grid mesh
(Hexahedral/Quadratic tetrahedral mesh) vary omeae less than 1% and are
5% higher than those for the linear tetrahedral mssucture resolved in
Multiphysics (CMx) and Simpleware (SWx) respectwélsing Eq 1, the value

of K (Kozeny constant) was determined by plottihg thodeled permeability

2 3
againsfj—s( 0 ) with a slope of- = 6.0x1% and a Kozeny constant of 4.62
1 \(1-9)? By

was achieved which lies in the region of K value5{8.1) available in the
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literature [8].Fig 8 (left) plots CFD modeled data (points) and Blake Kozeny
predictions (lines) of the absolute permeability against void fraction. The
modeled values agree well with that obtained from the BK model. The proposed
value of K (4.62) was used to predict measure@érineability data of spherical
beds for the polydispersed packed spherical pasti(0.794 — 7.94mm) and
cubes presented in Fig 8 (right) and Table 3 (tegje). This shows better
prediction by, on an average, less than 15% gnadiéference when compared

with that of the K value of 5.0 (more than 31% geadl difference) in literature

[13].
18
n
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zg —o0— BK atK =4.62 m  CFD -
- 12 Phe
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Fig 8 Top, is the plots of CFD modelled and theoretic@ues of permeability against void

fraction and to the bottom, is the theoretical pesbility value against against measured
permeability.
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In conclusion, a study on the numerical simulat@nfluid flow through
computer-generated structures at Darcy regime bas mvestigated utilizing
discrete element modelling (DEM) simulated packogpherical beads. DEM
has been used to create randomly-packed beds absizen spherical beads
with different packing fractions. DEM data have besed to create 3D volumes
for simulation of 1D laminar flow using Simplewaseftware combined with a
flow solver. Discretization and mesh dependentystuere carried out to make
the problem mesh independent by specifying a groath of 1.3. For sphere
diameters in the range of 1-3 mm and void fractionthe range of 0.3-0.5, the
agreement between the permeabilities of modeladttsiies and predictions

from the Blake — Kozeny model is good when the Kyzeonstant, K, is 4.62.
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Table 3 Measured and predicted permeability data.
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SIMULATION. AND/EXPERIMENTATION

Specific Packing Measured Permeability Predicted Predicted Predicted
surface area fraction (m?) Einseklam, etal  Permeability (rf) Permeability (rf) Permeability ()
Ds (mm) (m?/m?) (D) 1956 Kozeny, 1927  Nakayama et al, 2007 current
0.7940 7600 0.393 6.20E-10 5.770E-10 3.037E-10 A&=240
1.5880 3759 0.405 2.80E-09 2.629E-09 1.384E-09 S5E&D0
Sphere  3.175( 189t 0.39: 9.40E-09 9.226E-09 4.856E-09 9.985E-09
6.3500 948 0.405 4.90E-08 4.203E-08 2.212E-08 E50
7.9400 756 0.416 9.40E-08 7.393E-08 3.891E-08 018008
3.1750 1860 0.190 4.60E-10 5.855E-10 3.081E-10 63
3.175( 186( 0.42¢ 1.50E-08 1.300E-08 6.844E-09 1.407E-08
Cube: 6.350( 107¢ 0.31¢ 1.40E-08 1.549E-08 8.151E-09 1.676E-08
6.3500 1078 0.455 6.90E-08 7.104E-08 3.739E-08 689E-08

OTARU AJ.
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