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Rags make paper
Paper makes money
Money makes banks
Banks make loans
Loans make beggars

Beggars make rags

Author unknown, circa Eighteenth century
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Abstract

The origin of this thesis lay in the production of defects associated with metnufag LPM
impregnated panels. The causes of these defects were unknown Heiwasact nature. In
identifying the actual nature and cause of these defects, it is necdes@yearch the fun-
damental mechanisms of fluid flow into paper as well as identifying how certaintgral
characteristics of paper, as well as characteristics of the penetratingsliqifected fluid flow
within paper.

To understand the affect of different liquids on impregnation into poroadia, simple
isotropic micromodels are used to quantify the effects of surface tenstbaamtact angle on
the rate of fluid flow. The use of the Lucas-Washburn equation is question

Using cryo-SEM and a newly developed technique of cryo 2-photofocahlaser scan-
ning microscopy, the actual mechanisms of fluid flow in unsized paper arfidd. These are
due primarily to the advance of the wetting fluid in the form of bulk liquid films alomgrmels
formed by fibre overlaps. This is in contrast to the common description of fiemdtration,
where the primary flow mechanism is based on the bulk filling of pores. Ttiesenels,
formed by fibre overlaps are shown to form a highly interconnectededeetwvork of flow
paths which efficiently transport the wetting fluid. The flow rates associitddoenetration
along a number of potential flow paths within the fibre web are calculatedexjerimentally
observed penetration rate is consistent with a film flow process througkfibme channels
which is significantly slower than a penetration process dominated by mefiisauthrough
pores. In addition the mechanism of fluid flow in internally sized papers septed.

The effects of different fillers on paper structure, flow path morphekbgnd imbibition
rate are also quantified. Laboratory papers with different types andramof filler are studied

using SEM and cryo-SEM and a newly developed technique of high spded microscopy
to quantify such effects.



Contents

Acknowledgements iv
Abstract Vi
1 Introduction 1
1.1 Introductiontothethesis . . ... ... ... . ... ... ... . ... ... 2
1.2 Brief overview of LPM manufacturing process . . . . . . . ... ... ... 3
1.2.1 Firststage of treating; impregnation of decor paper with urea formalde
hyderesin . . . . . . . . . . 3
1.2.2 Second stage of treating; coating with melamine formaldehyde resins . 4
1.2.3 Consequences of inadequate penetration of resin at first stage. . 4
1.3 Aimandpurposeofresearch . .. .. .. ... ... .. ... ... . ..., 5.
1.4 Structureofthethesis . . . . . . . ... ... . ... .. 6
2 Literature review 8
2.1 Previous research into resin impregnation of decor papers . . . ........ . 9
2.2 Review of experimental methods used inthethesis . ... ... ........ 10
2.2.1 SEMinthestudy ofliquidsandpaper . . . ... ... ... ...... 10
2.2.2 Cryo 2-photon confocal laser scanning microscopy (CLSM) . . . .10
2.2.3 Plasmatreatmentofpaper . ... ... ... ... .. ... ... 11
2.2.4 Mercury intrusion porosimetry . . . . ... 0 L 12
2.3 Testing the rate of fluid imbibition intopaper . . . . . . ... ... ... ... 13
2.3.1 Testing imbibition into decorpapers . . . . . ... ... ... ..... 13

2.4

2.3.2 Review of non-optical methods to test rate of liquid imbibition into paper 13
2.3.3 Review of optical techniques for measuring liquid imbibition into pa-

PeI . e e 14
Review of theories of fluid flowinpaper . . . . . .. .. ... ... ..... 51
2.4.1 Bulk capillary flow theory and the use of the Lucas-Washburn equatic®b
2.4.2 Effectofporegeometry . . ... ... ... ... .. . 20
2.4.3 Complex simulated three dimensional pore models of imbibition . . . . 21
244 Intra-fibreflow . . .. .. ... 22

245 Fluidflowinsizedpapers . .. ... ... ... . ... ... ... 22



Contents Viii

2.4.6 Effect of surfactants on imbibition intopaper . . . . . ... ... ... 23
247 Filmflow . . ... 23
3 The Cause of Surface Defects in Low Pressure Melamine Panels 26
3.1 Introduction . . . . . . . ... e 27
3.2 MaterialsandMethods . . . . . .. .. . 27
3.2.1 Justification of techniquesused . . ... ... ... ... ....... 27
3.2.2 Selectionof papersamples . . . . . . . ... 28
3.23 Resins. . . ... 28
3.24 Treatments . . . . . . . . e 29
3.2.5 Sample preparation for SEM; treated and pressed paper . . . . . .30.
3.2.6 Sample preparation for Raman microscopy . . . ... ... ... ... 30
3.2.7 SEMimaging and data acquisition . . . . .. ... ... ... ... .. 31
3.2.8 Experimental design and statistical analysis ofdata . . . . .. ... .. 35
3.2.9 Raman microscopy and data acquisition . . . . .. ... ... .. ... 36
3.29.1 Introduction . ... ... ... ... 36
3.29.2 Experimental. . .. .. .. ... .. .. ... .. .. ..., 37
3.2.10 SEM examination of edges ofrawpaper . . . . . . . .. ... ... .. 38
3.3 Results. . . . . . 40
3.3.1 Overall effects of treatment & paper type on surface quality ofrpape40
3.3.2 Treatmenteffects . . . . . .. .. ... 40
3321 Surface . . . .. ... 40
3.3.22 Subsurface . . . . ... 42
3.3.3 Papereffects . .. ... ... 44
3331 Surface . . . . ... 44
3.332 Subsurface . . .. ... ... 46
3.3.4 Interactions of treatment & paper type on surface defects & dabsur
POIES . . . . . e e 47
3.34.1 Surfacedefects. . . .. ... ... ... L. 47
3.3.5 Melamine distribution . . . . . ... ..o oL 70
3.3.5.1 Preliminary studies of Raman spectra ofresins . . . . . . .. 70
3.3.5.2 Melamine distribution in treated and pressed paper . . . . . . 70
3.4 DISCUSSION . . . . . 75
3.4.1 Conclusion . . . . ... 78

4 Relationship between the physical properties of decor papers arsurface defects
in LPM overlays 80

4.1

Introduction . . . . . . . . . e 81



Contents iX

4.2 Materialsandmethods . . . ... ... ... ... 82
421 Sampling . . . . ... e 82
4.2.2 Standard papertesting . . . . . . ... ... 83

4221 Klemmtesting . .. ... ... .. .. ... .. .. .. ... 83
4222 Resindemand . ... ... ... ... ... ... ..., 84
4223 Gurleyporosity . .. .. .. ... .. .. e 85
4.2.2.4 Thicknessanddensity . . ... ... ... .......... 85
4.2.3 Measuringrate of saturation . . . . ... ... ... ... .. ..., 85
4231 InvertedBottleTest . . .. ... ... ... .. ....... 85
4.2.4 Relative reflectance method . . . ... ... ... ... ... .. ... 85
4,25 Statistical analysisofdata . . ... .. ... ... .. ......... 89

4.3 Results. . . . . . . . e e 90

4.3.1 Heterogeneity of paper and the relationship between the physical cha
acteristics of paper and suitability of decor papers forLPM . . . . . .. 90
4311 Density. . .. ... .. e 90
4.3.1.2 Paperthickness . ... ... ... .. .. ... . ... ... 94
4.3.1.3 Gurleyporosity . .. ... ... ... .. .. .. 97

4.3.2 Heterogeneity of paper and the relationship between fluid imbibition
and suitability of decor papersforLPM . . . .. .. ... ... .... 99
4321 Klemmtest. . ... ... .. .. ... . 99
43.22 Resindemand . ... ... ... ... ... 105
4.3.2.3 Invertedbottletest . . . . ... ... ... L. 107
4.3.2.4 Rate of saturation to 50% & 95% using relative reflectance

method . . . . . . . . ... ... 109

4.3.3 Relationship between the imbibition of liquids into decor papers and
their physical characteristics . . . . . ... ... .. ... ....... 112
4331 Klemmtests . ... .. ... ... 112
43.3.2 Resindemand . ... ........ .. ... ... .. ... 115
4.3.3.3 Rate of saturation to 50% using relative reflectance method . 118

4.4 DISCUSSION . . . . . . o o e 118
4.4.1 Relating measurestodefectlevels . . ... ... ... ......... 118

45 Conclusion . . . ... e 122

Mechanisms of Liquid Imbibition 123

5.1 Introduction . . . . . . . . . . e 124

5.2 Materialsand methods . . . . .. . ... 126
5.2.1 Experimentaldesign . . ... ... ... ... ... 126

5.2.2 Determinationofcontactangle . . . . . .. .. ... ... ....... 127



Contents X

5.2.3 Determination of surfacetension . . . . . . ... ... ... ...... 127
5.24 Useofmicromodels . ... ... ... ... . .. . .. . ... ... 128
5.2.5 Experimentation . . . ... ... ... ... 129
5.2.6 Statistical analysisofdata . . . .. ... ... ............. 131
53 Results. . . . . . e 131
5.3.1 One-dimensionalmodel . .. ... .. ... ... ... ... 131
5.3.2 Two-dimensional models: capillaries aligned withinlet . . . . . .. .. 135
5.3.3 Two-dimensional models: capillaries not aligned with inlet . . . . . . 136
5.3.4 Explaining rates of fluid imbibition into micromodels . . . . . . .. .. 143
54 DISCUSSION . . . . . o o i 145
5.5 Conclusion . . . . .. . 147
Mechanisms of Fluid Flow in Paper 148
6.1 Introduction . . . . . . . . ... e 149
6.1.1 Background . . . . . . . ... ... e 149
6.2 Materialsandmethods . . . . .. ... .. ... ... 150
6.2.1 Introduction. . . . . . . . . ... 150
6.2.2 Papersamples . . . . . ... ... 151
6.2.3 Cryo-SEMimaging . . . . . . . . . . .. e 151
6.2.3.1 Sample preparationfor SEM . . ... ... .. ... .... 151
6.2.4 Imaging using cryo-two-photon confocal laser confocal micqmsco. 154
6.2.4.1 Developmentof cryo-cellfor CLSM . . . ... ... .. .. 154
6.2.4.2 Sample preparationfor CLSM . . ... ... ........ 154
6.2.4.3 Obtainingimages . . . . . . . . . ... 157
6.2.5 EDXAanalysisofsizedpapers. . . .. .. ... ... ... ...... 161
6.3 Results. . . . . . . .. e e 162
6.3.1 Unsized & unfilled bleached kraftpapers . . . .. ... ... .... 2 16
6.3.1.1 Cryo-2-photon laser confocal microscopy . . ... ... .. 166
6.3.2 DeCcorpapers . . . . . . e e e 174
6.3.2.1 Cryo-SEM . . . . .. ... 174
6.3.2.2 Cryo two-photon confocal microscopy . . . ... . ... .. 176
6.3.3 Pore-scale modelling of observations . . . ... ............ 179
6.3.3.1 3D Pore Morphology of Paper . . . ... ... ....... 179
6.3.3.2 Mechanisms of displacement in porous networks . . . . . .. 182
6.3.4 Relative flow rates along flowpaths . . . . ... ... .. ... .... 189
6.3.5 Sizedpapers . . . . . . . e 190
6.3.5.1 Introduction . ... .. ... .. ... .. 190

6.352 Cryo-SEM . . . . . . ... 191



Contents Xi

6.3.5.3 Cryo two-photon laser confocal microscopy . . .. ... .. 197
6.3.5.4 EDXAanalysis ... ... .. ... .. ... ... . ..., 200
6.4 DISCUSSION . . . . . . . . . e e 204
6.4.1 \Viscouseffects . . . . . . . ... 204
6.4.2 Implications to fluid distributions withinsheets . . . . . . . ... ... 204
6.4.3 Implications to printing interactions . . . . .. .. .. ... ... ... 204
6.4.4 Sizingeffects . . . . ... . 205
Effects of filler on the rate of imbibition in paper 209
7.1 Introduction . . . . . . ... e 210
7.2 Materialsandmethods . . . . .. . ... 210
7.2.1 Experimentalmaterials . . . . . ... ... ... L 210
7.21.1 Papersamples . ... ... ... ... e 210
7.2.1.2 Liquidtypes . . . . . . 211
7.2.2 High speed video microscopy . . . . . . . ... ... 0o 211
7.2.3 Plasmatreatment . . . . . . .. ... 214
7.2.4 Mercury intrusion porosimetry . . . . . .. ... L oo 215
725 SEMIMaging . . . . . . .. 216
7.2.6 Statistical analysisofdata . . . ... ... ............... 216
7.3 Results. . . . . . . e e e 216
7.3.1 Macro effects of filler and plasma treatment on fluid flow . . . . . .. 216
7.3.2 SEM observations of the distribution of filler . . . . . ... ... ... 223
7.3.3 SEM observations of the effect of filler on the spreading of liquids. 224
7.4 DISCUSSION . . . . . . . . e e e e 237
Discussion on decor papers 242
8.1 Introduction . . . . . . . . . 243
8.2 Structure of decor papers and implications for imbibition . . . . . . .. .. 43. 2
8.3 Conclusion . . . . ... e 257
9 Conclusions 258
Appendices 275
A Tables of paper and resin properties from Chapter 3 276
B Details of relative reflectance method from Chapter 4 281



Contents Xii

C Details on design and construction of cryo-cell used in CLSM from Gapter 6 286
C.1 Celldesign . .. .. . . . . 286
C.2 Useofcryo-cell . . . ... ... . 129

D Development of method for determination of liquid flow using high sped visuali-
sation from Chapter 7 293

E Tables of data from Chapter 7 296



List of Figures

1.1 Schematic representation of the UF resin impregnation stage of a paper.tre 3
1.2 Images of pre-wetting roller, closeup on the left and showing the pasitibn
the sky rollers on the right. Note that only the bottom third of the pre-wetting
roller is in the resin bath. The roller rotates against the travel of the paper e
abling a film of resin on the roller to come into contact with the paper. Arrows
denote the direction of movement of the paper and the prewetting roller. . .5 .

3.1 Polaron Model E5000 sputtercoater . . . . .. .. ... ... ....... 31.

3.2 LKB model 7800 knifemaker . . . . . . . ... ... L 32
3.3 Reichert-Jung Ultracut microtome . . . . . . . .. .. ... ... ....... 32
3.4 Cambridge Instruments S360 Stereoscan scanning electron microscope. 34

3.5 Closeup of the specimen chamber in the Cambridge S360 SEM . . . . . . . 4. . 3
3.6 The Renishaw model 2000 Raman microscope . . . . . . . . . . . .. ... 7. 3

3.7 The effect of UF saturation treatment on the total number of pores ier pap
samples. Error bar (LSD) represents the least significant diffefgneed.05). 41

3.8 Effect of UF saturation treatment on variance of areas of indivigoiads. . . . 41
3.9 Effect of level of UF saturation on total area of unfilled pores. . ...... .. 41
3.10 Effect of level of UF saturation on the ratio of the major to minor axis of
unfilled pores. . . . . . . . e 43
3.11 Effect of level of UF saturation on the ratio of the proportion of urtfipperes
beneath the surface of paper in treated and pressed LPM. . . . .. .......43
3.12 Effect of paper type on variance of areas of individual pores.. . . . . . .. 43
3.13 Effect of paper type on total numbers of unfilled pores. . .. .. ... .. 45
3.14 Effect of paper type on total area of unfilledpores.. . . . . .. ... ... 45

3.15 Effect of paper type on the ratio of the major to minor axis of unfilledgore 45
3.16 Effect of paper type and treatment on the average unfilled paatiee pressing. 47
3.17 Effect of paper type and treatment on the length of the major axis diednfi

voids after pressing. . . . . . . . . . 48
3.18 SEM images of untreated decor papers, top: Alpine White, middle: Baeth
bottom: Black. . . . . . . . ... . 50

3.19 SEM images of untreated decor papers, top: Fog, middle: FolksteyeaGa
bottom: Kraft. . . . . . . . . . . . 51



LIST OF FIGURES Xiv

3.20 SEM images of untreated decor papers, top: New England EIm, middien Sto

and bottom: Streetlight. . . . . . ... ... ... .. .. .. . oo 52
3.21 Secondary electron (left) and backscattered (right) images of ,Bkaelt,

Storm and Streetlight with no UF resin treatment. . . . . . . .. ... ... .. 53
3.22 SEM image of MF coating on New England EIm which was not subjected to

preliminary UF treatment. Note the small size ofthepores. . . . . ... .. .. 54
3.23 SEM image of the edge of the treated decor paper Streetlight with no&iF tre

ment showing large unfilled voids in the centre of the paper. . . . ... .. 4. 5

3.24 SEM images of the MF coating on the surface of pressed FolkstogesiGre-
ing the relationship between treatment level and numbers of unfilled popes, to
to bottom; no UF resin, deliberately under resinated and normal resin treatmeh

3.25 SEM images of the MF coating on the surface of pressed Storm shtiveing
relationship between treatment level and numbers of unfilled pores, top-to bo
tom; no UF resin, deliberately under resinated and normal resin treatments56.

3.26 SEM images of the MF coating on the surface of pressed New England E
showing the relationship between treatment level and numbers of unfilled,por
top to bottom; no UF resin, deliberately under resinated and normal resin trea

3.27 SEM images of the MF coating on the surface of pressed Streetlighingho
the relationship between treatment level and numbers of unfilled pores, top to
bottom; no UF resin, deliberately under resinated and normal resin treatmeb&
3.28 Higher magnification SEM images of MF coating on Streetlight showing de-
tails of unfilled surface voids caused by migration of MF resin even though
normally treated with UF resin. Note also the presence of MF "caps” distbdge
from the unfilled surface voids during pressing. . . . . .. .. .. ... ... 59
3.29 SEM images of the MF coating on the surface of pressed Alpine White sho
ing the relationship between treatment level and the number of unfilled voids
on the surface, top to bottom; no UF resin, deliberately under resinated and
normalresintreatments. . . . . . . . . ... 60
3.30 SEM images of the MF coating on the surface of pressed Kraft spdiwn
relationship between treatment level and the symmetry of unfilled voids on the
surface, top to bottom; no UF resin, deliberately under resinated and horma
resintreatments. . . . . . . .. L 61
3.31 SEM images of the MF coating on the surface of Black, from top to bottom;
showing no, low and normal UF saturation respectively demonstrating the co
siderable variability in individual unfilled porearea. . . . . .. .. .. .. .| 62
3.32 SEM images of the MF coating on Beech showing a reduction in average u
filled pore area with no, low and normal UF saturation respectively. . . . .63



LIST OF FIGURES XV

3.33 SEM images of the MF coating on Fog showing average pore sizesén pap

with top to bottom; no, low and normal UF saturation respectively. . . . . . . . 64
3.34 The appearance of the decor paper Storm not treated with UF riesitogMF

resinapplication. . . . . . . . . ... 65
3.35 The appearance of the decor paper Storm deliberately unded tratttedJF

resin prior to MF resin application. . . . . . .. .. ... ... ... ...... 65
3.36 The appearance of the decor paper Streetlight not treated withsigiFpréor

to MFresin application . . . . . .. . .. .. ... . 66
3.37 Edge image of normally treated Beech after pressing showing a hidlofeve

unfilled voids below the surface . . . . . ... ... ... ... ... ..... 66

3.38 SEM images of the edge of MF coated Streetlight showing the relationship
between treatment level and the proportion of unfilled voids below the sur-
face of pressed paper, showing top to bottom; no UF resin, deliberatégr un
resinated and normal resintreatments. . . . . . ... ... ... ... ... .. 67

3.39 SEM image of the rough side of the untreated decor paper Beecimghtgh
filler content. The unfilled pores are more symmetrical after pressing @igur
3.32). 68

3.40 SEM images of the rough side of the untreated decor paper Streetlighing
high filler content. The unfilled pores are more symmetrical after pressing
(Figure 3.28). . . . . . . 68

3.41 SEM images of the rough side of the untreated decor paper Blackingho
very low filler content. The unfilled pores are less symmetrical after prgssin
(Figure 3.31). . . . . . . . e 68

3.42 SEM images of the rough side of the untreated decor paper Krafth \whi
no filler. The unfilled pores are less symmetrical after pressing (Figu3.3.3 68

3.43 SEM image of the edge of Beech raw paper showing a heterogetistilsi-
tion of filler material resulting in a significant increase in pore sizes awaw fro
the surface ofthepaper. . . . . . . . . . . . . L 69

3.44 SEM image of the edge of Folkstone Grey raw paper showing a hoeaggen
distribution of filler material resulting in a more even distribution in pore sizes

below the surface ofthepaper. . . . .. . .. . ... .. ... ... .. ..., 69
3.45 Effect of treatment and position in the paper on the concentration ofmmela

inthe treated pressed paper. . . . . . . . . . . ... 71
3.46 Raman spectra for uncured MFand UFresins. . . . .. .. ... ..... 72
3.47 Raman spectra forcured MFand UFresins. . . . .. ... ... ...... 72

3.48 Raman spectra for untreated Storm & Streetlight raw paper . . . . ....... 72



LIST OF FIGURES XVi

3.49 Raman spectra for Fog paper samples treated with MF, but not sddjecte
preliminary UF resin treatment showing a strong melamine peak in the centre
ofthepaper. . . . . . . . . 73

3.50 Raman spectra for Fog paper samples treated with MF, and a low prejiminar
UF treatment showing detectable melamine in the centre of the paper. . . . . . 73

3.51 Raman spectra for Fog paper samples treated with MF, and a nortiral-pre
nary UF treatment showing no detectable melamine in the centre of the pap&. . 7

3.52 Raman spectra for Streetlight paper samples treated with MF, butijettsd
to a preliminary UF resin treatment. Melamine is detectable at all positions in
thepaper. . . . . . . . . e 74

3.53 Raman spectra for Streetlight paper samples treated with MF and a low UF
preliminary UF resin treatment. Melamine is detectable at all positions within
the paper. . . . . . . . . e 74

3.54 Raman spectra for Streetlight paper samples treated with MF and a poemal
liminary UF resin treatment. No melamine is detected away from the surface

ofthepaper. . . . . . . . . 74
4.1 Sampling diagram for all paper tests including the imbibition test. . . . . . . . 83
4.2 Klemmtestingapparatus . . . . . . . . . . .. 84
4.3 Experimental set-up for relative reflectance measurements . . . . ....... 88

4.4 Images showing position of CCD camera in relation to paper samples in the
relative reflectance measurement apparatus and closeup of papde samp

temperature controlled bath showing “standard” washer. . . .. ... ... 88
4.5 Densities of the papers tested, the error bar (LSD) represents sheitgafi-

cantdifference (< 0.05). . . . . . . . ... e 91
4.6 Relationship between density and ashcontent. . . . . .. ... ... ... 92 .
4.7 Relationship between density and thickness. . . . . .. ... ... .. .. 92.
4.8 Relationship between paper density and total porearea. . . . . . . ....... 93

4.9 Relationship between paper density and total number of unfilled pores.... 93
4.10 Relationship between paper density and the average area of urdiesd p . . 94
4.11 Thickness of the papers tested measuredonalogscale. . .. ... ... 95
4.12 Relationship between paper thickness and total area unfilled poresidg

scale). . ... e 95
4.13 Relationship between thickness of paper and total number of unfilled po

(measuredonalogscale). . ... ... ... . . .. ... ... 96
4.14 Effect of paper type on Gurley porosity. . . . . .. ... ... ... ..... 97
4.15 Effect of density on Gurley porosity. . . . . . . . .. ... .. 98
4.16 Effect of ash content on Gurley porosity. . . . . . .. .. .. ... . ...... 98



LIST OF FIGURES XVii

4.17 Relationship between Gurley porosity and average area of unfilied.po. . . 99
4.18 Effect of paper type on the wicking of water in the machine direction @ me
sured by the Klemmmethod . . . . . ... ... ... .. ... 101
4.19 Effect of paper type on the wicking of diethylene glycol in the machirexd
tion as measured by the Klemmmethod . . . . ... ... ... ... ..... 101
4.20 Relationship between Klemm with diethylene glycol and the standard Klemm
testin the machine direction. . . . . . . . . ... ... oL 102
4.21 Relationship between Klemm tests carried out with water in the machine and
crossdirections. . . . . . . .. L 103
4.22 The relationship with Klemm tests carried out in the machine and cross direc
tions with diethylene glycol. . . . . . . . . . ... ... ... .. .. .. ... 103
4.23 Relationship between Klemm MD and total area of unfilled pores. . . . . 104
4.24 Relationship between Klemm MD and number of unfilled pores. . . . . . 104.
4.25 Effect of papertypeonresindemand. . . ... ... ......... .. 105
4.26 Relationship between resin demand and total area of unfilled pores. .. . . 106

4.27 Relationship between resin demand and total number of unfilled pores. .. 106
4.28 Effect of paper type on the rate of saturation of DEG using the im/bdtle

test, uncorrected for thickness (s). . . . ... ... ... ... ... ... 108
4.29 Effect of paper type on the rate of saturation of DEG using the im/bdtle
test, corrected for thickness (s/1@®). . . . . . . . . . . ... ... ... .. 108

4.30 Effect of paper type on time taken to saturate to 50% of the decor pamer
ple as determined by the relative reflectance method corrected for thicknes
Measure is seconds/1a® measuredonalogscale.. . . . ... ... ..... 110
4.31 Effect of paper type on time taken to saturate to 95% of the decor pamer
ple as determined by the relative reflectance method corrected for thicknes
Measure is seconds/1@® measuredonalogscale. . . . . ... ... ..... 110
4.32 Relationship between the rate of imbibition to 50% saturation and the log of
total numberofpores. . . . . . ... 111
4.33 Relationship between the rate of imbibition to 50% saturation and the log of
total numberofpores. . . . . . ... 111
4.34 Relationship between the Klemm test with water in the machine direction and
density, the higher the density the lower the Klemm wicking of either water or
DEG. . . . e 112
4.35 Relationship between the Klemm test with DEG in the machine direction and
density, the higher the density the lower the Klemm wicking of either water or
DEG. . . . e 113
4.36 Relationship between Klemm MD and Gurley porosity, without Kraft shgw
that increasing air permeability increases Klemm wicking. . . ... ... ... 113



LIST OF FIGURES Xviii

4.37 Relationship between Klemm MD with DEG and Gurley porosity showing a
similar trend to that of water where with increasing air permeability the Klemm

WICKING INCreases. . . . . . . . . . it e e e 114
4.38 Relationship between resindemand and density. . . . . . .. .. ... ... 116
4.39 Relationship between resin demand and Gurley porosity. . . . . . . .....116
4.40 Relationship between resin demand and wicking of water in the machine di-

rectionusingthe Klemmtest. . . . . . .. .. .. .. ... .. .. .. ..... 117
4.41 Relationship between resin demand and wicking of DEG in the machine direc

tionusingthe Klemmtest. . . .. .. .. .. .. ... .. .. ... ...... 117
4.42 Relationship between log of the rate to 50% saturation as measured on a log

scalewithdensity. . . . . . . . . ... .. e 118

5.1 Different imbibition mechanisms as described by Lenormand et al. (2983)

piston displacement, B) snap-off, G)imbibition and D)Il, imbibition. The

most important of which in the micromodels used in this study being piston

flow and snap-off as depictedinA&B. . . ... ... ... ... ....... 126
5.2 Complete setup of micromodelling experiments showing A: timer, B: video

enhancer, C: video recorder, D: inclined platform, E: UV light souFcemi-

cromodeland G:CCDcamera. . . . . . . . . . it 129
5.3 Photographs of the actual models used; Top: Capillary micromodel, Middle

Cross capillary micromodel, Bottom: Diagonal micromodel. Scale bar repre-

sents 10 MM. . . .. L e e 130
5.4 Differences in imbibition rate between: top: simple wetting fluids and bottom:

surfactant based wetting fluids for one-dimensional capillary micromodels o

served experimentally and using the Lucas-Washburn equation. Enolsal,

P=0.05 . . . .. 133
5.5 Measurement of imbibition into a one dimensional capillary network with

31.5% isopropandd = 52°. Inset is a thresholded image of the solution im-

mediately as the drop impacts and the final fluid distribution with the model.

Surface and sub-surface spread is in mm and drop area and spresa hor-

malised scale of 0-1 where 0 is the minimum value and 1 the maximum. . . . . 134
5.6 Measurements of a one dimensional capillary network with the surfatziagt

at 0.1%06 = 3 including actual thresholded image of the solution in the mi-

cromodel showing preferential imbibition down the pores at the edge of the

droplet as well as partial pore filling in advance of piston flow. Also sh@vn

shap-off occurring at the bottom of the left hand capillary which woulddill

the surface and cause the droplet to spread on the surface. . . . . . .. .134



LIST OF FIGURES XiX

5.7 Showing the difference in imbibition rate between top: simple wetting flu-

ids and bottom: surfactant based wetting fluids for two-dimensional cross-

capillary micromodels observed experimentally and using the Lucas-Wamshbu

equation, errorbarsIsdp=0.05. . .. .. .. .. ... .. .. .. ... 8 13
5.8 Measurements of a two-dimensional cross-capillary micromodel usifg 10

isopropanol § ~ 15°). Inset is a thresholded image of the solution illustrating

the pattern of fluid movement. . . . .. .. .. ... . ... .. .. .. ... 139
5.9 Measurements of a two-dimensional cross-capillary micromodel usiB§o31

isopropanol @ ~ 52°) showing the times where penetration rate is actually zero

while films spread and thicken prior to snap-off when the liquid front jumps

the discontinuity. . . . . . . . . .. e 139
5.10 Measurements of a two-dimensional cross-capillary micromodel usifg O

Zonyl (6 ~ 30°) showing image of imbibing liquid. . . . . .. ... ... ... 140
5.11 Measurements of a two-dimensional cross-capillary micromodel uditg 8

isopropanol § ~ 35°) showing image of imbibing liquid. . . . ... ... ... 140
5.12 Showing the difference in imbibition rate between top: simple wetting fluids

and bottom: surfactant based wetting fluids for two-dimensional diagonal mi-

cromodels observed experimentally and using the Lucas-Washburtiegua

errorbarsisdp=0.05. . . .. .. . .. .. ... 141
5.13 Measurements of a two-dimensional diagonal micromodel using 106% iso

propanol @ ~ 15°) showing image of penetrating liquid and it's symmetrical

distribution. . . . . . .. 142
5.14 Measurements of a two-dimensional diagonal micromodel using 0.2% Zon

(6 ~ 30°) showing image of penetrating liquid and it's asymmetrical distribu-

tiondl. . . . . 142
5.15 Plot showing effect of liquid type and associated surface tensiorimititi-

tion rate for all micromodels. . . . . . ... ... o oo 144
5.16 Plot showing effect of liquid type and associated contact angles withitioh

rate for all micromodels. . . . . . .. ... L 144

6.1 An example of an SEM ima