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ABSTRACT

Reaults of smulated supersource imbibition into modd network structures are compared with
experimental  observetions of red network gructures determined by dynamical gravimetric
fluid uptake. A computer modd, Pore-Cor, has been used previoudy to smulae the
imbibition of fluid into porous dructures by goplying an imbibition dgorithm for fluids
undergoing both inertid and viscous dynamical absorption (Schoelkopf et al., Journd of
Colloid and Interface Science, 227 (2000) 119). The dructures comprise cubic pores
connected by cylindricd throats on a three-dimensionad 10x10x10 postion matrix. The
absorption curves for modd dructures with monoszed pore and throat Size ranges and for
polydisperse pore and throat sze digtributions centred around 0.1 pm, increasing from 0.1
pUm as a lower limit, and decreasing from 0.1 pum as an upper limit, respectively, are andysed.
A reevant observable porosty and 50 % volume intruson radius (rso) are obtained using
gmulated mercury intruson. Experimentd network pore structures were made using
compressed tablets, formed under a series of pressures, of two finey ground cacium
cabonaies with defined differences in skedletd paticle dze didribution. The surface
chemicd, particulate and morphologca pore characteristics were maintained constant over a
range of porogties using controlled wet grinding and careful use of dispersant levels such thet
the ratio of digpersant to BET surface area was held congtant. The experimental porosities
were determined by mercury intruson porosmetry goplying corrections for  mercury
compresson and penetrometer expanson together with a correction for sample skeletal
compresson (Gane et al. Industrid and Engineering Chemistry Research, 35 (1996) 1753).
The agpplicability of the LucasWashburn eguation is examined by defining two equivaent
hydraulic radii, one based on a Darcy absorption length (encparcy) and the other on a volume
uptake €enc), respectively. The results from the modd structures having distributions of pores
and throats, which contain ether smdl or large pores respectively, follow the experimenta
results qudlitatively. Both approaches show a long timescale macroscopic absorption rate
depending approximately, but not exactly, on the square root of time. The two experimenta
series, however, fal to scae with each other via the Lucas-Washburn equation in accordance
with pore Sze, rso. Porogty is shown to be the main factor determining the volume absorption
rate, and, when used as a weighting &ctor, gives linear corrdation-scaling between rso and a
derived volume-based r'enc equivdent hydraulic radius, obtaned from an andytica
expresson of the observed Darcy-based rencparcy. The experimental samples showed that the
directly observed rene and the caculated r'enc, derived from Darcy length, were equd, but this
was not the case for the modd values. A factor b = r'endrso is shown to be a possble
descriptor of the sample network complexity and an indicator for the probability level of pore
filling during the absorption dynamic.
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INTRODUCTION

Imbibition of fluids by porous network sructures plays an important part in many indudtrid
and environmentad gpplications including oil recovery, water didribution in soil subdrates,
the manufacture of surface coatings, the application of fluid-based paints and lacquers, and
the printing of paper. The long-accepted Lucas-Washburn equation relates the volume rate of
fluid uptake by a capillary to the Laplace pressure difference across a meniscus derived from
the wetting contact force of the fluid for the cepillary wal with a resgtive viscous Poisauille
flow smultaneoudy acting to retard the uptake. This approach has frequently been shown to
have shortcomings when consdering short timescaes especidly in pore gSructures with fine
(short) dementd dructures, such as might be found in fine sedimentary deposits or in findy
structured pigmented coatings (Taylor et al., 2000; Einset, 1996; Yang et al., 1988; van Oss
et al., 1992; Dube et al., 2000; Quere, 1997; Li et al., 1994; Fisher et al., 1979; Chibowski et
al., 1997; Gane et al., 2000; Schoelkopf et al., 2000a; Schoelkopf et al., 2000b). Thisis
generdly consdered to be due to the acceleration experienced by a column of fluid entering
the capillary or dement. Various models have been gpplied to the problem ranging from
cdasscd mechanics incduding momentum (inetid) (Bosanquet, 1923) and energy
consarvation (Szekely et al., 1971, Levine et al., 1976; Letdier et al., 1979; Batten, 1984;
Ichikawa et al., 1994; Marmur et al., 1997), to molecular dynamics based on individud
interactive forces between molecules and between the molecular ensemble and the capillary
wdl (Martic et al., 2000). All approaches have various drawbacks. The classica approaches,
by definition, cannot accuratdy describe ingantaneous impulse effects without resorting to
integrds spanning the initid dart of imbibition (Bosanquet, 1923), or there is an unknown
energy baance between the imbibing fluid and that within the fluid bulk reservoir (Szekely et
al., 1971). The molecular dynamics gpproaches are as yet limited by computing power and
particle number and are not gpplicable to upscaing in aredistic network mode!.

One of the earliet agpproaches to andyse imbibition was reported by Bell and Cameron
(1906) who found a sguare-root dependency of time for absorption which was aso found,
goparently independently, by Ostwald (1908). The best-known solution was introduced by
Lucas (1918) and Washburn (1921), which combined the Laplace rdation with Poiseuill€s
equation of laminar flow. The lack of inetid terms, reaing to the mass of fluid under
motion, was recognised by Rided (1922). Bosanquet (1923) complemented Rided's solution
in 1923, adding the inertia impulse drag effect associated with an accelerating fluid.

Szekely et al. (1971) (not referring to Rideal or Bosanquet) started from an energy balance
and removed the initid infinity of the LucasWashburn veocity. Letdier (1979) mentioned
that, stripped of arbitrarily added corrective terms, ther equation is identica with that of
Bosanquet.

Levine et al. (1976) introduced a sink flow towards the capillary entrance from the reservoir,
referring to Szekely and adding some changes or improvements. They focussed on the low
Reynolds number regime which they consdered to be more precticaly relevant. Levine et al.
(1980) account for the deviation from Poiseuille flow in the vicnity of the moving meniscus
by incduding a dip condition. Letdier et al. (1979), (aso not referring to Levings papers)
dated from the Navier-Stokes equations, discussing both Szekely's and Bosanquet's work.
They identified an incorrect coefficient in the second order term, and clamed to have given a
more rigorous solution, with dimengonless vaidbles, in the form of a series expanson.
Batten (1984) (not referring to Levings papers) accepted Letdier's and Szekdy's efforts as
rigorous but remarked on their disagreement with experimenta data. He added to Szekdy's



equaion the disspaion of a kinetic energy head and the initid establishment of a dynamic
contact angle. He clamed that the Letdier gpproach ignored the correction for converging
flow a the capillary entry. He compared his own equation, and the two others mentioned,
with data from LeGrand and Rense (1945). Ichikawa and Satoda (1994) (not referring to
Levines 1979 work) clamed that Letdier did not account for inetia during the inlet
accderation. They dated with an energy baance and arived a an extended dimensonless
Bosanquet relation. Marmur and Cohen (1997) in turn separated surface tenson and radius
for individud andyds usng an eguation for verticd capillarity without specifying the origin.
Moshinskii (1997), only referring to Russan authors, solved the Navier-Stokes equations
usng advanced methods to obtain an integro-differentid equation. He did not consder the
effects at the ends of the liquid column he described. When any of these latter equations are
applied to a porous substrate, the number of unknown parameters tends to grow

unmanagesbly.

It is with such a background that the work here is focussed on the following authors. First of
dl, the initid approach of Lucas (1918) and Washburn (1921) and then the classcd
mechanical gpproach of Bosanquet (1923) as taken further by Schoekopf et al. (2000a) and
Ridgway et al. (2001).

Compstitive effects in a range of interconnected pores are included in the mode presented
here, and provide the didtinctive difference between the classcad gpproach of a bundle of
capillaries derived from the Laplace intruson pressure of mercury and the more redidic
network approach. A computer network mode, Pore-Cor?, has been used to smulate the
imbibition of flud into porous dructures by goplying an imbibition dgorithm for fluids
undergoing both inertid and viscous dynamica absorption. The evidence to support the
rdlevance of this mode has been discussed in detal by Schodkopf et al. (2000a). These
dructures comprise cubic pores connected by cylindricd throats of chosen connectivity
placed on a three-dimensona 10x10x10 postion matrix. Previoudy, the network model has
been used to amulate the void Structure of porous media by fitting as closdly as possble the
gmulated mercury intruson curve of the modd dructure to that of the experimentaly
determined mercury intruson curve of the actual sample. This procedure does not assume the
traditional bundle of capillaries, but includes pore screening effects, such that the network
properties and their influence on the intruson ae included. It was this feature of the
moddling procedure that gave the successful corrdation between imbibition moddling and
red experimenta dructures (Schoelkopf et al., 2000a). The parameters include pore sze
digribution, throat diameter distribution, porogty and connectivity.

Refined model sructures of this type were used previoudy by Ridgway and Gane (2002) to
dmulate the absorption of a number of different fluids into awide range of structures. Based
on this practical experience, it was consgdered that the network model can be used as a
‘predictor’ tool rather than a smulator of exiding experimentd results. To illudrate this,
dructures that were generated, such that certain parameters could be isolated and ther
influence on the absorption behaviour of a fluid identified, were reported (Ridgway and
Gane, 2002). It was shown how, keeping the porosity constant, structures can be represented
in a number of different ways and tha these dructures have vadly different absorption
behaviour. This finding confirms the inadequecy of the bundle of capillaries modd and the
need to introduce network complexity, as exemplified in these modds. Reducing the vaue of
the fluid dengty in the network smulation was aso investigated to show where the trangtion

! Pore-Cor is a software program of the Environmental and Fluid Modelling Group, University of Plymouth,
PL48AA, UK.



occurs in the absorption behaviour from the linear t-dependent short timescde inertid
Bosanquet regime (Bosanquet, 1923) to the &t Lucas-Washburn visoous regime, following
the procedure of Schoelkopf et al. (2000a). This is further discussed below when consdering
the imbibition agorithm used to mode the imbibition.

In the work reported here, the results from imbibition modelling are compared with the actua
experimental  observations of absorption into red network dructures. These experimentda
samples were specidly condructed from congant minerdogy fine ground cacium carbonate
having the same maintaned surface chemidry (wetting energy and contact angle). The
contact angle gpplicable is therefore consdered congtant. Its actud vaue is not relevant to the
findings here as the rdative results are important rather than the absolute. However, the
contact angle for the rdlevant fluid was previoudy determined on a single crystd of the same
cacite by applying dispersng agent in the wet sate and measuring the contact angle using an
optical microscope technique (Schoelkopf et al., 2002). The range of applicability of the
LucasWashburn equation (Lucas, 1918; Washburn, 1921) to describing experimenta
absorption is andysed. Imbibition studies were made by bringing each porous sample into
contact with a supersource of liquid and the dynamic absorption was recorded
gravimetricdly.

Results from both moddling and experiment ae shown to follow a long timescde
macroscopic absorption rate depending approximeately on the square root of time, but despite
this macroscopic property they show a failure to scae according to the pore Sze parameter in
the Lucas-Washburn equation even though the congtants of surface energy, contact angle and
fluid viscogity have been gtrictly maintained.

The andyss shown beow illugrates the underlying effects of network dructure complexity
in determining the dbsorption dynamic and the probability leve of pore filling within the
region of the progressng wetting front as derived from the interid competition between
individua interconnected pores.

THE PORE-COR NETWORK MODEL

Pore-Cor is a computer model that smulates the void-space structure of porous materias. It
has been used to smulate the dructures of a wide range of porous maerids including
sandstones (Matthews et al., 1996), medicind tablets (Ridgway et al., 1997) and soil (Peat et
al., 2000).

The Unit Cdl

The network modd uses a unit cdl with 1000 cubic pores in a regular three dimensiond
10x10x10 array, connected by up to 3000 throats (which in this work are assumed to be
cylindrica), depending on the defined connectivity, i.e. the average number of throats
connected to each pore in the unit cdl. Each pore is equaly spaced from its neighbouring
pores by the 'pore row spacing' Q, and each unit cdl is a cube of sde length 10 Q. There are
periodic boundary conditions, which ae gpplied seridly during wetting, with each cdl
connected to another identicad unit cdl in each direction. When used to smulate actud
samples, the pore- and throat-sze didributions of the unit cdl ae optimised so that the
gamulated mercury percolaion curve fits as closdly as posshble to the experimenta mercury
intruson curve (Matthews et al., 1995), corrected for mercury compression, penetrometer



expandon and sample compresson (Gane et al., 1996). The modd accounts for pore
screening by the smdler throat diameters. This feature bregks the condraints of the traditiond
bundle of padle capillaries and introduces a greater relevance derivable from the origind
mercury intruson curve. The didribution of throat Szes is loglinear and the actua number
of each pore and throat Size is characterised by the parameter ‘throat skew'. The throat skew is
the percentage number of throats of the smalest sze and the linear digtribution between the
minimum and the maximum Sze pivots about its mid-point at 1%. The postions of the pores
and throats are random, determined by a pseudo-random number generator. The throats are
randomly postioned within the array and the pores are then generated to be the sze of the
largest throat entering them.

The Wetting Algorithm

An dgorithm incorporating short timescade inertid retardation, which effects a dowing of
entry into the larger pores and initiates a short-lived linear time dependence in the finer pores,
together with the longer term viscous drag component typified in the Lucas-Washburn
relaion, was created using a solution of the Bosanquet equation (Bosanquet, 1923) in which
momentum congderations, avoiding the discontinuity of initid t = O acceeration by
averaging techniques, form the bass for a time decaying function of the second of Newton's
laws of mation applying to the inertia of a column of fluid mass entering a pore, (Ridgway et
al., 2001). For water and thin minerd oils, (Schoelkopf et al., 2000b), this occurs within the
firg £ 0.1 pm in a timescade of ~ 10 ns. Denser low viscosty fluids have a longer lasting
inertia effect. More viscous fluids have a shorter-lived inertid effect.

The wetting agorithm is applied to the cylindricad throats only, such that they act as smple
cpillary dements. The dynamic of flow through each throat is determined by the Bosanquet
equation with the boundary condition of mass flow continuity. The throats deliver liquid to
their connected pore. The exiting throat(s) from that pore are dlowed to undergo wetting and
filling once the pore itsdf is full and provided they are not dready filling from another
connected full pore. The volume flow through the exiting throats is limited by the input flow
to the pore that is acting as the reservoir for the throat wetting. In this way, the cubic pores do
not contribute to the wetting but act smply as reservoirs for the onward wetting front acting
through the connected throats. This smplification obviates the need to consder more
complex wetting phenomena, such as dde wal weting, fingering, groove or wedge
capillarity etc., dl of which are of course present in red network structures. The aspect rétio
of the throat-like festures is an important parameter in the response to this wetting agorithm.
The work of Sorbie et al. (1995) dedling with pore doublets is discussed in detail by Ridgway
et al. (2002) and extended by them to the 3D interconnectivity provided by the network
modd.

The Synthesised Model Structures

The network modd is used here to smulate a range of predefined dructures in order to
investigate the effects on the absorption of a fluid both in respect to the compostion of the
void space of the unit cel and in respect to the fluid dengty and viscosity. Recent modelling
and experimentad observations by Gane et al. (2000) and Schoekopf et al. (2000b) have
highlighted the posshility of developing rapid absorption properties with respect to water and
low viscosty oils by concentrating the pore Sze didribution of thin layer porous media
within the 005 to 0.1 pm region. This leads to a concentration of the otherwise



differentiating preferred pathway dynamic of absorption caused by inertid retardation of
short timescde imbibition into larger pores. For this reason, a pore dze digribution
concentrated around 0.1 pum has been chosen to represent the mgority of the smulaions
here, each lying around the expected pore-Sze trangtion point between inertid and viscous
wetting for the fluids of interest.

(i) idealised monosized pore structures

The network model generates 100 different szed throats soread equaly over a logarithmic
axis between the minimum and maximum throat diameters. To illudrate the parameters, a
number of monoszed dructures are fird conddered. By entering into the modd admost
identical settings for the minimum and maximum diameters, in fact with a narrow distribution
of +- 0001 pm between the maximum and minimum, an effectivdy monoszed pore
dructure is obtained. A series of differently szed 'monosized digtributions, congtructed in
this way, ranging from 0.01 um to 5um was generated. An ahbitrary connectivity \adlue of 4
was initidly used throughout, and a throat skew of 1 was adopted such that equa numbers of
dl possble logarithmicdly didributed throat Szes (in this case limited cosdy to monosize)
were used to develop a fixed porosity of 50 %. As a resut, the pore row spacing, Q, scaes
with the pore diameter increase, as shown in Table 1. An example of this type of Sructure is
shown in Figure 1, (Ridgway and Gane, 2002).

Minimum Maximum Throat Connectivity ~ Porosity, f Pore row
diameter diameter skew (%) spacing, Q
(m) (m) (m)
0.009 0.011 1 4 50 0.0154
0.019 0.021 1 4 50 0.0308
0.049 0.051 1 4 50 0.0769
0.099 0.101 1 4 50 0.1530
0.199 0.201 1 4 50 0.3070
0.499 0.501 1 4 50 0.7680
0.999 1.001 1 4 50 1.5300
1.999 2.001 1 4 50 3.0700
4.999 5.001 1 4 50 7.7400

Table 1 A variety of monosized pore structures, maintaining a constant porosity of 50 %.

Figure 1 Network modd unit cell of monosize 0.5 um, unit cell size=7.68 um.



(i) increasing the range of throat sizes around a common median

In a further step toward redigtic natura porous samples, a range of pore Szes is now
introduced. In the case of paper coatings (the main area of interest for the authors) this
breadth of sze didribution is an important parameter in balancing the optica properties of a
coding layer with its printing properties (Gane, 2001a; Gane, 2001b). The sze range within a
modd dructure is here step-wise increased around the centra median vaue of 0.1 pm
(chosen, as discussed previoudy, because of its importance as the redigtic decay point of the
inertid imbibition effect for the typicd fluid densties and viscodties used in printing). The
unit cells here have been congructed such that their sSize, i.e. pore row spacing, Q, has been
kept constant, keeping a constant number of throat entries per unit cross-sectional entry area
This is important so as not to confuse the absorption dynamic with a dengty function of
accessble pore entry as the liquid is gpplied. This was effectively achieved by adjusting the
porogity as the pore Size range was varied. Again, the throat skew was set to 1 to generate an
equa number of dl the possble logarithmicdly distributed throat sSzes within the desred
limits. The network model parameters are shown in Table 2 and an example of a unit cdl
with arange of feature Szesis shown in Fgure 2, (Ridgway and Gane, 2002).

Minimum Maximum Throat Connectivity Porosity, f Pore row

diameter diameter skew (%) spacing, Q
(Lm) (Lm) (Lm)
0.095 0.105 1 4 0.05 55
0.050 0.500 1 4 0.29 55
0.010 1.000 1 4 0.65 55
0.009 2.000 1 4 2.42 55
0.006 3.000 1 4 5.60 55
0.005 5.000 1 4 17.00 55

Table 2 Parameters used in the network moded generations.

Figure 2 The network modd unit cdl with pore and throat size digtribution 0.005 — 5.000
pm, unit cel 9ze =55 pm.



(iii) extending the range of throat size above and below a median, respectively

Two other Sze ranges are now investigated, one adding in features that are limited to being
larger than 0.1 um and the other adding in features that are limited to being smaler than 0.1
UM, once again each time keeping the pore row spacing congtant so that the number of throat
entries per unit area is constant. The network modd parameters for these structures are shown
in Table 3 and Table 4. The limit here is that a sdf-consstent pore row spacing within each
set, i.e. one for ncreasing throat size and another for decreasing throat Sze, must be used. [A
fuller range of unit cells can be seen in further detail in Ridgway and Gane (2002).]

Minimum Maximum Throat Connectivity  Porosity, f Porerow

diameter diameter skew (%) spacing, Q
(bm) (bm) (bm)
0.1 0.101 1 4 0.05 55
0.1 0.500 1 4 0.39 55
0.1 1.000 1 4 1.47 55
0.1 3.000 1 4 9.10 55
0.1 5.000 1 4 30.60 55

Table 3 The network moded parameters for the structures extending 3 0.1 pm.

Minimum Maximum Throat Connectivity  Porosity, f Pore row
diameter diameter skew (%) spacing, Q
(L) () ()
0.099 0.1 1 4 99.0 0.1
0.050 0.1 1 4 77.0 0.1
0.010 0.1 1 4 46.5 0.1
0.005 0.1 1 4 39.4 0.1
0.002 0.1 1 4 32.7 0.1

Table 4 The network model parameters for structures extending £ 0.1 pum.

I mbibition

The smulated volume absorption curves as a function of time for dl the above dSructures,
results of which will be discussed below, were generated for this study initidly using the
fluid properties of water (surface energy, g = 0.07275 Nmit, contact angle, g = O° (the calcite
is dispersed with a strongly hydrophilic polyacrylate), viscosity, h = 0.001 kgm's® and
density, r = 998 kgm™). Seected changes in viscosty and density have aso been
invedtigated to illudrate therr effects and to cover a broad spectrum of vaues of potentidly
relevant experimentad fluids.



EXPERIMENTAL
Materials

Two commercidly avalable dry powder products, both derived from naura cadcium
carbonate, ground under smilar chemical conditions from the same Orgon, France, limestone
source, were used, as reported by Schoelkopf et al. (2002). The grinding was made in a wet
date a condgtent solids content usng a polyacrylae disgperang agent gpplied in proportion
to the specific surface area of the find pigment sze distribution and subsequently dried. The
two sze digtributions of the respective products were chosen to be different in respect to the
quantity of particles less than the 2 um Stokesian equivdent hydraulic diameter, being 60 %
wiw < 2 um and 95 % wiw < 2 um, defined as "coarse CaCOsz" and "fine CaCOs",
respectively. The mass cumulative paticle sze didribution curves of the two materids as
measured by sedimentatior?, are shown in Figure 3.
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Figure 3 Paticle dze didributions of the coarse and fine CaCOs; powders used for

consolidation of porous tablets expressed as cumulaive mass % less than an equivdent
Stokesian diameter.

The bulk samples prepared for imbibition studies are cuboid blocks of each ground pigment,
compacted over a range of pressures to form a series of well-defined porosties. The detailed
method of powder compaction, applying pressures up to ~ 260 MPa in a sted die on an
hydraulic press and subsequent sample grinding, is described more fully dsewhere (Gane et
al., 2000). The porodty range achievable with the coarse powder was found to be much
broader (~ 20-40 %) than the range achievable with the fine pigment (~ 26-33 %), indicating
the differences in initid packing characterigtics and compressbility. The samples, being
consolidated and therefore maintaining their integrity, did not require a sample vessd for the
flud imbibition experiments thus diminating uncertainties of fluid interactions between the
sample and such avessd.

To reduce artefacts caused by the wetting of their outer surfaces, the samples were coated
with a thin barier line of a slicone polymer® around the base of the verticd edges arisng
from the basal plane. The remainder of the outer planes were not coated to alow for the free

2 Measurements made on a Sedigraph 5100
3 Dow Corning P4-3117 conformal coating



movement of displaced ar during liquid imbibition, and to minimise any interaction between
the slicone and the absorbed liquid.

The experimentd liquid used was a minerd oil* (aromatic free qudity), as employed
typicdly in the formulation of offset printing inks The contact angle of oil/cdcum
carbonate, g, was assumed to be zero following the data of Chibowski et al. (1997), who have
shown that diphatic dkanes completdy wet a number of minera surfaces incduding cacium
carbonate - this being the bass upon which dkanes were used to determine an effective pore
radius. Additiondly, this wetting behaviour was also confirmed by observing the complete
goreading of an oil droplet on a dispersant pre-adsorbed macro-crystd surface of cacium
carbonate. An oil viscosity of 0.0043 kgms® was determined with a StressTech rheometer
performing a smdl ramp of shear rates showing Newtonian behaviour. The surface tenson
was measured to be 0.0274 Nmi* by the means of a Krilss Digitd Tensometer K10T. The
density of 805 kgm® was given by the manufacturer. These vaues indicate that it can be
assumed to be an akane isomeric blend of around Cie.

Mercury Porosmetry

Each dructure used for the experimentation was andysed independently with mercury
porosmetry. A Micromeritics Autopore 1l mercury porosmeter was used to measure the
intruson characteridics of the samples. The maximum applied pressure of mercury was 414
MPa (60 000 psia), equivdent to a Laplace throat diameter of 0.004 pum. Smal samples were
used, each of around 1.5 g in weight. The equilibration time a each of the increasing applied
pressures of mercury was st to 60 seconds. The mercury intruson measurements were
corrected for the compresson of mercury, expansdon of the glass sample chamber or
‘penetrometer’ and compressibility of the solid phase of the sample by use of the following
equation (1) from Gane et al. (1996), as incorporated in the software Pore-Comp®.

e RN P> <) é 1 _ L‘p
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where Vi is the volume of intruson into the sample Vons the intruded mercury volume
reading, dVpiak the change in the blank run volume reading, V'uuk the sample bulk volume a
amospheric pressure, P the applied pressure, F! the porosity a amospheric pressure, P! the
atmospheric pressure and Mss the bulk modulus of the solid sample. The volume of mercury
intruded a the maximum pressure, once corrected for sample compression effects, can be
used to cdculate the porosty of the sample. For convenience, a representative (median
intrusion) pore radius is defined as rso = dso/2, where dsg is the pore diameter, a which 50 %
of the corrected mercury intrusion volume occurs.

Liquid Imbibition Methodology

The recording of the podtion of the liquid front within the sample by eye or camera is
imprecise due to the fuzzy gppearance of the wetting front. This is assumed to be due to the
previoudy discussed suspected preferred pathway flow arising from the inertid competition
between pores of different sizes at the wetting front.

* Haltermann PKWF 6/9 af
® Pore-Comp is a software program of the Environmental and Fluid Modelling Group, University of Plymouth
PL48AA, UK.
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The rate of liquid mass uptake was measured indead gravimetricaly usng an automated
microbaance, namely a PC-linked Mettler Toledo AT460 balance with a precison of 0.1 mg,
capable of 2.7 measurements per second. A software program was developed (Schoekopf et
al., 2000a) and improved further in the present work, interfacing with the baance for data
sampling®. To provide a sufficiently dow and precise approach of the sample down to the
liquid surface, a specid sample holder was congtructed - details of which are given dsewhere
(Schoelkopf et al., 2000a). All experimentation in this sudy was mantained under congant
temperature conditions of 23.0 +1.5°C. Experiments with five amilar samples were shown to
have a repestability within £0.96 % in absorption mass at 1 000 s (Schoelkopf et al., 2000a).

ANALYSISOF EXPERIMENTAL AND MODEL ABSORPTION RATES

The analyss peformed here uses the methodology outlined by Schoekopf et al. (2002) and
is dedgned to invedigae whether the Lucas-Washburn equation agpplies universdly for
porous network structures when the skeletal surface properties are held constant.

An equivdent hydraulic radius for an equivdent hydraulic capillary (ehc), which behaves in
the same absorptive way as the structures, can be defined. It is possible to define an ehc based
on gpparent Darcy absorption distances into the structures as a function of time. The concept
of Darcy length represents the filled length that would be present if the sample were moddled
by a digribution of bundled draight capillaries given by the function of the geometric mean
of their radii. If we were to derive an ehc of radius rencparcy, based on Darcy length
(V(t)/(Af)), where V is the volume absorbed over a cross-section A in a sample having
porosity f , as defined by Lucas-Washburn, it would follow

o _a®E o _®VEM/AT_ @
ehcDarcy gAf @ 0, cosq t é f dt & 9.y cosq

@)

where h is the fluid viscosty, g is the fluid surface tenson between the meniscus and the
vapour phase (air), g is the contact angle between the advancing meniscus and the solid phase
and t is the time. When the ehc is defined based on experimenta volume uptake, as in the
experiments here, the measurement is that of liquid mass uptake & a function of time into the
porous compressed pigment tablets of defined porosties. The desgned consstent surface
chemigry of the skeletd pigments and fluid properties in this study result in a condant value
for g vcosg. Furthermore, the definition of an ehc is independent of fluid and surface energy
properties, as the volume uptake is an expeimentd parameter which is effectively
normalised by the interactiond components in Egn. 2. Modedling this eguation using a range
of fluids in modd dructures, therefore, results in a consgent vaue for the ehc for dl fluids
which can then be compared with experiments based on asingle fluid.

It is shown experimentally that the rate of volume uptake approximates to a Qt rdaionship, as
shown in Figure 4.

6 Software available from the authors.
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Figure 4 Absorption curves for increasing experimental porosties (from bottom to top, same
order as in legend) normdised to V(t=0)/A=0 to remove wetting jump. Data shown are for the
coarse CaCOs series.

The Smulated absorption curves into the model structures dso approximate to a &
relationship, Figure 5 and Figure 6. In the case of the monosized dructure the dight Step a
the beginning is a result of the first layer of throats filling. This phenomenon is discussed
later.

9.0E-05 7
= volume/area

= 8.0B-057 _ Darcy length
=~ 7.0E-05
<
> 6.0E-05
o
< 5.0E-05
©  4.0E-05 A
2
>, 3.0E-05
o
< 2.0E-05
()

1.0E-05 T

0. OE+00 T

0.002 0.004 0.006 0.008 0.01 0.012
root time /s

Figure 5 Smulated absorption curve for 5 pm monoszed unit cell expressed as a Darcy
length and in terms of volume/area
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Figure 6 Smulated absorption curve for unit cdl with sze range 0.01 — 1.0 um expressed as
aDarcy length and in terms of volume/area.

Therefore, the absorption curves can be expressed as a linear relationship between V(t)/A and
Q, the gradient of which is

dv(t)/ A) _ d((m(t)/r )/ A)
dvt d/t

©)

where m(t) is the mass uptake at time t, as defined by a volume V(t) of fluid of dengty r. The
data are normadised to the cross-sectiond area of the sample, A, such that the data become
V(t)/A, the volume absorbed per unit cross-sectiond area of the sample. The gradient can be
obtained directly from the plotted data by alinear regresson anaysis.

If we assume at firgt the universdity of the Lucas-Washburn equation, the volume uptake per
unit cross-sectional area of the sample should be expressed in terms of the basic interactiond
parameters between fluid and the solid surface making up the boundaries of the pores as

1 r,.d,,cosqt
V(t)/A=Zpr2 |Sedlv "7 4
(t) AP e.m/ ~ (4)

formed by badancing the Leaplace pressure across a curved meniscus with the Poiseuille
resgive laminar flow in the crcular capillary, and letting the volume uptake per unit area
equd the volume filled into our equivdent capillary of radius rene, which represents that unit
aea. This definition no longer relates directly to the porosty of the sample and the
experimental  incompatibility with the previoudy defined Darcy €nC, rencparcy, beCOmes a
natural conseguence.

From Eqgn. 4 the renc is derived for each dructure separately by comparing the experimentd

uptake gradients with the assumed parameters of the Lucas-Washburn equation acting over
unit area, such that
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dvVR)/ A _pra Jm ®)
Wt A 2

from which rene Can beisolated as

_ mvme =
\gdﬁ @ P°g., cosq

- 5\/8&1(V(t)/A)9 @A§ ©

Comparing this volume-based renc vaue with the value we obtained for rencparcy based on
Darcy length (Egn.2), we see that

%f ..2
reic = retharcy(;_2 (7)
ep g

This rdaionship only holds experimentaly if the imbibition rae follows an exact &
reaionship over dl time If this is not the case then the manipulation of both the exponent
and the induson of porogty weight the radii awvay from the equivaent independently derived
vaues and reinforces the influence of the absorption behaviour at longer times and provides a
modified vaue for renc Which we define as r'enc. In our experiments and modeling, the longer
times are more consstently &t related and so, as shown below, the use of Eqgn. 7 can be
consdered as a means of extracting the interactiond properties of a porous medium during
wicking even though the short timescale absorption may not be directly Lucas-Washburn in
neture.

EFFECT OF STRUCTURE AND DISCUSSION
The Network Models
(i) idealised monosized pore structures

As defined above, the absorption curves corresponding to the predetermined network model
dructures can be plotted ether as Darcy length or as volume per unit area upteke, aganst
square root of time. The gradients from these curves are then used to caculate rencparcy and
renc, respectively, for each structure and each set of fluid parameters. Both higher and lower
dendgty and viscodty vadues were investigated with the monosized pore and throat Sze
distribution structures. A plot of rencparcy 8ganst the smulated mercury intruson rso for these
gructuresis shown in Figure 7.
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Figure 7 rencparcy Vaues againg therso vaues for a series of increasing monosize network
modd unit cdls.

Teking each curve separaidy and fitting a linear trendline it can be seen thet the linear
relaionship between rencpacy ad rso only holds true for low dendty or high viscodty. This
linear relationship corresponds to the prediction of Lucas-Washburn. In other cases, high
densty and/or very low viscogty, the effect of inertia in the modd bresks this linearity. This
is an important festure of inertid wetting within a network sructure. We can no longer
assume that the impact of inertia is over in the firsg few nanoseconds of absorption as is the
cae for a dngle capillary or bundle of capillaries. The inertid effect acts every time the fluid
is accelerated or decelerated within the changing features of a permesble Structure. These
effects are then tempered by the viscous drag behind the wetting front. However, with a
broad range of reservoirs which form the feed for the wetting front as it progresses, the
continuing differentiation between fine pores (preferred) and large pores means that the
volume flow rate in the bulk of the sample is enough to feed the inertid differentiation
adaequatdy at the wetting front itsdlf, i.e. inertia is continuously relevant at the wetting front.

The equivdent volume-based capillary radius, renc, Can aso be caculated from a plot of

volume uptake per unit area againgt time, Egn. 6. Figure 8shows renc plotted againgt rso for
the monosized unit cdlls.
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Figure 8 Voume-based renc plotted againgt rs5p increasing pore Sze in the monosized network
modd unit cdlls.

Usng Egn. 7 it is dso possble to cadculate the andyticaly-expected r'enc from the rencparcy
vaues. These values are shown in Figure 9.
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Figure 9 Volume-based r'enc as caculated from rencparcy (Eqn. 7) plotted againgt rso for
increasing pore size in the monosized network model unit cels

There are some points of interest which should be taken into account when considering the
andysis of the model absorption data

1. As we e in Fgure 8 and Figure 9, there is an incompatibility between the caculated,
Iene, and the directly determined values for renc. This relates to deviaion from purdy Gt
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behaviour over some pat(s) of the absorption curve and the effect of porosty on
weighting this deviation. The network modd dructures have an atefact which interferes
with a draightforward Lucas-Washburn response a short times. This is because initid
imbibition is only in the top layer of throats and in the -z direction. The top surface of the
unit cdl is not redly a cross-section of the dructure as there are no xy imbibition
posshilities a time t=0. This distorts the absorption-time data at the origin and makes it
difficult to define a given parameter againgt Ot gradient that is relevant for al times.

2. A second factor is that even after longer times the absorption is not exactly linear with
respect to &t for dl the fluid combinaions, athough the deviation in some cases is small.
This means tha the definition of the &t absorption gradient is strongly dependent on the
weighting of the chosen parameter given by the porosity factor (see Egn. 7 for example).
The higher the porogty, the more the longer time region becomes effectively weighted
disproportionately when determining the &t gradient for absorption volume compared
with Darcy length. The direct mathematicd regeneration of r'enc from the rencparcy
definition is therefore not reproducible when crossreferencing the terms generated
directly from the data. However, the trends are reproducible.

These factors are an indication in themsdves of deviation from Lucas-Washburn intringc to
network structures, not ssimply because they are models here but because the acceleration of
flud within interconnecting networks should aways be consdered. [Further complexities of
wetting in red dructures dso introduce other means for accderdting fluids]. These
deviations, when seen experimentaly, are traditiondly often accounted for by introducing
arbitrary dructure parameters, such as tortuosty. In the case of the mode Structures such
arbitrariness can be avoided. Nonetheless, the regeneration of r'enc Via these weaghting factors
can provide a useful tool for deriving the interactiond properties by forcing the absorption
into an experimentaly relevant Ct regime - this will be discussed further later.

(i) broadening pore size distributions
By using fluids of different density whilst keeping viscosty constant (0.001 kgmi's?), the

imbibition was moddled in sructures with broadening polydispersity. Figure 10 shows the
results for the directly determined rencparcy @S plotted againgt the smulated rso.
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Figure 10 rencparcy (Eqn. 2) plotted againgt the smulated rso vaues for three series of model
sructures with increasing polydispersity using high and low fluid dengity vaues.

When features larger than 0.1 pm are progressvely introduced into the modd sructure then
the rencoarcy decreases as the rso incresses, this is the oppodte of the Lucas-Washburn
prediction which dates that as larger festures are included SO the rencparcy Should get larger.
This demondgrates manly the effect of porodty which is gpparently not caered for
adequately by Eqgn. 2. As the porodity increases, so the absorbed volume increases but not as
fast as necessary to increase the apparent Darcy length of absorption, i.e the classicd
equation ignores the impact of networks. Therefore, the rencparcy apparently decresses as the
pore size increases above 0.1 um.

Smilaly, as pore dze decreases bdow 0.1 pum, the Darcy length of permesation aso
decreases again despite the increase in porodty. However, in this case, when features smdler
than 0.1 pm ae progressvely included in the unit cdls the rencpacy decreasing with
decreasing rsp Is condgtent with Lucas-Washburn. This is logica because the resstance of the
increedng number of fines pores in the bulk of the sample behind the wetting front quickly
turns to viscous Poiseille behaviour.

As the polydisperdty broadens around 0.1 pm an even more dramatic effect is seen as the
dructure delivers low resstance in the large pores and high resstance in the finest pores. The
grestest driving force in the sructure for wetting, however, is concentrated in the finest pores.
This leads to dependence on volume flow resstance through the fine pores, such that
adequate flow is permitted by the large pores only which must be connected adequatdly to the
finest pores if the grestest absorption depth is to be redised. Clearly, therefore, the optimal
pore size concentration at 0.1 pum promotes the farthest gpparent Darcy permestion into the
sample. For a given st of fluid parameters, the greatest gpparent permeation depth occurs in
MonNosi ze Structures.

Smilar effects were seen experimentally by Gane et al. (2000) in which observed absorption

penetration depth into compressed tablet Structures after contact with fixed volume droplets
showed a maximum absorption depth a a porosty of 24-26 %. From this work it would
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suggest that this porosity corresponded to the minimum in polydispersty within the tablet
series. Retrospective study of the pore size didribution of the samples does indeed confirm
this hypothesis, as can be seen by the steeper experimenta mercury intruson curves around
the critical porogity in Figure 11.
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Figure 11 Experimentad mercury intruson curves for samples used in fixed volume droplet
penetration experiments (Gane et al., 2000).

The volume-based equivdent capillary radii, renc, for the mode unit cels with the various
pore Sze ranges are once again caculated from the plots of volume uptake per unit area
agang Qt, Egn. 6. The respective renc vaues are plotted againgt smulated rso, as shown in
Figure 12.
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Figure 12 Voume-based renc plotted againg the smulated rsp vaues for three series of mode
dructures with broadening size ranges with high and low fluid dendty vaues, viscosty =
0.001 kgm'is™.
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In this case (Figure 12) we see a linear set of corrdations between the volume-based renc and
rso with expected group corrdations gpplying within each pore sze range, i.e. those including
pores greater than 0.1 um and those including pores less than 0.1 um forming two separate
groups.

Usng Egn. 7 it is dso possble to caculate r'enc from the rencparcy Vaues These values are
shown in Figure 13.
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Figure 13 Derived r'enc (calculated from rencparcy, EQN.7) plotted againgt rso for three series of
modd dructures with broadening sze ranges with high and low fluid densty vaues
viscosity = 0.001 kgm'is™.

These plots (Figure 13) show that the definition of r'enc for a modd sructure is potentidly
much more eadly corrdated experimentaly with respect to measured pore sze. They show,
respectively, a monotonic increase in cacuated r'enc @ the smulated rso increases when
porosity is used to scale the Darcy-defined rencparcy (EQN. 7), compared with the two groups of
rdaionships when cdculated directly from dmulated volume upteke rate (Figure 13
compared to Figurel?). This comparison shows the strong dependency of volume absorption
rate within these sze ranges on the nature of the porosty of the sample and not on the actud
pore sze or smple porogty figure as would have been predicted by the asmplistic gpplication
of Lucas-Washburn in terms of a Dacy permedtion length or an experimentaly volume-
derived renc. Porosity forms the cross-correlation between the two groups of samples and this
correlation gives the firgt indication that the properties of a network can combine through its
complexity of dructure (connectivity, Sze didribution etc.) in determining the absorption
dynamic conggently over a range of porogties, whereas definitions of dructures by the
amplistic parameters of pore sSze didribution and porodty do not. This condenses the
agument to the point where we predict that permesbility is an extra controlling parameter
and is not predictable from the classcd capillay bundie but needs the complexity of a
network.
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Comparison with experiment

Expeimetdly, the gradient of uptake volume as a function of & dso follows an
agoproximate linear relationship with porosty and confirms that this parameter describes
typicdly the absorption dynamic of samples within this Sze range, both coarse and fine,
(Figure 14). As the O rdationship holds over the complete observation time for the
experimental samples, renc IS Seen to be equivaent to r'enc.
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Figure 14 Both experimentd dructure series, differing in pore Sze digribution only, show
gmilar volume rate absorption as afunction of porosty.

The measured rso vaues for these structures do not fal on the same trend between pigments
as a function of porogty, as shown in Figure 15. This could aso be seen with the modelled
structures where fine and coarse structures are smulated, Figure 16. In both the experimenta
and amulation reaults, the coarse dructures have a Seeper gradient for renc agang rsp, and
naturdly larger rso vaues, compared with the fine structures. If we compare the experimenta
obsarvations with those according to Lucas-Washburn as functions of mercury porosmetry
measured porosity, f g, and pore size, rso, We see that renc scales with porosity, Figure 17, but
does not scale between the two pigments as a function of pore size, Figure 18. These trends
can again be seen with the smulation data in the models for the fine and coarse dructures as
shown in Figure 19 in comparable parameters and previoudy shown in Figure 13. Since the
volume absorption dynamic was shown experimentaly to be dependent strongly on porosity,
and snce dl the Lucas-Washburn interactional parameters have been kept constant in these
experiments, it must be assumed that the Lucas-Washburn equation for volume uptake based
soldy on pore Sze does not hold true for differing pore sze didributions (and/or
connectivity) in a network dructure. The experimental evidence now supports the smulation
plots quditetively.
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Figure 15 The measured rso of the experimenta dructures as a function of porosty for the
two different skeleta particle Sze distributions.
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Figurel6 Synthesized rso from modd Sructures as a function of porodty when introducing
fine and coarse void size digtributions.
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Figure 17 Voume-based ren: determined as a function of porodty shows quite Smilar
behaviour for the two experimental Structure series, despite each differing from one another
in pore Sze digtribution.
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Figure 18 Volume-based renc as a function of rso. Note that there is no direct scaling across
the two experimental  structure series.
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Figure 19 Vodume-based renc a0 fals to scde as a function of porosty for the coarse and
fine synthesized void Size digtributions

From dl these plots it is seen that the scding between an ehc, derived from data directly
interpreted in terms of either a Darcy length or a volume uptake, and the measured pore size
dimenson bresks down, but tha scding with porogty is manifes within each dructure
group. By weighting the data in respect to porogty, by deriving a Darcy equivaent capillary
radius from the volume-derived ehc, we obtain corrdation between the equivaent capillary
and the measured rso. This behaviour of the experimentd samples mirrors that predicted
earlier for the modds.

DETERMINING INTERACTIONAL AND STRUCTURAL PARAMETERS

Traditiondly, it is notorioudy difficult to determine the interactiond properties g vcosgq by
wicking experiments due to the complications introduced by depature from Lucas
Washburn. This departure is now shown in part to be due to the effects of differing structura
paraneters such as connectivity and pore Sze didribution.  Frequently, the best
goproximations ded with "gpparent” vaues which can vary from sample to sample even
though no rationde can be found for the deviation, or are compensated for by structurd
parameters such as the tortuosity factor.

The effect of connectivity in the modd dructures used here was dudied. By using the
monodze 5 um unit cdl it is possble to isolate the parameter of connectivity from the effects
of pore sSze didribution. The connectivity was reduced stepwise from 6 to 2, adjudting the
porosity such that the pore row spacing was kept congtant. This resulted in the unit cdls with
higher connectivity having higher porodty vdues By thus adjusing connectivity, the
magnitude of the derived r'enc, USNg Egn. 7, and the smulated rsp can be brought into
agreement. This procedure can be represented as connectivity plotted againgt the ratio b =
IMNenc/fso, Figure 20, such tha a given vadue of b in monoszed dructures indicates the
exigence of a cetain derivable connectivity. Conversdly, a monosized sructure of known
connectivity can be used to determine g vcosq viaaderived vauefor b.
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Figure 20 Connectivity for 0.5 pum modd monosize dructure plotted againgt the ratio b =
Menc/T's0

Bagng the andysgs on smplistic mode sructures clearly has the benefit of alowing one or
more parameters to be isolated individudly which provides the moddler with a foundation
for understanding more complex networks. In more redigtic Structures, the factor b becomes
a combined function of connectivity, tortuogty, pore Sze didribution and ultimately pore
shape and pore shape distribution over the sze range within the sample. The definition of our
introduced parameter b, therefore, can be conveniently described as a network structure
"complexity" parameter. Essentidly this is a network descriptor and combines with the
parameters of surface energy and porosity to determine the absorption behaviour of the
structure.

As was seen for the earlier published experimenta structures (Figure 11) (Gane et al., 2000),
the deeper the pore dze didribution as defined by mercury porosmetry, i.e. the more
monosize, the further the penetration front gopeared within the sample for a given volume
uptake and porosty. Such a dructure has a rdaively low newly-defined complexity
parameter b. Smilarly, the two experimenta gructures investigated here have different ratios
of b =r'enc/rso with the finer carbonate showing the higher complexity.

The nove vaue of such a complexity descriptor is that it can potentidly describe the degree
of filling of a given network in respect to the advance of the wetting front. For example, the
finer carbonate dructure can be expected to have filled more completely per unit depth of
penetration than the coarser carbonate, otherwise the function of absorption rate as dependent
only on porogty for both samples individudly would not have hdd. The mechanism for
preferred pathway filling is therefore an apparent function of this descriptor within the types
of structure investigated here.

CONCLUSIONS

Comparison of network mode dructures and experimentdly observed absorption into
dructures with the same surface chemisry and morphologica festures shows quditative
agreement over a wide range of pore sizes and pore size distributions. The knowledge d the
exact pore and throat dimensions in the network modd (Pore-Cor) structures enables a clear
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definition of absorption behaviour as a function of both pore sze and porosity. Mercury
porosmetry of experimental samples provides both pore Sze and porodsty data for redidic
porous media. At long timescaes, absorption follows approximately, but not exactly, a O
behaviour. At short timescdes in the mode systems there are deviaions. The experimentd
absorption cannot be measured at such short timescales.

Scaing between the Lucas-Washburn-defined parameter of equivdent hydraulic radius and
pore sze for experimenta samples and modd sructures of differing pore sze and pore Sze
digribution fails in both cases. Corrdation is only brought into agreement when the porosity
is induded as a weghting factor, such that porosty cannot be assumed itsdf to be the
controlling parameter. A correlation between measured pore Sze and porodty is not a
prerequisite for this behaviour even when porosgty is seen as the main contralling factor in a
network structure.

A methodology is outlined whereby the sample properties are described by a network
descriptor which expresses the complexity of the dructure. This descriptor, b, is formed by
the ratio of the volume-defined equivdent hydraulic radius, derived andyticdly from the
porogty weghted Darcy permegtion equivaent hydraulic radius under Lucas-Washburn
conditions, and the measured 50 % mercury intruson pore radius. This descriptor is
suggested by moddling usng an imbibition dgorithm induding inetid effects throughout
the network to provide a prediction of the degree of filling of a porous network immediately
behind the observed wetting front and can be used to predict the degree of preferred pathway
differentiation during permesgtion which can lead to unfilled pores during the absorption
dynamic. For dructures containing fine pores which act within the inertid wetting regime (~
0.1 um diameter for fluids such as water and dkanes) the higher the vaue for b, the greater is
the complexity of the dtructure and the fewer are the possible unfilled pores. This effectively
means that highly complex fine dructures with broad pore sze didributions have a fagt filling
a short times degpite their fine pore size and that the sample quickly saturates. Such highly
complex dructures represent well the fine pigmented layers found in paper coatings. More
monosize pore structures result in grester permestion depth but with more unfilled pore
volume.
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