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A microbalance has been used to measure the rate of uptake of
a wetting fluid, 1,3-propandiol, into a cube of compacted calcium
carbonate. The cube had sides 12 mm long, with a wax band ap-
plied to the outer perpendicular edges of one basal plane to prevent
external surface uptake, and the liquid was applied in a highly con-
trolled manner at this single face only. The percolation characteris-
tics of an identical sample were measured by mercury porosimetry.
A three-dimensional void structure was generated with the same
percolation characteristics using a software package called “Pore-
Cor.” The wetting of 1,3-propandiol into this model structure was
then calculated using an extended Lucas-Washburn equation, de-
veloped by Bosanqguet, which includes viscous, inertial, and capil-
lary force effects. Neither the experimental nor the simulated wet-
ting can be explained in terms of an “hydraulic stream tube” or
“effective hydraulic radius” model. A mathematical function is pre-
sented which compensates for the differences in the boundary con-
ditions between the simulation and the experiment. The wetting is
found to be initially slowed by inertial flow, then speeded up to a t%8
dependence by the connectivity of the three-dimensional void net-
work. The effect of the inertial flow is most pronounced for larger
pores. © 2000 Academic Press

Key Words: inertial wetting; viscous wetting; void geometry;
interconnectivity; interfacial free energy; void network; network
model.

INTRODUCTION

vides significant additional functionality to Pore-Cor, which is
currently being used on a range of systems from ink in pap
coatings, to hydrocarbons in silica catalysts and sandstone,
nutrient and oil pollutants in soil.

To place this work in context, we begin with a brief review of
the foundations of research in relevant areas, with an empha
on work over the last decade.

Theories of Permeation

The capillary pressure within a vertical cylindrical tube of
radiusr is given by the Laplace equation as

P =hpg= ¥ [y
where P is the pressure difference generated across the flu
meniscush is the height to which the liquid rises in the tube in
the equilibrium stationary statg, is the liquid densityg is the
acceleration due to gravity, is the interfacial tension, ardlis
the contact angle of the fluid meniscus with the wall of the tube
For a fluid which is entirely wettingl = 0°, and for an entirely
nonwetting fluid 9 = 180,

The geometry of the interface between the liquid and the sol
is a crucial factor, much studied in the literature (1-3). Howeve
Ransohoff and Radke (4) emphasize thatirregular shapes reqt
specific calculations, and that large errors occur if the flow i
assumed to occur down a single tube with an effective radius:

The permeation of a wetting liquid into a porous structure iSgnich we shall refer to as the effective hydraulic radius (EHR

frequently occurring phenomenon in both natural and industr;%

proximation.

systems, butthe process is only partially understood. We preseny ot studies of the permeation of wetting fluids into a porou
an experimental study of this phenomenon under carefully cqflsnyork use some form of the EHR approximation, either as
trolled conditions. An insight into the process is obtained k%’mgle hydraulic stream tube or an unconnected bundle of su
modeling it using the Bosanquet equation to describe wetlifighes 1n most cases the fluid is considered to be fully wettin
under the influence of capillary, viscous, and inertial forces. T'ﬂﬁany workers have developed the original work of Bosanqué
modeled permeation takes place in a three-dimensional netwggy and have improved the description of initial, inertial, anc
generated by the software package “Pore-Cor” and based @inuity influences (6, 7). Chibowski and Holysz (8) have de
the percolation characteristics of the expenm_ental sample. B@@oped the theory of permeation into hydraulic stream tubes |
the network model and the Bosanquet equation have been ddition of other terms to explain their wicking experiments

before, but never in combination. The wetting algorithm prorpe gyrface free energies of powders have been determinec

this way by Surface Tension Component theory or the Equatic

1To whom correspondence should be addressed. of State approach (9). However, investigations using disorder
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networks of etched glass capillary tubes have revealed modéstance traveled, is directly proportional to timé, in contrast

ments of the liquid front which are totally different from thosdo the Laplace-Poiseuillian flow regime, described by the Luca:
in an unconnected bundle of capillary tubes (10, 11). There akashburn equation [2], for whickioc +/t. Also in contrast, the

three main reasons for this difference in behavior. First, fluid calistance traveled by inertial flow is independent of viscosity
move discontinuously in porous networks because of the effebtst inversely proportional to the radius of the tuband the

of particular void geometries on the energies of menisci (13uid densityp. One can picture the inertial flow as a monolithic
Secondly, there are significant restrictions to flow through lardgock of fluid entering a tube behind the wetting front. All parts
voids, if these have been preceded in the flow track by smaflthe fluid within the tube move at the same rate—hence th
voids. Finally, flow tracks through an experimental sample méydependence from viscosity. The flow is slowed down more fc
encircle particular regions of the void space and give rise #gohigher density fluid entering a larger tube because the ma

trapped air pockets. of fluid and hence its inertia are higher. The effect is illustrate
_ _ guantitatively in Fig. 1 for 1,3-propandiol in tubes ofdn and
Rate of Fluid Permeation 1-mm radius. The plots show how the actual (Bosanguet) flo

Washburn (13) and Lucas (14) are credited with the equatiBHanges from inertial to Lucas-Washburn (LW) flow as time an
which is still frequently used in describing the rate uptake giStance increase. For a tube of 1-mm radius, the changeoy
liquid into porous systems. They obtained it by combining tHa°CUrs atabout=0.01s anck =1 mm, and for a tube of 1:m
Laplace equation with Poiseuille’s equation for laminar flowadius it occurs at abotit=0.01us (1.E-8 s) _and( =0.1um.
resulting in the expression For even smaller tubes, the changeover will occur even fast

and earlier, so that the flow will be accurately described by th
2 — Ryt cost 2] Lucas-Washburn equation and it is not necessary to invoke t
2n Bosanquet equation.

wherex is the distance traveled by the liquid front in timeR For features of a particular radius the curved lines in Fig.

is the effective hydraulic radius, amds the dynamic viscosity. show the distance filled at times ranging from 0.0014s1The

The equation was originally used to describe liquid imbibitio ght-hand side ofthe boun(.jary.shows beh_avior inthe remginir
into a long horizontal glass capillary tube. Many permeati grger pores dominated by inertial retardation effects, and in th

experiments show at least superficial agreement with [2], with9'on fegtures of a smaller radius fill fa;ter than those W'th
an uptake distance approximately proportionay/fo The equa- larger radius. At the boundary the behavior changes to viscol

tion therefore continues to be used, despite the fact that in pord Q¥ Which can be described by the Lucas-Washburn equatio
networksR, 6, andy have no precise physical basis. and the distance filled now decreases as the radius decrease

Bosanquet (5) extended his equation to describe incline

Bosanquet (5) considered the inertial and viscous forcesb hik h h
which acted as the fluid entered the capillary tube from an infPes: and Ichikawa and Satoda (7) have extended the eq

nite reservoir (supersource). Balancing these with the capillaﬂ n further by including a k_inetic energy ter_m. Some recen
force, he showed that approaches use the full Navier Stokes equations (1, 15). The

approaches are either unnecessarily complicated for our pt

d 2 Gx dx 2 poses or beyond our current computing capacity, and in th
— | rrepx— 8rnX— = Perr 2rry cosh, [3 4 '
dt (n P dt) O = Femtmarty [3] study [4] suffices.

whereP; is the external pressure applied at the entrance of tﬁ?perimental Studies of Permeation
capillary tube. By integration and letting

To support the discussions of modeling fluid uptake, a numb

a— 8n and b= w, of experiments have been reported in the literature. They main
rp rp involved planar substrates and the measurement of the upte
it can be shown that as horizontal or vertical wicking. The degree of wetting wa:s
% 1 measured either by a microbalance or by observing the liqui
X5 — X2 = —{t - Z@1- eat)} ~ bt?, [4] front directly, which was sometimes made easier by the use
a a a dyed liquid (8, 16—19).

wherex, is the initial position and; is the position after time.

The approximation in [4] is obtained by expanding the expdi€twork Models

nential term using a Taylor series, and is validdok< 1. Ifthe A fully interconnected network was first used by Fatt (20)
measurement coordinates are set suchxhat zero, and there for primary drainage studies using a two-dimensional lattic

is no applied external pressule, then of between 200 and 400 tubes. Surveys of networks used
2y COsA t2 other workers, ranging from bundles of capillary tubes throug
x2=""_ (at<k 1, P.=0) [5] to three-dimensional interconnecting networks, have been cz

ried out by van Brakel (21) and Payatakes and Dias (22). Fu
This equation describes what we refer to as “inertial flow.” Thiner progress has been made since these reviews (23-26).
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FIG. 2. Regions of behavior of inertial and Lucas-Washburn flow for 1,3-propandiol.
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network used in the present work is most similar to that aimallest size, as shown. The linear distribution pivots about i
Payatakes and co-workers (27). Many other workers have stagdpoint at 1%, so that in this case there are 1.15% of the sma
ied pore shapes more sophisticated than we have used (28-8&fthroat sizes (0.004m) and 0.85% of the largest throat sizes
However, Garboczi (32) showed that a range of pores and thro@dt2 «m). The pore skew increases the sizes of the pores by
of different shapes and sizes could be adequately representeddrystant multiple, in this case 1.2. However, the pores with th
a random network of interconnecting cylinders, as in the presdatgest sizes are truncated back to the size of the largest thra
study. thus giving a peak at the maximum size of 1,22, as shown.
The positions of the pores and throats are random, determin
by a pseudorandom number generator.

A matrix of values of throat skew and connectivity is tried,
and the void structure chosen which has percolation character

Pore-Cor is a computer model that simulates the void-spdgs most closely matching the experimental values (35, 36). Tt
structure of porous materials. It has been used to simulate tre¥colation characteristics of the network are insensitiv@ to
structures of a wide range of porous materials including santhereforeQ of the chosen structure is adjusted so that its poros
stones (33), medicinal tablets (34), and soil (35). Pore-Cor uggsmatches the experimental value while ensuring that no pore
a unit cell with 1000 cubic pores in a 2010x 10 array, con- overlap. It is not normally possible to represent the complex
nected by up to 3000 cylindrical throats (i.e., one connecteditg of the void network of a natural sample using the relatively
each cube face). Each pore is equally spaced from its neighlmmple geometry of the Pore-Cor unit cell. Also, the size of the
ing pores by the “pore row spacing), and each unit cell is a unit cell is often smaller than the representative elementary vc
cube of side length 1@. There are periodic boundary condi-ume (REV) of the sample. Therefore different unit cells must b
tions, with each cell connected to another identical unit cell generated using different seeds for the pseudorandom numi
each direction. The pore- and throat-size distribution of the uigenerator. The algorithm is designed so that different structur
cell is optimized so that the simulated percolation curve fits agarameters in conjunction with the same seed of the pseud
closely as possible to the experimental mercury intrusion curkandom number generator produce a family of unit cells whic!
(36), corrected using [10] below. The distributions of pore arafe similar to each other—for example, all may have a group «
throat sizes are characterized by two parameters, “throat skdarge pores in the same region (35). Different stochastic genel
and “pore skew,” Fig. 3. The distribution of throat sizes is logions use a different pseudo random number generator seed, :
linear. The throat skew is the percentage number of throats of #hther can use the original Pore-Cor optimization parameters

THE PORE-COR NETWORK MODEL
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FIG. 3. Percentage number distributions of pore and throat sizes within the Pore-Cor unit cell.
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can be reoptimized to the experimental data. Examples of theTo reduce artifacts caused by the wetting of their outer su

results of these two procedures are given below. faces, samples were coated with a thin barrier line of a we
. . (Rotiplast, Carl Roth GmbH) around the base of the vertic:
The Wetting Algorithm edges arising from the basal plane. The remainders of the ou

At the start of the calculation the total time length for th@lanes were not coated, to allow for the free movement of di;

permeation is specified. The length of atime stepis 1 ns, its vaRf@ced air during liquid permeation, and to minimize any inter
being such that the maximum distance advanced by the fluid@flion between the wax and the absorbed liquid.
one time step is never more than GQL The flow rate varies 1he absorbed liquid was 1,3-propandiol (Fluka, researc
greatly with throat diameter, with the consequence that mafi{@de) which is a component of waterborne inks. The 1.2
millions of time steps must be calculated. A typical calculatioR/oPandiol has a surface tensignof 0.0458 N nTt, a den-
of permeation to fill one-fifth of the unit cell takes 20 h on &Ity p Of 1053 kg %, and a viscosity) of 0.057L N s nT* at
600 MHz personal computer. 20°C. This is in contrast to water with corresponding pfiramete\
The Bosanquet equation is used to calculate the wetting fith 7275 N m*, 998 kg n3, and 0.0a N s nT2. The static con-
in each pore and throat in the void network at every time std@Ct angle was measured on a surface of marble, which had b
Itis assumed that inertial flow occurs when fluid begins to entéet-ground using the same dispersing agent as for the pern
each throat, initially wetting the throat in the form of amonolithi@tion and porosimetry samples. The contact afighes found
block of fluid as described previously. Once a throat is full, thi® P& 34.5, in contrast to water with a contact angle of approx
volumetric flow rate of the fluid leaving the throat is calculatelinately 5. The microroughness of the surface was measure
and this fluid starts to fill the adjacent pore. The pore can Kdth @ confocal laser scanning microscope (Lasertec 1LM21
filled by fluid from more than one throat, which may start td "€ microscope scanned perpendicular to the surface at 47
flow into it at different times. Once a pore is full, it starts to fillP0iNts with a spacing of 0.38m, and measured a variance of
the throats connected to it that are not already full and which fS7ums.
not already filling from other pores. If at any stage the outflow |
of a pore exceeds the inflow then a mass conservation restrictf§Rting Apparatus
is applied which removes this imbalance and restricts the fluidThe rate of liquid uptake was measured using an automat
flow further into the network. microbalance, namely a PC-linked Mettler Toledo AT460 bal
The permeation is quantified Bsthe fraction of the total void ance with a precision of 0.1 mg, capable of 2.7 measuremer
volume which is filled with the fluid at timé. For comparison per second. To provide a sufficiently slow and precise approa
with experiment, the permeationis expressed as a Darcy distageghe sample down to the liquid surface, a special sample holc
L =10Q F. This corresponds to the volume-averaged distan@fs constructed, Fig. 4. The chamber around the balance b:
between the supersource and the wetting front. plate enabled a controlled atmosphere to be established, shiel

MATERIALS AND METHODS

e I g
i

Sample Materials

The sample material was compacted ground calcium carbon-
ate, which is used as a main component in some paper coatings.
The grain size before compaction, and the compaction pres-
sure itself, could be carefully controlled to give a reproducible
and relatively homogeneous porous structure. Such homogene-
ity was required so that similar specimens could be used for
the fluid permeation and mercury porosimetry experiments. The
sample was consolidated, and therefore did not require a sam-
ple vessel for the fluid permeation experiments, thus eliminating
uncertainties of fluid interactions with such a vessel.

The specific material used in this study was calcium carbonate
(OMYA Inc. Hydrocarb OG), with 60% by weight of the parti-
cles less than Z2m in diameter. This material is wet-ground in
the presence of a polyacrylic dispersing agent and then spray-
dried. The resulting powder was compacted in a steel die at Liguid
259.4+ 2.7 MPa (37). Part of the sample was studied by mer-
cury porosimetry to determine its percolation characteristics.
The rest of the compact was cut and ground to form several
12-mm-cubic blocks, using a rotary disk grinder and a specially
constructed, precisely adjustable jig. FIG. 4. Experimental apparatus.

Llo==d chambar

Sample damp movable
m 2 direction

Cuboid sample

W sealing around
e
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sample

liguid liquid
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FIG. 5. Behavior of wetting meniscus during approach of sample. (a) Sample lowered toward liquid, (b) contact meniscus forms, (c) liquid creeps up
sample, (d) creep prevented by wax ring.

from external air movement. The walls of the chamber included The free liquid surface is always below the absorbing surfac
an array of gutters which could be filled with silica gel for workef the sample, Fig. 5, so th&ouyancy= 0.

ing with hygroscopic liquids, or with the liquid itself to allow The largest void size in the sample, as detected by mercu
the establishment of a saturated vapor. Additionally, there wasrosimetry, was 1.22m. If a capillary tube of this radius was
a gas inlet which could be used to keep the cell under a stedowered vertically into 1,3-propandiol, the liquid would rise by

stream of an inert gas such as nitrogen. 7.26 m according to [1], at which height
All apparatus, gases, and samples in this study were main-
tained at 23.6: 1.5°C. Prior to the permeation experiments, Fiotal(t) = Fuetting(t) + Fgraviey(t) = O. [7]

each sample was placed in a 5 liter chamber. The chamber was

then flushed through with dry nitrogen, and the sample left tqowever, the maximum length of a feature in the simulate
equilibrate for 48 h. The permeation experiments themselvegucture, which has the same order as the maximum length
were performed in the balance chamber described above, whicfeature in the experimental sample, is only 1.24. There-
was flushed with a steady stream of dry nitrogen flowing &ére, if such a feature were vertical and entirely full of fluid,
1 liter min~*. Tests showed that over a 16-h period, the hygrene fluid column would be only 0.00002% of the length of
scopic nature of the 1,3-propandiol caused a weight increasegftical column in equilibrium withFy,a,i,. Therefore gravity
upto 0.6 g in a 1.5-g sample block exposed to ambient air in thgs a negligible effect on the very short fluid columns withir
balance chamber. With silica gel in the chamber, the correspomige modeled and actual features, dhyghvity = 0 to a very good
ing weight increase reduced to 0.2 g. Under nitrogen flowing @bpproximation.

1 liter per minute, there was a corresponding weight reduction|n order to interpret the experimental data, it is necessary
of 0.003 g due to absence of any hygroscopic effect, couplgfderstand the precise nature of the permeation process wh
with slight evaporation, giving an overall weight change whicBccurs. Initially, the 1,3-propandiol is a free liquid with a flat

was negligible on the scale of the experiment. surface, Fig. 5a. The sample is gradually lowered toward th
_ fluid, with the flat sample surface parallel to that of the liquid. Ir
Mercury Porosimetry practice, it is impossible to make the liquid and the rough soli

A Micromeritics Autopore Il mercury porosimeter wassurface perfectly parallel to egch other. Thereforg, at some m
used to measure the percolation characteristics of the sdRgnt of the approach, the fluid touches some point on the sol
ples. The maximum applied pressure of mercury was 414 vp4rface, illustrated schematically by_the p_omtjuttmg down\{var_(
(60,000 psia), equivalent to a Laplace throat diameter BPM the sample surface. When this point touches the liqui
0.004 um, Eq. [1]. Small samples were used, each of aroursyrface, fluid wets it and then the whole surface. A “contac

1.5 g in weight. The equilibration time at each of the increasir{genliscgsn rapidly forms which connects the entire surface ¢
applied pressures of mercury was set to 60 s. the I|_qU|_d to that of the solid in a timig, Fig. 5b. Not only does
the liquid absorb into the sample, but also creeps up the out

vertical surface, Fig. 5c. The rate of this creep is different fron
the rise of the fluid front inside the sample. If the rate outside i
faster, then it will feed fluid back into the sample from the oute
walls, and if slower, fluid will emerge from the sample and rise
The total forceFota acting on the solid-liquid interface duringand fall on the outside. This process is unquantifiable, and v
the permeation of 1,3-propandiol into the calcium carbonatetiserefore minimized it by a ring of wax, as described previousl
the sum of the wetting, gravity, and buoyancy forces, all of whicnd illustrated in Fig. 5d.
are functions of time: Following the notation of Miller and Tyomkin (38), we split
the forces into “inside,"F,i, and “outside,”F,,. The inside
Frotai(t) = Fwetting(t) + Fgravity(t) + Foouyanct)- [6] forces are those due to the wetting of the internal porous matr

EXPERIMENTAL DATA TREATMENT

Permeation
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of_ the block, and the ou'Fside forces are those arising from aiume reading'vblulk the sample bulk volume at atmospheric
plied pressure of the fluid at the base of the sanfflg. the pressurep the applied pressuré? the porosity at atmospheric
impulse when the contact meniscus forRsnac: and the force pressureP?! the atmospheric pressure, altis the bulk mod-

caused by the sample side-wall wettiRgye: ulus of the solid sample. The volume of mercury intruded &
the maximum pressure, once corrected for sample compress
Fiotal(t) = Fuetting(t) = Fuwi(t) + Fuo(t) effects, can be used to calculate the porosity of the sample.

= Fui (t) + Fbase(t) + Fcontac(t) + Fside(t)~ [8]

There has been controversy about this equation in the literature, RESULTS
interms of the Qefinition QFtotal as 'the “effective wetting force,” Mercury Intrusion
and whether this should include juS{ontacs Or bothFeontactand
Fsige (16, 17, 38, 39). Figure 6 shows the observed mercury porosimetry data, tl

Experiments with solid marble blocks showed that the wa@ta corrected for mercury compression, and penetrometer ¢
ring is efficient in preventing fluid from creeping up the outsideansion and also the fully corrected data using [10]. The bu
of the sample, so that to a good approximaigige= 0. Feontacs modulus for this sample was found to be of the order o
caused by the force of attraction around the perimeter of th8,000 MPa, and the porosity 23.8%.
meniscus pulling the liquid up toward the fixed solid, is constant Mercury intrusion curves of similar samples gave a repeat
for t > t1. Fraseis caused by the formation of the meniscus, arfility to within £0.8% of the total void volume, averaged over
the subsequent movement of fluid through the meniscus; the entire intrusion curve.
first effect is completed in timg, and the second is assumed
negligible because the meniscus is thin and the curvature sliflotre-Cor Unit Cell

compared to the total cross-sectional area of the uptake. TherEigure 6 also shows the optimum simulated mercury intrusic
is also inertia in the system which causes a lag and then an

. . . . urves for the first and second stochastic generations. For 1
overshoot in the recorded weight. This effect is assumed to be : . . o

. . L second stochastic generation, one curve is based on reoptimi:
completed in a timé, which is greater thafy. Then to a good

A parameters, and the other on the same throat skew and conr
approximation, L . . X )
tivity as the first stochastic generation, as explained above.
Fowi(t > 1) = Fueting(t > t) can be seen that geometric restrictions of the ynit cell caus
total 2 wetting 2 an imperfect but nevertheless useful match with experimer
= Fui(t > t2) + Fpasdt > t2) + Feontacft > t2) Figure 3 showed the optimum pore and throat size distributior
+ Faadt > b) fc_>r gtoc_:hastic ggneratign 1 Note th_at theldistributions.have f
sid 2 similarity to the first derivative of the intrusion curve, which has
= Fi(t > t2) +c. [9] traditionally been used to estimate the void size distribution. Tt
corresponding Pore-Cor unit cell, with a connectivity of 3.4 an
The constant ternt can be found by fitting the function Q =1.25.m, is shown in Fig. 7.
Fiotal(t > t2) with a smoothing curve, and extrapolating back to
t =0atwhich point,; = 0. Then the constant term can be evalgxperimental Permeation

uated, subtracted frofta, andFy,; calculated at all times. In ) . o
practice, the forces were measured as apparent changes in liqufd9ure 8 shows the observed apparent weight of the liqui

weight. at the start of the experiment. The microbalance was tared
that the weight reading was close to zero, and the solid samj
Mercury Porosimetry gradually lowered toward the liquid. At around 57.5 s, the ar
. . arent weight of the liquid decreased under the influence of ti
The mercury intrusion measurements were corrected for the . : X
. . orces described previously. The experimental measuremel
compression of mercury, expansion of the glass sample chamber

or “penetrometer” and compressibility of the solid phase of thoecdurred only every 0.4 s. The exact shape of the observ

' ; ~Weight change curve at the start of the experiment was thel
sample by use of the following equation from Ganal. (40): fore unknown, but was likely to be approximately of the forn

p shown as a solid curve on the graph, which estimates the |

Vint = Vobs — 8 Viplank + [0.175(Vb1u|k) |0910<1+ @)} and overshoot. A smoothing curve was fitted to all points &

t > t,, and extrapolated back in time to form the corrected lin

1 1 (Pt=P) shown in the figure. The time at which this extrapolation in

~ Vour(1 — @ )(1_ eXp[M—SSD. [10] tersected the smoothed observed plot was assumed to be
moment internal wetting commenceéd; 0, shown as a vertical

Vint is the volume of intrusion into the sampM,ysthe intruded dashed line. The maximum estimated uncertainty in the es

mercury volume readingiVpiank the change in the blank run mate of the start time was0.2 s as shown, and the permeation
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FIG. 7. Pore-Cor unit cell. Dark shading shows permeation of 1,3-propandiol at 100 ns.
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curves corresponding to this maximum uncertainty are shownModeled Permeation

Fig. 9.

Experiments with five similar samples gave a repeatability The lengths and radii of the throats in the first stochastic ge
within £0.96% in permeation at 1000 s.
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FIG.9. Simulated and experimental absorption expressed as Darcy length.
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FIG. 10. Sensitivitiy of absorption to change in liquid density.

Fig. 2. Each of these features fills progressively as the Pore-Gloe permeation into the smaller throats. It can be seen that oth
time step increments as exemplified by the dashed arrow. It Ganaller vertical throats are only partially full. As time proceeds
be seen that those features aboven2radius will be initially the fluid in these smaller throats rapidly slows down as the vi:
in aregion which is affected by inertial flow. The largest featuremsity of the fluid takes effect. Figures 11a and 11b show th
will have the filled distance reduced by around 30% as shownénrtent of wetting of the top of the unit cell at 10 and 108,
Fig. 2. From [3], it can be seen that the inertial term is directly deespectively. It can be seen that the fluid front advances ve
pendent on the fluid density. Density does not affect other termmsevenly, and that by 100s a large pore on the left of the di-
in the equation, and so Lucas-Washburn wetting is unaffecteddgram, which is near the surface but connected to it by only
density changes. Therefore another way of expressing the extggatrow throat, is still empty and has been overtaken by the flui
ofinertial flow is to calculate the sensitivity of wetting to density(1,3-propandiol) further into the network of voids.
Fig. 10. Increasing the fluid density from 1053 to 10,000 kgm  The permeation was simulated for 0.1 s in total, which in
reduces the Darcy length at 1 ns by 53%, and at 10 ns by 21%lved the calculation of all the wetting and mass balance equ
Reducing the liquid density from 1053 to 100 kg #riincreases tions for each of 1®time steps. The entire curve is shown in
the Darcy length during the first nanosecond by 27%, but Ifjg. 9. It can be seen that the permeation of the first stocha
only 4% at 10 ns. Above 10 ns, the wetting becomes insensé generation unit cell is not monotonic—it has two maxima
tive to reductions in density, which confirms that it follows thén its first derivative. However, the second stochastic generatic
Lucas-Washburn equation, as was also shown in Fig. 1. The pgettows a different track with only one maximum, showing that
meation does experience inertial effects above 10 ns becausedtiegemaxima are dependent on the variability of the structures
1,3-propandiol enters each new feature within the structure imgividual unit cells. The wetting between 0.01 anddlis faster
inertial wetting. However, the effects are masked by the greataan predicted by the EHR approximation described below, ar
permeation occurring in a Lucas-Washburn manner. has a8 dependence rather than t& dependence predicted
Figure 7 shows the permeation of 1,3-propandiol, representadthe EHR approximation [2].
as dark shading, atatime of 100 ns. 1,3-Propandiol has been supr order to compare the simulation to experiment, it was nec
plied from a supersource above the top surface of the diagraeasary to extrapolate it to the infinite time asymptote shown i
and has wetted both the long narrow throats and the shortegt. 9. The extrapolation is also shown in Fig. 9, and the equ:
wide throats. Inertial flow and the associated differential retaion is given in Appendix A. The comparison with experiment,
dation have caused the fluid to enter the large pores slower thtiscussed below, was insensitive to the exact form of this e
would be expected by the Lucas-Washburn equation and favtegolation.
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(&)
)]
FIG.11. Permeation into the unit cell at (a) 1& and (b) 10Qus.
Sensitivity Analysis Comparability of Modeled and Experimental Processes

The sensitivity to uncertainties in experimental time mea- A potentially more informative but more difficult approach is
surement are shown in Fig. 9. Also shown in that figure is thg adjust the simulation such that its boundary conditions tend
sensitivity of the simulated permeation to different stochastige same asymptotes as the experimentad andt = co. The
generations. Figure 10 shows the sensitivity to liquid densilyeales and boundary conditions can be most readily understc
and hence inertial wetting effects. The simulated permeatigy reference to a schematic diagram, Fig. 12. The diagram sho
is also sensitive to changesn6, andy, and to different void {he processes occurring, using bold numbers referred to in t

structures. These sensitivities will be considered in a subsequgt and also the scale difference, whick 0 .m for Pore-Cor
publication concerning permeation into different samples usiRg|ative to~10 mm for the experimental sample.

different liquids. Initially both the simulated and the experimental sample e»
perience Bosanquet permeatibi he array of pores and throats
DISCUSSION in the simulation has been generated by Pore-Cor with the sai
percolation characteristics as the void structure of the expe
mental sample. Initially, therefore, the processes occurring
The processes involved in the simulated and experimentiaé simulation and experiment match each other closely. Soc
permeation are identical, in that both are concerned with uptakewever, the boundary conditions of the simulation and the e:
of the same fluid into a porous network. However, the time ameriment diverge. After around;ds, fluid has entered and filled
length scales of the simulation are much smaller than those of the first array of pores within the simulated void structure and ce
experiment. This does not invalidate the comparison, but it dogzead sideways. If the sideways throat is at the edge of a Po
mean that the simulated and experimental permeation curé unit cell, then the flux periodic boundary condition cause
do not overlap when plotted graphically, Fig. 9. The boundaitto enter the opposite face of the replicate unit cell, and henc
conditions for the simulation and experiment are also entirellge unit cell itself2. Initially, this may not cause any restriction
different. The simplest way of overcoming this is to invoke thto flow, but if the void into which the fluid wishes to flow is full,
EHR approximation, using a radii® adjusted to mimic most the fluid will stop. This becomes more likely as the unit cell fills,
closely the observed uptake. It follows directly from [2] that thand therefore incrementally the flux periodic boundary cond
slope of the permeation, plotted using the logarithmic axes tidén changes into an effectively nonperiodic boundary conditio
Fig. 9, must be a straight line of gradient 0.5 with an intercephposed at the edges of the unit cell. For the experimental sa
dependent ok, 8, andy. The permeation in Fig. 9 correspondgle, the situation after about/ds is different. Most of the fluid
to an effective hydraulic radiuR of 0.01 um, and both the will have no difficulty in moving sideways, analogous to the ini-
simulated and the experimental permeation follow this EHtal freedom of sideways movement in the simulated structul
permeation curve approximately. However, it can be seen fratiowed by the flux periodic boundary condition. However smal
Fig. 2 that this radius is too small for any inertial wetting effectamounts of fluid will be blocked from sideways movement b
to be apparent. Thus the EHR approximation loses informatitime wax ring used to reduce the sample surface wetting forc
both about the effect of the three-dimensional void structure After about 6 min, the fluid will reach the top of the wax ring
the sample and about any inertial flow within it. and can escape to the sample surtacgapillary forces on the

Effective Hydraulic Radius Approximation
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i = i} pm | length at the asymptote therefore depends on the size of the u
cell, which is in turn determined by the percolation charactel
istics of the sample. In the experimental sample, however, tt
infinite time limit is dependent on the sample thickness. Sur
pose a sample is used such that the wetting fétgeis suf-
ficient to wet the sample completely. Then the experimentall

g, observed wetting would be limited by the sample thickness, ar

~ s if a thicker sample were to be used, the fluid would continui
o | moving for longer7. A wider sample8 would not greatly al-
g ] ter the boundary conditions, but would simply make the edg
. Foeplioate wnil oedl . . . .

Raplicer am oo | e effects less important since they are proportional to circumfe
o ; +;_¢ ence over area, and therefore decrease in importance linea

| ] T 4T with sample diameter. Ultimately, the fluid reaches the top c

I

the experimental samp® provided that,; is sufficient. When

it does so, the capillary forces on the fluid cease and the fluid b

comes only subject to the ambient gravitational field. The flui

will then appear at the top surface of the sample and develor

—Wmm | slight hydrostatic head which will progressively impede furthe
flow of fluid out of the sample. The absence of capillary force:
and imposition of the hydrostatic head retardation cause a she

@ flux boundary at the sample surface.

The question then arises as to how to match the bounda
conditions of the simulation and experiment for long tirhda-
creasing the size of the Pore-Cor unit cell is beyond our curre
computational capability. One must therefore apply a scalin
functionT to Pore-Cor to upscale the Darcy lengths to those c
the experimental sample. Some characteristics of this functic
follow directly from the discussion above. It must approach unit
with zero gradient as— 0, and approach with zero gradient to-
ward the ratiol",, of the extrapolated values of the simulation
and experiment as— oo. It must also begin to increase signif-
icantly from 1 ag becomes~1 us. Inspection of Fig. 9 shows
that the Pore-Cor unit cell would still not have reached full sat
FIG. 12. Comparison of boundary conditions of simulation and experimen,ration by an equivalent experimental time of 100,000 secono
However, by this time, it would be very significantly full, and so

Saer-soene of weoting Pusl

Simulsissn

Eusper-souce of wetkig Mhikd

Experiment

. ) .. The resulting corrected curve is shown in Fig. 9.
As the fluid progresses through the Pore-Cor unit cell, it may g g

happen to find a gepmetnc boundary across most of the .ue'(r)mparison between Simulated and Experimental Permeatic
cell 5. quer these cwcumstanqes, the rephcate cellsonall S'd_esand the Effective Hydraulic Radius Prediction

of the unit cell would also contain the replicates of the geometric

boundary, and so the restriction would cause a severe holduptcanbe seenin Fig. 9 that all the simulated permeation curv
Any fluid passing through each replicated restriction would theshow wetting greater than that which would be expected accor
provide the total supply of fluid for all the volume of each repliing to the EHR approximatiorR=0.01m) up to 0.1 ms. The
cated unit cell beyond the barrier, thus also causing a major figid permeation is not monotonic, but has various maximaiin it
striction in total flux. This situation contrasts with the situatioffirst derivative, dependent on the stochastic generation. Abo
in the experimental sample. A geometric restriction would dbis time, both the simulated and the experimental permeatic
unlikely to form a barrier over the much larger array of throa@re less than that predicted by the EHR approximation.

and pores, and the fluid could move round it and contiue

There is thus a major difference between the experimental sam- SUMMARY AND CONCLUSIONS
ple, which can be regarded as an array of varying unit cells, and
the simulated case of a replicated unit cell. We have demonstrated the way in which the three-dimens

Finally, one must consider the infinite time asymptote. Famal void structure of a porous sample can be investigated |
Pore-Cor, this corresponds to an entirely full unit cell. The Dareyercury porosimetry, and an accurate intrusion curve obtaine
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