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HIGHLIGHTS

e We develop a technique to experi-

mentally measure dynamic pore
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Dynamic pore contact angle increases

monotonically with the contact-line
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Surface tension and viscosity affect

the dynamic pore contact angle sig-
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A new empirical correlation devel-

oped can predict dynamic wetting in

a small pore.

e The dynamic contact angle results are
correlated with the Crispation
number (Cr).
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ABSTRACT

Dynamic pore wettability is important for understanding fluid behavior and adsorption in porous media
for enhanced oil recovery, groundwater movements, nanofluidics and nanolubrication. Although
dynamic wetting of different liquids has been extensively studied on various plane substrates, dynamic
wettability in small pores has not been systematically investigated. In this paper, we measured dynamic
contact angles in single glass capillaries with a size range from 100 to 250 pm, in order to investigate the
relationship between dynamic contact angle and spontaneous imbibition of various liquids, the effects of
surface tension and viscosity of liquids on dynamic contact angle, and the dependence of contact angle
on contact-line velocity in a pore. The liquids used are silicone oils with various viscosities, deionized
water, 1-propanol, n-decane, crude oil, propanol-water mixtures with various surface tensions. The
results indicate that the dynamic contact angle of liquids in a pore increases monotonically with the
contact-line velocity at low capillary numbers, and this increase becomes more significant when more
viscous liquids or liquids with lower surface tensions are used. A new empirical correlation based on the
obtained experimental data has been proposed to describe dynamic pore wettability in a low capillary
number range (1.0 x 10~7 < Ca < 1.8 x 10~>). Finally, we show that all our results can be summarized by
a master curve relating the contact angle variation at a specific velocity with the Crispation number (Cr)
signifying the importance of the interfacial deformation of liquid in a pore.

© 2013 Elsevier Ltd. All rights reserved.

* Corresponding author. Tel.: +44 131 6505678, fax: +44 1316506551.

E-mail address: x.fan@ed.ac.uk (X. Fan).

1. Introduction

Dynamic wetting is a feature of the motion of liquid-liquid or
liquid-gas interfaces in porous media, and is of significant importance
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in ceramic, coating, printing, detergency, groundwater movements,
soil science and oil recovery (Cazabat, 1992; de Gennes, 1985; Dussan,
1979; Elyousfi et al., 1998; Ishimi et al., 1998; Teletzke et al., 1987,
1988), nanofluidics and nanolubrication (Martic et al., 2005). Dynamic
wettability is characterized by dynamic contact angle (Latva-Kokko
and Rothman, 2005) and is mainly measured through the spreading of
liquids onto flat solid surfaces. For instance, Bayer and Megaridis
(2006) measured dynamic contact angles during the spontaneous
spreading and recoiling of water droplets on flat surfaces with various
wetting conditions. Keller et al. (2007) used the Wihelmy plate
technique to measure the dynamic contact angles of petroleum
hydrocarbons at various advancing velocities. Previous research on
flat surfaces has indicated that dynamic contact angle depends on the
speed of solid-liquid-gas contact line, and varies with drop volume,
viscosity, surfactant concentration, flow geometry, fluid composition
and solid surface properties (Carré and Eustache, 1997, 2000; Dezellus
et al,, 2002; Min et al.,, 2011; Roques-Carmes et al., 2010; Wang et al.,
2007).

Dynamic wetting of liquids can be described by several theories
such as the hydrodynamic theories proposed by Cox (1986),
Voinov (1976), Dussan (1976) and the molecular-kinetic theory
introduced by Blake and Haynes (1969). Combined models have
also been attempted to describe contact line motion of spreading
liquids by Petrov and Petrov (1992). A number of empirical
correlations (Jiang et al., 1979; Bracke et al., 1989; Seebergh and
Berg, 1992) and semi-empirical correlations (Rillaerts and Joos,
1980; Ishimi et al., 1986; Strom et al., 1990) have been proposed to
predict the dynamic contact angle (6,) by using the static contact
angle (6;) and the capillary number (Ca). The capillary number
(Ca) is defined as the ratio of viscous forces to interfacial forces. For
instance, Jiang et al. (1979) presented an empirical correlation to
describe the dependence of dynamic contact angle on capillary
number (Ca) and static contact angle (d;) based on Hoffman's data
through a study of non-polar liquids spreading. Bracke et al. (1989)
gave a similar empirical correlation by drawing polymer strips into
liquid. Because Ca and &; can be easy to measure, the correlations
from Jiang et al. (1979) and Bracke et al. (1989) can be applied to
most of three-phase dynamic wetting phenomena when capillary
number is less than 0.01. Seebergh and Berg (1992) examined the
dynamic contact angle at a low capillary number regime via force
measurements by using a dynamic microtensiometer. The correla-
tions proposed by Seebergh and Berg (1992) is a function of
contact-line velocity, and have the same functional form as the
correlations from Jiang et al. (1979) and Bracke et al. (1989) at low
capillary numbers, but with different constants.

In most of dynamic contact angle studies, the Lucas-Washburn
equation is often used to calculate the contact angle in a pore
using measured capillary imbibition distance and imbibition time
(Chibowski and Hoysz, 1997; Martic et al., 2002; Siebold et al.,
2000; Xue et al,, 2006), but the contact angle calculated from
Lucas-Washburn equation is static. To describe the imbibition
dynamics, Joos et al. (1990) used velocity-dependent contact angle
(8,) which was derived from an empirical expression to replace
the static contact angle (6) in the classic Lucas-Washburn
equation. Martic et al. (2002) modified the classic Lucas-Wash-
burn equation by using Blake's molecular-kinetic theory. Succi
group used the molecular-kinetic model to describe the micro-
capillary imbibition dynamics considering the friction effect on the
three-phase moving line, and the modeling results matched the
experimental data well (Girardo et al., 2012). Stukan et al. (2010)
investigated the effect of roughness on the spontaneous imbibition
of liquid in nanopores by coarse grain molecular dynamics
simulation and used the Blake's molecular-kinetic theory to
describe the effect of dynamic contact angle on liquid imbibition.
Because of lack of experimental techniques to measure the
dynamic contact angle in a small pore, most of the experimental

or theoretical works on dynamic wettability were based on the
data measured from a flat solid plate, strip or cylindrical rod rather
than in pores (Seebergh and Berg, 1992). It is commonly assumed
that the contact angle on a flat surface can represent the wetting
condition in a pore. This might be true in some cases but deserves
to be assessed (Gomez et al., 2000). So, it is crucial and necessary
to directly measure dynamic contact angles in a pore to advance
the understanding of dynamic multiphase interfaces advancing
through the porous medium.

In this paper, dynamic wetting behavior in a pore was studied
in a low capillary number regime from 10~7 to 10~2. Since an
ensemble of single pores with simplified geometries is accepted as
representation of pore system (Friedman, 1999), the main objec-
tives of this work were therefore to directly measure the dynamic
contact angles for various liquids imbibed into single glass
capillaries in order to describe the dependence of dynamic contact
angle on imbibition rate. The results showed the effects of surface
tension and viscosity of liquids on the dynamic contact angle in
a pore, which were well explained by the Crispation number (Cr).
A new empirical correlation was developed to describe the
dynamic wetting in a pore in a low capillary number regime.

2. Theories and equations
2.1. Hydrodynamic and molecular-kinetic theories

The dynamic wetting can be described by the hydrodynamics
models proposed by Cox (1986), Voinov (1976), Dussan (1976) and
Blake's molecular-kinetics theory (Blake and Haynes, 1969). The
hydrodynamic theory and molecular-kinetic model consider dis-
sipation effects during imbibitions due to the viscous friction in
the bulk and to the solid characteristics at the moving contact line,
respectively (Girardo et al., 2012). According to the hydrodynamic
model, the spreading process is dominated by viscous dissipation.
Viscous friction in the bulk is the controlling mechanism for the
motion of the contact line. Cox-Voinov equation is a simple
description of the contact line motion and the driving force
(deviation of the contact angle from equilibrium) (Cox, 1986;
Voinov, 1976):

Y 3
V= 9771711(5)(% - 9?) (1)
where 6, is the dynamic contact angle, 6 is the static (equili-
brium) contact angle, 7 is the liquid viscosity and y is the liquid-
vapor interfacial tension. #/a is the ratio of macroscopic to
microscopic length scales. Brochard-Wyart and de Gennes (1992)
derived an equivalent expression by considering the spreading as
an irreversible process and calculating the energy dissipation per
length of unit line. The velocity of the contact line is then given by:

Oy

V=W( cos Os— cos By) 2)

Blake developed a molecular-kinetic theory of three-phase
moving line based on Eyring's activated-rate theory with an
adsorption/desorption model (Blake and Haynes, 1969). The imbi-
bition rate (penetration velocity) is given by:

dL

V_E: 2KgA sin h

y(cos Os— cos 6y)

2nkgT 3

Where Kj is the frequency of molecular displacement, n denotes
adsorption sites per unit area (n~'=42), A is the average length of
each molecular displacement, T is the temperature and kg denotes
Boltzmann constant (kg=1.381x1023JK~'). The term of
y(cos Os— cos 6y) can be regarded as the nonequilibrated surface
tension force to drive the motion of the wetting line.
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The effects of viscosity and interfacial tension can be basically
reflected in molecular-kinetic theory (Blake and Haynes, 1969) and
hydrodynamic theories (Cox, 1986; de Gennes, 1985; Dussan, 1976;
Voinov, 1976); any increase in bulk viscosity or decrease in
interfacial tension leads to slower contact line velocity (Egs. (1-3)),
v ~ y(cos Os— cos 6;)/n. In other words, the contact-line velocity
is proportional to the ratio between the driving force (per unit triple
line length) (F ~y(cos 65— cos 6)), and viscosity # (Blake, 2006;
Bonn et al., 2009).

2.2. Empirical correlations for dynamic wetting

The dynamic wetting could be expressed by empirical correla-
tions proposed by Jiang et al. (1979), Bracke et al. (1989), Seebergh
and Berg (1992). All these three empirical correlations express the
dynamic contact angle as a function of the capillary number (Ca)
and the static contact angle (6;).

Hd =f (Ca, 95) (4)

where Ca is the capillary number defined as the ratio of viscous
forces to interfacial forces (Ca=v /y).

All these three empirical correlations can be unified to a
“universal function” (Seebergh and Berg, 1992) which only applies
for Ca<0.01, as

_cos Os— cos Oy, p
T cos Os+1 =ACa )

logoH = B log o Ca + log, A (6)

where H is the dimensionless function for dynamic contact angle,
A and B are correlation constants. Although the correlations can
follow the linear relationship between log,;y H and log,Ca,
different constants (A, B) were required to fit the data. (Table 1)

3. Methods and materials
3.1. Manufacturing and cleaning of glass capillary tubes

The glass capillaries with inner diameters of 100-250 pm were
used in the measurements. They are made from clean glass tubes
with diameters of 1 mm (Bilbate, CAP-100-10). The glass tubes
were washed by using hot concentrated sodium hydroxide (Fisher
Scientificc, 10 M concentrate), concentrated nitric acid (Fisher
Scientific, 10 M concentrate), acetone (Fisher Scientific, A/0600/15),
and then rinsed thoroughly with deionized water (Fisher and Lark,
1979; Xue et al.,, 2006). The glass tubes were then heated up to
550 °C on flame to remove any residue of organic contamination
and were kept in ash-proof enclosure (Fisher and Lark, 1979). The
single capillaries with various sizes were obtained by melting the
middle section of dry and clean glass tubes on butane flame (Butane
Battery, D2-BS 0167) and drawing the tube to a long distance in
order to make sure that the size of capillary is uniform. The size

Table 1
Empirical correlations for dynamic wetting in literatures.

Author Correlation constants

in Egs. (5) and (6)

Empirical correlation

A B
Jiang et al. (1979) cos 0 s % _ 496 Ca%702 4.96 0.702
cos Us +
65— cos 0, 05
Bracke et al. (1989) cos 0: H;Cfi i _ 9 Cal 2.0 0.5
Seebergh and Berg (1992) cos b'vg cos 94 _ 447 Ca%4? 447 0.42
cos 6

difference between the two ends of the capillary measured under
microscope is + 1.5% x capillary diameter.

3.2. Atomic force microscopy (AFM) imaging of capillary interiors

Due to the sensitive dependence of dynamic wetting on surface
cleanness and roughness, the glass capillary pore inner surfaces were
analyzed using an AFM (Bruker AXS, Santa Barbara, CA). A Bruker
Multimode/Nanoscope IIl AFM equipped with an E-scanner (x-y scan
range about 10 pm) used to scan the inner walls of capillaries, under
both contact and tapping modes. For contact mode CSC21 Ultrasharp
cantilevers (Mikromasch, Wetzlar, Germany) were used, with nominal
spring constant of 2.0 N/m and resonance frequency of 105 kHz,
respectively, and a nominal tip radius of less than 10 nm, as specified
by the manufacturer. For tapping mode (tip in intermediate contact
with the surface) Bruker RTESP cantilevers were used, with nominal
spring constants of 40 N/m and resonance frequencies of 300 kHz,
respectively, and a nominal tip radius of about 8 nm, as specified by
the manufacturer. Cantilevers were oscillated vertically at 5% below
their natural resonant frequency and moved in a raster fashion within
the specified region of interest. All scans were performed in air at
room temperature.

To image the inner walls of the capillaries, short sections of
glass capillaries were placed in the middle of two double-side
tapes and crushed (Danisman et al., 2008). The top tape was then
removed to ensure the exposed surfaces of the crushed capillaries
on the bottom tape facing upwards and representing the inner
walls of the capillaries. These exposed capillary interiors were
then identified and selected for AFM imaging using a Nikon
SMZ745T stereoscope (Nikon, Tokyo, Japan) situated above the
cantilever. Each sample was imaged at several different areas. The
roughness and height profiles of inner wall surfaces of capillaries
were further analyzed by the Scanning Probe Image Processor
(SPIP, Image Metrology, Hppsholm, Denmark). Both modes yielded
similar results and we present here typical images, height profiles
and roughness measurements for each capillary.

Fig. 1 indicates that the inner surfaces of glass capillaries were
homogeneous with no indication of organic contaminants (we note
that the phase imaging in tapping mode gave no contrast). The inner
surface roughness of the capillaries used ranges from 1.6 nm to
3.0nm, which are almost the same, in terms of contact angle
measurements. This small range of inner surface roughness does not
significantly affect the dynamic contact angle as shown in Fig. 3 in
Section 4.1.

3.3. Dynamic contact angle measurements

The advancing dynamic contact angle measurement apparatus
used in this study is shown in Fig. 2. The liquid meniscus was imaged
by an optical microscope (Olympus, BHW) with a 10X objective
(M PLAN 10X (025)) equipped with a digital camera (AM7023, Dino-
Eye) (Fig. 2 (a)). Since the quality of meniscus image of a small volume
of liquid in a capillary highly depends on the measurement method
and light source, a LED light source was placed under the glass
capillary. The light travels from the liquid end up to the meniscus in a
dark background to overcome the degree of image distortion when a
cylindrical capillary is used and therefore facilitate the measurements
(Cheong et al,, 2011). The outmost boundary of liquid-gas interface
was well lighted and focused to produce the clear two-phase inter-
facial line (Danisman et al, 2008; Kohonen, 2006). This method is
similar to the principle used in measuring micron air-bubble size (Fan
et al, 2004), micron ice crystal size in aqueous solution (Fan et al.,
2003) and the size of a plant cell or a microcapsule in water under a
microscope (Rosifiski et al,, 2002).

During the measurement, the cleaned single glass capillary
was first fixed onto a glass slide support and focused by the
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Fig. 1. AFM images of the inner wall surfaces of capillaries with different sizes. (a) 250 um, surface roughness: 3.0 nm; (b) 200 pm, surface roughness: 1.6 nm; (c) 100 um,
surface roughness: 1.7 nm. Image size=3 x 3 pm?, z-scale=16 nm. (d) Average height profiles corresponding to selected paths (from left to right) in each image of the inner

wall surfaces of capillaries with sizes of (a) 250 um, (b) 200 um and (c) 100 pm.

microscope (Fig. 2). The experiment was started by dropping a
small amount of liquid (0.5 pL) onto one end of the capillary by a
microfluidics syringe (Hamilton, 701ASN 10 pL) at ambient conditions.
The liquid was then imbibed into the capillary by its own capillary
force. The dynamic advancing liquid-gas menisci were recorded by
camera tracking to obtain the dynamic contact angles at different
liquid-gas interface velocities (Fig. 2(b)). The imbibition rates (v=dL/
dt) were obtained by analysis of each image which was extracted from
the recorded video with video editing software (Adobe Premiere Pro
2.0). Each imbibition distance interval (dL) was measured within the
imbibition time interval of 0.3 s (dt=0.3 s). The static contact angle
was achieved when the imbibition and any dynamic movement of
liquid were completely stopped and the equilibrium status of liquid in
the capillary was reached. The effect of evaporation of liquid on
contact angle measurement at ambient condition could be negligible
in this study due to the limited micro-size pores and the short
measurement time. Each measurement was repeated up to five times
to confirm the reliability of experimental data.

In order to obtain the contact angle of liquid in a pore, we
analyzed the microscopic images by using the method recently
proposed by Cheong et al. (2011). Cheong et al. (2011) developed a
method of measuring the contact angle of small volumes, by only
using the capillary radius (1) and meniscus height (h) (Fig. 2 (a)) of
the capillary meniscus (Eq. (7)).

_ i
0 = tan <2rh> (7)

where 6 is the contact angle in a pore, r is the radius of capillary
and h the height of capillary meniscus.

3.4. Materials

Considering the effect of the physical properties of liquids on
dynamic contact angles in a pore, six types of liquids were chosen to
investigate the dynamic contact angle in a single glass capillary at
ambient conditions (20 °C, 1 atm). The six liquids are deionized water,
1-propanol (Acros Organics, analytic grade, 99+ % pure), 1-propanol
aqueous solutions with various concentrations (5 wt%, 10 wt%, 20 wt%,
40 wt%, 60 wt%, 80 wt% and 90 wt%), n-decane (Acros Organics,
analytic grade, 99+ % pure), crude oil (MAPLLC Petroleum Crude Oil),
and silicone oils with various viscosities (9.30x 1073 Pa-s,
480x1072Pa-s, 960x10"2Pa-s, 485x 10" 'Pa-s and 9.70 x
10~ 'Pas) (Sigma-Aldrich, Dow Corning Corporation 200%™ fluid).
The surface tensions of these liquids were determined by pendant
drop experiments (First Ten Angstroms).

Since the dynamic contact angle is correlated to the capillary
number (Ca=v #/y) and the static contact angle (6;) (Eq. (4)), the
surface tension and viscosity of liquid are therefore the crucial
parameters in determining the dynamic contact angle in a pore
(Hoffman, 1975; Jiang et al,, 1979; Meiron et al.,, 2004). In this
study, experiments were therefore mainly designed to investigate
the effects of liquid viscosity and surface tension on dynamic
wetting. The effect of surface tension on dynamic contact angle
was achieved by using 1-propanol aqueous solutions with various
concentrations, water and 1-propanol. The water, 1-propanol
and 1-propanol aqueous solutions have similar viscosities,
but their surface tensions dramatically vary from 72.0 mN/m
(water) to 24.4 mN/m (1-propanol) as shown in Table 2. The
silicone oils with various viscosities of 9.30x107>Pas,
4.80x107%Pas, 9.60x10"2Pas, 485x10"'Pas and 9.70 x
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Fig. 3. Dynamic contact angle of silicone oil (#=9.30 x 107> Pass) in glass capil-
laries with different pore sizes of 100 pm, 200 pm and 250 pm.

10! Pas were used to study the impact of liquid viscosity on
dynamic pore wetting.

Table 2
The physical properties of liquids investigated.

Liquids Density® Surface Viscosity® Thermal

(kg/m?) tension” (Pas) diffusivity™©

(mN/m)
(m?/s)

DI water 998.2 72.0 8.94x107* 139 x 1077
1-propanol 803.4 23.7 1.94x 1073 7.90 x 102
5 wt% 1-propanol 987.9 46.2 110x 103 136 x 1077
10 wt% 1-propanol  976.1 373 134x 1073 133x 1077
20 wt% 1-propanol  953.3 303 1.84x1073
40 wt% 1-propanol  910.8 27.8 244x1073
60 wt% 1-propanol  872.0 27.2 2,67 %1073
80 wt% 1-propanol  836.3 26.3 241x1073
90 wt% 1-propanol  819.5 25.0 217 x1073
n-decane 730.0 23.8 920x 10~* 8.16x10°8
Crude oil 659-818 20.0 6.14x 1073
Silicone oil (10cst)  930.0 19.4 9.30x 1073 9.86x 108
Silicone oil (50cst)  960.0 20.8 4.80 x 1072 9.56 x 10~8
Silicone oil (100cst) 960.0 209 9.60 x 10~2 9.56 x 10~ #
Silicone oil (500cst) 970.0 21.2 4.85x 107! 9.46 x 10~#
Silicone oil (1000cst) 970.0 21.2 9.70 x 10! 9.46 x 10~8

2 The fundamental physical properties of the liquids (density, viscosity, thermal
conductivity and heat capacity) were taken from NIST Chemistry WebBook (2005)
and the product property specifications by manufacturer. The viscosities of
1-propanol aqueous solutions were obtained from the literature data (Fong-Meng
et al., 2007).

b The surface tensions of liquids were determined by pendant drop experi-
ments (First Ten Angstroms).

¢ Thermal diffusivity is defined as the thermal conductivity (c) divided by density
(p) and specific heat capacity (Cp) of liquid, @ = k/(pCp ). The thermal diffusivities of
5wt% and 10 wt% 1-propanol aqueous solutions were estimated by the weighted
average method based on the thermal diffusivities and the mass fractions of water
and 1-propanol, a; — propanol aqueous solution = (waterXwater + Q1 — propanolX1 — propanol where
Qwager AN QA _ propano are thermal diffusivities of water and 1-propanol, respectively and
Xwater AN X1 _ propanor are mass fractions of water and 1-propanol, respectively.

4. Results and discussion
4.1. Dynamic contact angles in glass capillaries

Fig. 3 shows the dynamic contact angles of silicone oil with a
viscosity of 9.30 x 10~ 3 Pa s in glass capillaries with a pore size
range from 100 to 250 pm and a roughness range from 1.6 to
3.0 nm measured by AFM (Fig. 1). It can be clearly seen that the
dynamic contact angle monotonically increases with imbibition
rate. At the liquid-gas interface velocity of zero, the contact angle
of silicone oil is around 22.7° and corresponds to the static contact
angle. The dynamic contact angle increases roughly by 28° when
the velocity increases from 0 to 0.0012 m/s. The effect of pore size
on the dynamic contact angle is not significant within the pore
size range from 100 to 250 pm at low capillary numbers. Our
results clearly show that the dynamic contact angle depends on
imbibition rate, but do not indicate a pore size dependence
because of the narrow size range used. All our data for this range
of pore sizes (100-250 pm) used in this study are similar as Fig. 3
indicates.

Fig. 4 shows the dynamic contact angles of water, 1-propanol,
n-decane, crude oil and silicone oil in glass capillaries when the
imbibition rate was from 0 to 0.0012 m/s. It can be clearly seen
that the dynamic contact angles of silicone oil and crude oil are
highly velocity-dependent, while the dynamic contact angle pro-
files of water, 1-propanol and n-decane are less velocity-
dependent. When the imbibition rate increased from 0 to
0.0012 m/s, the dynamic contact angles of water, 1-propanol and
n-decane varied only by 3.0-5.2°. By contrast, the dependences of
dynamic contact angles of crude oil and silicone oil on imbibition
rate are much more remarkable due to their larger viscosities. The
dynamic contact angles of crude oil increased from 20° to 60°, and
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the dynamic contact angle of silicone oil (7=9.30x 107> Pas)
increased from 22° to 50°. The physical and chemical properties of
these five liquids are very different. The dependence of dynamic
contact angle on contact-line velocity might be influenced by the
combination of effects from surface tension and viscosity of liquid.
Thus, these two significant factors will be investigated separately
in the following section to find out the effects of surface tension
and viscosity of liquids on dynamic contact angles of liquids in a
pore, respectively.

4.2. Effects of surface tension and viscosity of liquids on dynamic
contact angle in a pore.

Fig. 5 shows the effect of surface tension of liquids on the
dynamic contact angle in a pore. To measure the effect of surface
tension, we have to minimize the effect of liquid viscosity. In this
study, water, 1-propanol and its aqueous solutions were used.
Water, 1-propanol and 1-propanol aqueous solutions have a very
low viscosity from 8.94 x10~% to 1.94x 10 3Pa-s, but their
surface tensions vary significantly from 24.4 to 72.0 mN/m. The
results indicate that the variations of dynamic contact angles of
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Fig. 4. Dynamic contact angles of DI water, 1-propanol, n-decane, crude oil and
silicone oil (y=9.30 x 103 Pa s) in a pore.
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these four liquids with imbibition rate followed very similar trends
(Fig. 5(a)), but different magnitudes (Fig. 5(b)). The difference
between the cosine of the static contact angle and the dynamic
contact angle at imbibition rate of 0.0012 m/s (cos &s— cos 8,)
increased linearly with the reciprocal of surface tension (1/y).
1-propanol has the lowest surface tension (24.4 mN/m), while its
dynamic contact angle varies with the imbibition rate most
significantly by 5.2°. 10 wt% 1-propanol solution and 5 wt%
1-propanol solution have higher surface tensions (37.3 mN/m
and 46.2 mN/m, respectively), but their dynamic contact angles
vary only by 4.8° and 4.2°, respectively. The smallest difference
between static and dynamic contact angles came from water with
a variation only by 3.0° Thus, it can be concluded that the
dependence of dynamic wetting on contact-line velocity is
affected by surface tension of liquid and much more significantly
for the liquid with lower surface tension.

To investigate the effect of viscosity of liquid on the dynamic
pore wettability, silicone oils were used. The silicone oils have a
very similar surface tension, but their viscosity significantly varies
from 9.30 x 103 Pa s to 9.70 x 10~ ! Pa s. Fig. 6 shows the effect of
liquid viscosity on the dynamic contact angle in a pore. The results
indicate that viscosity significantly influences the dynamic contact
angle, but not the static contact angle (Fig. 6(a)). When the
viscosity increased from 9.30 x 10 3 Pas to 9.70 x 10~ ! Pas, the
static contact angles of silicone oils stay around 23°, while the
dynamic contact angles of more viscous silicone oils are always
higher than those from less viscous silicone oils. Fig. 6(b) shows
that the difference between the cosine of the static contact angle
and dynamic contact angle at imbibition rate of 0.0012 m/s
increases in approximately linear fashion with the logarithm of
viscosity.

Thus, it can be concluded that the dynamic contact angle varies
with imbibition rate more significantly for the liquid with lower
surface tension or higher viscosity. The magnitude of the dynamic
contact angle (6y) is a result of an interplay between two main
forces: capillary forces (surface-tension-driven force), which tend
to reduce &, in the case of an advancing wetting fluid, and viscous
forces, which tend to increase 6; under the same conditions
(Friedman, 1999). At the low speed of liquid flow in porous
materials, it is expected that the dependence of the contact angle
on the moving interface velocity will be more significant for the
liquids of higher viscosity and lower liquid-gas surface tension, for
example, the dynamic contact angle depends on the velocity more
remarkably for NAPLs than water (Friedman, 1999).
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Fig. 5. (a) Dynamic contact angle and (b) the contact angle variation (cos 65— cos @) from 0 to 0.0012 m/s of water (y=72.0 mN/m; 17=8.94 x 10~* Pas), 1-propanol
(y=24.4mN/m; 7=194 x 1073 Pass), 5 wt% 1-propanol aqueous solution (y=46.2 mN/m; #=1.10 x 10~3 Pa's) and 10 wt% 1-propanol aqueous solution (y=37.3 mN/m;

n=1.34 x 1073 Pas) in pores with sizes of 100-250 pm.



994 X. Li et al. / Chemical Engineering Science 104 (2013) 988-997

a
70
60
o 50 4
[}
=4
@
S 40 . E
E 3
8 ® silicone oil (1=9.30x10" Pa-s)
30 A silicone oil (n=4.80x107 Pa-s){
<« silicone oil (n:9.60x10'2 Pa-s)
20 + silicone oil (n=4.85x10" Pa:s) |
@ silicone oil (n:9.70x10" Pa-s)
T T T T

0.0000 0.0003 0.0006 0.0009

Imbibition rate (dL/dt) (m/s)

0.0012

0.7 7T T T
@
£ Silicone oil (n=9.70x10"' Pa-s) m
8 061 A
o ™ o -1 -
o Silicone oil (n=4.85x10" Pas)-" g
:7
05 1 . R
3 P
2 q .
c © .
S 2
fg % 0.4 /,' n Silicone oil (n=9.60x10" Pa-s) |
e
o~ _.~"" silicone oil (1=4.80x10° Pa's)
S
5 03 1 b
B ,
2 " Sflicone oil (1=9.30x10° Pa's)
3 0.2 + — ——rrr

0.01 0.1 1
Silicone oil viscosity (n )(Pa-s)

Fig. 6. (a) Dynamic contact angle and (b) contact angle variation (cos 6;—cos6,) from 0 to 0.0012 m/s of silicone oils with different viscosities of 9.30 x 107> Pas,
480x 102 Pas, 9.60 x 1072 Pas, 4.85x 10~ ' Pa-s and 9.70 x 10~ ! Pa's and similar surface tensions of 19.4 mN/m, 20.8 mN/m, 20.9 mN/m, 21.2 mN/m and 21.2 mN/m,
respectively, in pores with sizes of 100 to 250 um. The scale in the x-axis (the viscosity of silicone oil) of (b) is logarithmic with base 10.

-05

T T T T T T T T
Water

T
n '
® 5wt% 1-propanol aqueous solution : C]
A 10wt%1-propanol aqueous solution | )
W 20wt%1-propanol aqueous solution I
<« 40wt%1-propanol aqueous solution :
-1.0 —~ B> sowt%1-propanol aqueous solution |
@ 80wt%1-propanol aqueous solution 1
@ 90wt% 1-propanol aqueous solution :
@ 1-propanol H
% n-decane '
@ Crude ol !
1.5 | W silicone oil (1-9.30x10° Pas) I g m
@ Ssilicone oil (n-4.80x10" Pa-s) d
— A silicone oil (1-9.60-10° Pa-s) o
I v 1
= 3
e < '
D
S 20 4 E
25 4 —Jiang et al. (1979)
~—— Bracke et al. (1989)
Seeberg and Berg (1992)
Experimental data regression
-3.0 L I e p S e e S e IS E m m

70 65 60 55 -50 -45 40 35 -30 -25 20
log,,(Ca)

Fig. 7. Comparison of empirical correlations (Table 1) with the experimental data
in a low capillary number (Ca) range.

4.3. A new empirical correlation for dynamic contact angle in a pore
at a low capillary number regime

Several empirical correlations have been developed to predict
the dynamic contact angle (Jiang et al., 1979; Bracke et al., 1989;
Seebergh and Berg, 1992). The correlations proposed by Jiang et al.
(1979) and Bracke et al. (1989) can describe dynamic wetting
behavior well for capillary numbers above 102 in a relatively high
capillary number regime. Seebergh and Berg (1992) extended the
dynamic wetting measurements into the low capillary number
region (103 < Ca < 10~7). They found that the correlations given
by Jiang et al. (1979) and Bracke et al. (1989) can not fit their data
at lower capillary numbers. Thus, Seebergh and Berg (1992)
developed an empirical correlation to describe wetting behavior
at low capillary numbers by considering the stick-slip effect. To the
authors' best knowledge, these correlations have not been applied
to the dynamic contact angle in a micro-size pore. Fig. 7 presents
the comparison of our measurements with the results calculated
from the existing empirical correlations, which are plotted using
log ;(H) against log ;¢(Ca) according to Eq. (6). It can be seen that
our experimental results differ from the predictions from Jiang
et al. (1979), Bracke et al. (1989), and Seebergh and Berg (1992)
empirical correlations. The results indicate that our measured
log o(H) for all of the liquids are very close and increase linearly
with log 4(Ca) when the liquid capillary number (log 4(Ca) ) is less

than —4.75. When the liquid capillary number (logy(Ca)) is
greater than —4.75, the measured logy(H) varies with liquids
used. The crude oil gave the highest log ;o(H). This most significant
difference in dynamic contact angle from crude oil might be due to
the dewetting behavior caused by the effect of surfactants in the
crude oil on the invading interface (Afsar-Siddiqui et al., 2003a,
2003b, 2004; Craster and Matar, 2007). The results calculated from
the correlations proposed by Jiang et al. (1979) and Bracke et al.
(1989) are much smaller than our experimental data. The dynamic
contact angles of liquids in a pore calculated using Seebergh and
Berg (1992) correlation are different from and larger than our
experimental results, even though the similar capillary regime was
investigated in Seebergh and Berg (1992) correlation and this
study. The Seebergh and Berg (1992) correlation was developed to
describe the dynamic wetting of those systems in which the stick-
slip effects produced a large degree of scatter. The stick-slip effects
were caused by rough surfaces. Since our inner wall surfaces were
relatively smooth, the stick-slip effect is not significant.

Because of the very good linear relationship between log ,(H)
and logy(Ca) in the region with a capillary number log y(Ca)
range from — 7.0 to —4.75, a linear least-square fit of experimental
data yields (Eq. (8)). This adopts the same format of the empirical
correlation (Eqgs. (5) and (6)) in which the logo(H) increases
linearly with log ;4(Ca) (Fig. 7),

H=4.2Ca%! ®)

Eq. (8) is a regression of dynamic contact angles in a pore based on
our experimental data. It lies between Bracke et al. (1989) and
Seebergh and Berg (1992) correlations, but the constants A and B
in Eq. (6) differ from those given by Jiang et al. (1979) and Bracke
et al. (1989) and Seebergh and Berg (1992). This newly developed
empirical correlation can describe the dynamic pore wetting for
the liquids with a capillary number (log ;5(Ca)) lower than —4.75
in a low capillary number regime (1.0 x 1077 <Ca< 1.8 x 107°).

4.4. Description of the interface deformation by crispation
number (Cr)

In what follows we attempt to summarize all experimental data
in order to deduce a trend which describes the change in contact
angle as a function of the physical properties of liquids used.
We adopt a dimensionless number i.e. the Crispation number,
Cr, which is commonly used in convection and interfacial stability
studies to describe deformability of the interface. It is the ratio
between dynamic viscosity, # and surface tension, y considering
thermal diffusivity, @ and length scale (pore radius), # constant
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Cr=na/y¢. Although the problem at hand is somewhat different
from interfacial instabilities, nonetheless the physics behind the
Crispation number should be useful. Indeed we would like to
examine the degree of deformation of the interface (represented
by the change in angle, Ad) of the meniscus inside the pore under
various constraints, i.e. imbibition velocities and for a variety of
liquids. Unlike the capillary number which includes an operating
condition i.e. velocity, the Crispation number consists entirely of
the physical properties of the working liquid.

The change in contact angle for a given imbibition velocity is a
good indication of the deformation of the interface. Therefore the
change in contact angle, 6,, at a given velocity compared to the
static case at zero velocity, 0, is plotted as a function of Crispation
number. In doing so, we make use of all the experimental data
obtained in this study. On semi-log plot the data show a linear
increase in contact angle variation with Crispation number (Fig. 8).
The trend is consistent for all investigated imbibition velocities
and over many orders of magnitude of Crispation number, which
is more than satisfactory. It is worth noting that at very low
Crispation numbers there might be a slight variation in dependence
of deformation on Crispation number. Exploring various possible
regimes in different ranges of Crispation numbers is however
beyond the scope of this study.

The relationship between the change in contact angle and
Crispation number can be described as follows, A8 ~ log Cr. The
slope of the linear increase in contact angle with Crispation
number is dictated by the imbibition velocity, v. This representa-
tion is very useful and can have some practical implications, as it
gives an idea on the degree of change in wettability as a function
of physical properties of working liquids, with the imbibition
velocity as a parameter.

Based on the above representation of the change in contact
angle as a function of the Crispation number, one can examine
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some extreme cases. Let us first examine the case of varying
surface tension of the liquid and how it affects the interface
deformation in the pore. When surface tension tends to infinity,
the Crispation number tends to infinitely small values which
results in a zero change in contact angle. This is equivalent to a
rigid almost hard interface. The other extreme case is when
surface tension tends to zero, then the Crispation number tends
to infinity and the change in the contact angle in a pore tends to 90°.
This situation can describe well the flow of a supercritical fluid in a
pore, since the interface disappears at critical point. A similar
discussion can be performed for the dynamic viscosity of working
liquids. However for the sake of brevity, we limit our discussion to
surface tension. Overall, the experimental data presented in this
study allowed deducing some consistent trends which are undoubt-
edly of some significance to a wide range of applications. Future
work could examine a wider range of physical properties of liquids
as well as the effect of the nature of the pore material which has not
been examined in the present investigation.

5. Conclusions

The present study mainly focuses on the direct measurements
of the dynamic contact angles of various liquids in a pore and
investigates the effects of surface tension and viscosity of liquids
on the dynamic pore wettability. A new empirical correlation was
developed to predict the dynamic contact angles liquids in a small
pore at a low capillary regime. The results indicate that:

(1) The dynamic contact angle of liquid in a pore depends on and
increases monotonically with the contact-line velocity at low
capillary numbers.
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Fig. 8. Contact angle change as a function of Crispation number for various imbibition velocities (as a parameter) in the pore with a size of 200 um. Water (®), n-decane (),
1-propanol (&), 5 wt% 1-propanol aqueous solution (W), 10 wt% 1-propanol aqueous solution (), silicone oil (9.30 x 103 Pa s) (), silicone oil (9.60 x 1072 Pas) (@),
silicone oil (4.80 x 1072 Pa s) (@), silicone oil (4.85 x 10~ ! Pa's) (@), silicone oil (9.70 x 10~ Pa's) (%). The dotted lines are a cue for the eye. 6, are the dynamic contact
angles (6;) at the imbibition rates of 1.2 x 10~> m/s, 0.9 x 10~3 m/s, 0.6 x 10~> m/s and 0.3 x 10~> m/s, respectively.
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(2) Surface tension and viscosity of liquids affect the dynamic
contact angle in a pore significantly. A low liquid-gas surface
tension tends to favor the variation of dynamic contact angle
with imbibition rate. The liquid with higher viscosity has a
more significant effect on the dynamic pore wettability
alteration.

(3) A new empirical correlation (Eq. (8)) developed based on our
experimental data can predict the dynamic contact angles
for liquids in a small pore at a low capillary regime
(1.0x 1077 <Ca< 1.8 x 107).

(4) All experimental data were finally used to deduce a trend
which describes the change in contact angle as a function of a
dimensionless number (Crispation number, Cr, which involves
the main physical properties of the liquids), in order to explain
from the physical point of view (interfacial deformation) the
effects of the combination of surface tension and viscosity of
liquids on the dynamic pore wettability.
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