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ABSTRACT: Multiphase flow through porous media is important in a
wide range of environmental applications such as enhanced oil recovery
and geologic storage of CO2. Recent in situ observations of the three-
phase contact line between immiscible fluid phases and solid surfaces
suggest that existing models may not fully capture the effects of
nanoscale surface textures, impacting flow prediction. To better
characterize the role of surface roughness in these systems, spontaneous
and forced imbibition experiments were carried out using glass
capillaries with modified surface roughness or wettability. Dynamic
contact angle and interfacial speed deviation, both resulting from stick-
slip flow conditions, were measured to understand the impact these
microscale dynamics would have on macroscale flow processes. A 2k

factorial experimental design was used to test the ways in which the dynamic contact angle was impacted by the solid surface
properties (e.g., wettability, roughness), ionic strength in the aqueous phase, nonaqueous fluid type (water/Fluorinert and
water/dodecane), and the presence/absence of a wetting film prior to the imbibition of the wetting phase. The analysis of
variance of spontaneous imbibition results suggests that surface roughness and ionic strength play important roles in controlling
dynamic contact angle in porous media, more than other factors tested here. The presence of a water film alone does not affect
dynamic contact angle, but its interactions with surface roughness and aqueous chemistry have a statistically significant effect.
Both forced imbibition and spontaneous imbibition experiments suggest that nanoscale textures can have a larger impact on
flow dynamics than chemical wettability. These experimental results are used to extend the Joos and Wenzel equations relating
apparent static and dynamic contact angles to roughness, presence of a water film, and water chemistry. The new empirical
equation improves prediction accuracy by taking water film and aqueous chemistry into account, reducing error by up to 50%.

■ INTRODUCTION

A number of naturally occurring and engineered processes in
the environment involve the flow of multiple phases through
porous media.1 Processes such as groundwater remediation,
geologic carbon storage, enhanced geothermal energy produc-
tion, and enhanced oil recovery are impacted by the porosity,
pore geometry,2 viscosity ratio of fluids,3 flow conditions,4

interfacial tension (IFT),5 fluid dynamics6,7 and wettability of
the host rock.4,8,9 Wettability, in particular, has been widely
known to impact these flow processes,10 but recent work using
new in situ imaging techniques suggests that small-scale (e.g.,
nanoscale) roughness or texturing on the mineral surface
strongly impacts wettability,11,12 which can, in turn, impact fluid
flow processes.13,14 These findings are consistent with much of
the recent work focused on designing superhydrophobic or
superhydrophilic surfaces, which rely in large part on the
nanoscale structure at the surface.15,16 The impact that these
types of features would have on flow in a complex
heterogeneous rock formation has not been studied to date.
The role of roughness on interfacial forces acting on an

apparent static three-phase contact line (Figure 1) has been

considered extensively in the literature starting with the work of
Wenzel and Cassie−Baxter.17,18 Wenzel’s model predicts that
the wetting phase will completely penetrate the surface
asperities on a rough surface and that for a hydrophilic solid
surface, this process will enhance wetting. Cassie modeled
interfacial energy as a function of the structure of the solid
surface, suggesting that the nonwetting phase fluid can get
trapped in the pockets on the surface. Like most models of
wettability, these are based on the relationship between fluid
flow dynamics and the fluid−solid interaction. The difference
between the Wenzel and Cassie−Baxter models, related to the
presence/absence of a continuous wetting film, is depicted in
Figure 1.
The presence or absence of a wetting film has been shown to

play an important role in multiphase flow on rough surfaces.19

During imbibition of the wetting phase, a thin film of wetting
phase can make the effective surface roughness of solid much
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less pronounced. The existence and swelling of the wetting film
could also lead to snap-off of the nonwetting phase,20 which is a
critical part of the displacement process. In the context of
groundwater remediation, for example, the thickness of the
water film is proportional to the underlying solid surface
roughness.21 In CO2 storage, water films have been shown to
exist during CO2 injection and to become thinner as pressure
increases and the surface becomes more negatively charged as
CO2 dissolves into the film,22 which enables changes in solution
chemistry.23

Experimental observations, such as contact line pinning or
adhesion, are often attributed to these microscale characteristics
related to surface textures and wetting.12,24 This roughness
contributes, at least in part, to the development of stick-slip flow
behavior at the interface.25,26 In the context of environmental
systems, stick-slip flow can have complex impacts on multiphase
flow in porous media, especially at low Capillary numbers.27,28

At low velocity, irregular movement of the interface in the pores
can impact the stability of the system at macroscales. For
example, in cases where the residual saturation of the
nonwetting phase has been reached, the instability of interface
between the continuous wetting phase and a nonwetting phase
cluster could result in the mobilization or break up of that
cluster.29 Stick-slip flow can also impact the connectivity of
fluids in a porous medium, which impacts ganglion dynamics.30

The wettability of two fluids on a solid surface is directly
impacted by interfacial forces (e.g., interfacial tension) between
those fluids.31 Interfacial tension is an aggregated measure of
the cohesive forces and adhesive forces between the fluid phases
and therefore depends on the fluid chemistry.32 In aqueous
systems, ion concentration and composition play an important
role in driving interfacial tension and ultimately capillary
pressure. The ionic composition of water can also impact the
charged functional groups on the solid surface.33 Although
much fundamental work has been carried out in recent years to
catalog and describe the impact of mineral chemical
heterogeneities on wettability, less work has focused on how
textures in different rock types that originated via diagenetic
processes might impact multiphase flow.34

These processes are generally described using the Washburn
equation.35 The Washburn equation is a dynamic energy
balance on idealized fluid flow through a single capillary with a
uniform circular cross-section under the laminar flow
conditions. Although some of these conditions (e.g., uniform
cross-section) are not representative of many environmental
porous media, the majority of the assumptions (e.g.,
incompressible and Newtonian) are valid in many contexts.
The model is typically written as

∑ μ
π

=P
lQ
r

8
4 (1)

where ∑P is the total pressure difference between two phases
(the sum of the external pressure, ΔP, and capillary pressure,

= γ θP
rc

2 cos , where θ is the contact angle and γ is the interfacial

tension), i.e., ∑P = ΔP + Pc. μ is the fluid viscosity, l is the
length of the capillary, Q is the volumetric flow rate, and r is the
radius of the capillary.
Substituting these two pressure expressions into the

Poiseuille equation, the Washburn equation can be written as
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where l
t

d
d

is the interfacial velocity. The adoption of the

Washburn equation has significant impacts in relating interfacial
properties and capillary pressure in the fluid system. An
important limitation when applying this equation is the single
term of contact angle θ, which is usually measured as the
apparent contact angle. In reality, fluids in motion often have a
different contact angle than they do at equilibrium,19 and so a
dynamic contact angle is a more appropriate measure for fluids
with a nonzero interfacial velocity. The relationship between
equilibrium (θe) and dynamic (θd) contact angles over a
perfectly smooth surface is known to be a function of fluid
velocity

θ θ= f
l
t

(
d
d

, )d e (3)

Both analytical and empirical methods have been used to
explore the relationship between θd and θe. Sheng36 and
Popescu37 developed analytical hydrodynamic relationships
based on viscous energy dissipation. Brochard-Wyart38 used a
molecular dynamic approach, based on the relationship
between the displacement of fluid molecules and the movement
of the contact line. These approaches have been used by Blake39

to develop a hydrodynamic and molecular kinetic model. The
resulting equations are generally good predictors of exper-
imental observations in a gas−liquid system but do not capture
the behavior of liquid−liquid systems particularly well. This
could be because both hydrodynamic and molecular kinetic
analyses are based on the assumption that one phase dominates
the flow momentum, as would be the case for fluid pairs with a
large viscosity ratio.
In an effort to develop empirical relationships that work for a

broader range of fluid pairs, Joos40,41 conducted capillary rise
experiments and used the Washburn equation with modified
dynamic contact angle to match experimental data, proposing
the following correlation

θ θ α θ= − + Cacos cos (1 cos )d e e
1/2

(4)

Figure 1. Illustration of multiphase flow across surfaces with a (a) smooth surface; (b) prewetted rough surface with a film of the wetting phase filling
in the asperities (i.e., the Wenzel model); and (c) rough surface with nonwetting phase filled in the asperities that leads to stick-slip flow (i.e., the
Cassie model).
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where α (found to be 2 in the original experiments by Joos et
al.41) is a coefficient that has been reported to vary with fluid

properties, and the interface velocity ( )l
t

d
d

is incorporated into

the capillary number (Ca = (μv)/γ, μ is the fluid viscosity, v the
velocity of contact line, and γ is the interfacial tension). Cox42

and others have expanded this correlation more recently for a
wider range of geometries, capillary numbers, and fluid pairs.
Despite these advances in fundamental wettability theory and
more recent applied characterization under reservoir con-
ditions,43−45 the role that surface textures have on the flow
dynamics has not been explored in a way that enables easy
comparison with other factors understood to impact multiphase
flow.
To build on the understanding developed by Joos and

Wenzel, we carried out a set of controlled experiments in glass
capillaries to test a number of hypotheses related to the impact
of nanoscale surface textures on multiphase flow. The first
hypothesis was that nanoscale textures will impact flow
dynamics and that these effects would be stronger when
coupled with other systems properties such as higher ionic
strength solutions, higher flow rates, and the presence/absence
of a wetting film. The second hypothesis was that these texture
effects could have a greater impact on fluid flow dynamics than
chemical wettability. Single-capillary glass micromodels were
used to enable easy visualization and control of flow properties.
Both spontaneous and forced imbibition experiments were
conducted to collect data over a wide range of capillary
numbers. The experimental results were then interpreted in the
context of modeling frameworks to extend predictive
capabilities.

■ EXPERIMENTAL SECTION
Micromodel Fabrication. Soda lime glass capillaries (Hilgenberg

GmbH) with an external diameter of 0.82 mm and an internal
diameter of 0.64 mm were modified to generate either a nanotextured
surface roughness or to increase their wettability with respect to water.
Alkali etching was used to generate submicron surface features on the
glass surface.31,46 Compared to other dry etching techniques and HF-
based etchants, aqueous-based alkali etching is safer and simpler and
capable of achieving extreme wettability (superhydrophilicity and
superhydrophobicity) and associated properties such as antireflec-
tion47 and low dielectricity.48 The dimension and morphology of
surface texture were controlled by changing the etching time,
temperature, and glass chemical composition.47,49 The glass capillaries
were first cleaned in demineralized water and then with a 1:1:1 volume
mixture of acetone, methanol, and trichloroethylene under sonication.
The cleaned capillaries were placed in a sealed vessel containing an
aqueous solution of 0.2 mol/L KOH and then heated at 95 °C for 24 h
to enable chemical etching. Following etching, the capillaries were
rinsed with demineralized water, then again with the acetone,
methanol, and trichloroethylene solution under sonication, and finally
with demineralized water. The capillaries were dried using compressed
air between each treatment.
The validation and quantification of the etching were carried out

using scanning electron microscopy (SEM) observations and energy
dispersive X-ray spectrometry (FEI-650). The effect of the etching
process on the glass surface is shown in Figure 2. The surface asperities
created in this etching process were between 10 and 100 nm long.
Using a Zygo Newview 7300 noncontact profilometer, we confirmed
that the characteristic lengths (both depth and lateral length) of the
nanostructured features are on the order of tens of nanometers, which
is consistent with other studies that deployed similar etching
techniques. The etching process also changed the ionic surface
composition of the underlying glass itself, as ions are lost to the
aqueous phase due to hydrolysis and ion exchange during the

treatment.47 The net effect of these physical and chemical alternations
was that the glass increased the hydrophilicity of the surface
significantly, which was observable as the glass surfaces exhibited
smaller contact angles and more pronounced capillary action, as
expected based on the Wenzel theory.

To create wettability-modified samples, a separate group of
capillaries was treated using oxygen plasma to make the surfaces
more water wetting without changing the surface roughness. Plasma
treatment works by enabling electron transfer between ions in the
solution and the glass surface, neutralizing the dissolved ions and
creating a more positively charged surface layer on the glass. Oxygen
plasma treatment was carried out using a South Bay Plasma System
(PC 2000) for 10 min. Cleaned capillaries were put into the plasma
chamber and aligned with the two discharge ends. After treatment, the
wetting properties of the treated capillaries were measured using
contact angle and capillarity experiments. The surface structure was
examined using SEM to confirm that no additional roughness had been
introduced.

Experimental Setup. Imbibition experiments were carried out in
capillary samples, where the nonwetting phase was displaced by the
wetting phase. Both spontaneous and forced imbibition experiments
were carried out to cover as wide a range of capillary numbers as
possible. The capillary was initially saturated with the nonwetting
phase. To ensure the absence of water film on the walls of the capillary,
the capillary was oven dried at 90 °C prior to the initial saturation.
After the initial saturation with the nonwetting phase, the wetting
phase was imbibed. The same protocol was followed for every set of
experiments.

Fluorinert FC-43 and dodecane were used as the two nonwetting
fluids in the experiments. Fluorinert FC-43 is a colorless, inert
fluorocarbon that is a liquid at 1 atm and 25 °C (refraction index, n =
1.291). It is 4.7 times more viscous and 1.86 times heavier than water
(μ = 4.7 × 10−3 Pa s, ρ = 1860 kg/m3). Dodecane, on the other hand, is
less viscous and lighter than water (μ = 1.36 × 10−3 Pa s, ρ = 749 kg/
m3). Ecoline 578 ink was added to water to improve contrast under the
microscope. To investigate the combined effect of roughness and
different values of interfacial tension, the chemistry of the wetting
phase was modified by the addition of NaCl into the solution. When
the dye was mixed with deionized (DI) water, its interfacial tension
with Fluorinert was 58 mN/m.31 When NaCl was added to the water-
based dye to increase its ionic strength, the interfacial tension dropped
to 35 mN/m.

Spontaneous Imbibition Experiments. Capillaries were filled with
the nonwetting phase and positioned vertically in a stand above a Petri
dish containing the wetting phase. At the start of each experiment, the
capillary was lowered into the container so that the bottom edge came
in contact with the wetting phase, which rose through the capillary as a
result of capillary forces. A high-speed camera (Memrecam GX-1,
NAC) equipped with a microlens (AF Micro-NIKKOR 200 mm,
Nikon) was used to capture images of the interface. A frame rate of 10
000 fps was used to capture images in our experiments at a resolution
of 512 × 384. A pair of light-emitting diode lights (uLite 2-Light
Octabox 200 W Fluorescent Kit, Westcott) was used to provide an
optimal contrast between fluids. The contact angle for the images was
measured using ImageJ with the Drop Analysis plugin.50 The apparent
contact angles for each combination of solids and fluid pairs were
measured before the experiments, on glass microscope slides. For each

Figure 2. Surface micrographs of (a) untreated and (b) etched glass
capillary.
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experiment, at least nine pairs of contact angles were measured, and
data were compiled for statistical analysis.
Forced Imbibition Experiments. Capillaries were aligned horizon-

tally in the field of view of a Nikon A1R confocal microscope. The fluid
input was controlled with the use of a Harvard Picoplus syringe pump
using a Hamilton 7000 series glass syringe. Two syringes containing
the wetting and the nonwetting phase fluids were connected to the
inlet holes of a T-section type connection. The syringe with the
wetting phase was connected to the syringe pump, whereas the other
was controlled manually. A valve placed between the T-section and the
nonwetting phase syringe was closed during imbibition, to ensure flow
in the desired direction. The capillary was placed and secured under
the microscope, and finally the outflow was connected to a drain. The
whole set up was installed on a vibration-free table. The field of view
was monitored optically with a DS-Ri2 camera with a resolution of
16.25 megapixels (resolution 2.46 μm/pix, at 10× magnification)
which can record high-resolution images at a stable frame rate of 20
fps. We used confocal laser scanning microscopy to identify the
presence or absence of a water film and also investigate its thickness
and structure. For this, we used an LU-N3 laser unit, set up at 488 nm,
an A1-DU4, set up to 525 nm, and a high-resolution Galvano scanner,
set up at 1.24 μm/pix, at 10× magnification. The movement of the
liquid−liquid interface along the capillary was analyzed with the NIS
Element software, part of the Nikon A1R microscope. The image
tracking data were used to calculate the velocity of the center of the
interface between wetting and nonwetting fluids as a function of time
under constant flow conditions. The standard deviation of the velocity
data was used to calculate a measure of the overall stick-slip behavior of
the interface.
Experimental Design. Four independent variables were included

in a modified 2k factorial design of experiments: surface treatment
(three levels: untreated, roughened, or wettability modified), presence
of a water film (two levels: present or absent), aqueous chemistry (DI
water or 1 M NaCl solution) and nonaqueous fluid type (Fluorinert or
dodecane), as shown in Table 1. This approach allowed us to
investigate the contribution of each independent variable and the

interaction effects between these on the dependent variables. Setting
up the experiments in this way enabled us to perform the analysis of
variance (ANOVA) on the results. Replicates of each experiment were
carried out, and normal distributions for the results were visually
examined and quantified using a Tukey test with a quantile−quantile
plot. A Tukey test is a single-step statistical test to find mean values
that are significantly different from one another. Levene’s method was
then used to test that the variance between samples is equal, and there
is no statistically significant difference in variance across experimental
conditions.27,28

■ RESULTS AND DISCUSSION
Capillary imbibition experiments were performed over a range
of velocities/capillary numbers to test our hypotheses related to
the influence of nanoscale roughness on multiphase flow in
capillaries. In both experimental setups used here, the three-
phase contact line was carefully monitored to evaluate the
dynamic contact angle (at higher capillary numbers) and the
standard deviation of interface velocity (at lower capillary
numbers). These metrics are both connected to stick-slip
behavior, which are short-term (i.e., on the order of
milliseconds) accelerations and decelerations. The resulting
stick-slip flow would influence pore-scale flow dynamics such as
snap-off during imbibition and Haines jump during drainage.27

Spontaneous Imbibition Experiments. To test the first
hypothesis that nanoscale textures will impact flow dynamics
and that these effects would be stronger when coupled with
other system properties, such as higher ionic strength solutions,
higher flow rates, and the presence/absence of a wetting film,
the dynamic contact angle of fluid pairs was measured for all of
the conditions listed in Table 1. The results are presented in
Figure 3. In this figure, the experimental results are binned

based on the aqueous chemistry and the surface treatment of
the capillary for the two fluid pairs tested here (Figure 3a shows
water and Fluoroinert and Figure 3b shows water and
dodecane). The data show considerable scatter but there
seems to be some order to the results across conditions. For
example, the untreated surfaces with high NaCl water tended to
have higher dynamic contact angles.
The least-square-root fit of the data was performed using the

Joos equation modified using the Wenzel theory, and those are

Table 1. Factorial Design of Experiments Used To Develop
the Experimental Matrix Presented Here

exp. #
surface

treatment
wetting
film

aqueous
chemistry

nonaqueous
fluid

1 untreated no DI water Fluorinert
2 untreated yes DI water Fluorinert
3 roughened no DI water Fluorinert
4 roughened yes DI water Fluorinert
5 wet modified no DI water Fluorinert
6 wet modified yes DI water Fluorinert
7 untreated no 1 M NaCl Fluorinert
8 untreated yes 1 M NaCl Fluorinert
9 roughened no 1 M NaCl Fluorinert
10 roughened yes 1 M NaCl Fluorinert
11 wet modified no 1 M NaCl Fluorinert
12 wet modified yes 1 M NaCl Fluorinert
13 untreated no DI water dodecane
14 untreated yes DI water dodecane
15 roughened no DI water dodecane
16 roughened yes DI water dodecane
17 wet modified no DI water dodecane
18 wet modified yes DI water dodecane
19 untreated no 1 M NaCl dodecane
20 untreated yes 1 M NaCl dodecane
21 roughened no 1 M NaCl dodecane
22 roughened yes 1 M NaCl dodecane
23 wet modified no 1 M NaCl dodecane
24 wet modified yes 1 M NaCl dodecane

Figure 3. Dynamic contact angle of the interface between water and
(a) Fluorinert and (b) dodecane, as a function of flow rate, surface
treatment, aqueous chemistry, and water film. Hollow symbols indicate
experiments with no water film and filled symbols represent
experiments where a water film was present.
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plotted in Figure 3 as dashed lines. The Wenzel model defines
an apparent contact angle for rough surfaces as

θ θ* = rcos cos (6)

where θ* is the apparent contact angle on a rough surface, θ is
the Young contact angle on an ideal flat surface, and r is the
roughness ratio, defined as the ratio of the true area of solid
surface to the apparent area. Combining this with the Joos
equation (eq 4) to account for the surface roughness yields

θ θ α θ= − +r r Cacos( ) cos( ) (1 cos( ))d e e
1/2

(7)

where θd is the dynamic contact angle and θe is the contact
angle at equilibrium. The model results in Figure 3 were
obtained by fitting the dynamic contact angle data under two
flow rate conditions, in which the parameters α and r are
derived by least-square fit. The best fit r value is 1.36−1.49 for
the two different fluids, which is within the range of measured
values. This combination of Joos’ model and Wenzel’s law
effectively predicts the general correlation between the dynamic
contact angle and flow rate, but given the other trends in the
data that emerge from the various conditions tested here, it
seems that an improved model may be able to quantify the
relationship between flow velocity and dynamic contact angle
taking into account other important parameters like ionic
strength and roughness.
Impact of Surface Features, Water Film, and Solution

Chemistry. To develop a more refined understanding of the
factors controlling this system, the effect of independent
variables and their interactions on the dynamic contact angle
was analyzed by performing an ANOVA on the complete
dataset for the spontaneous imbibition experiments. The results
are presented in Table 2, based on the Tukey statistical test,
where p < 0.05 is used to establish statistical significance. The p-
value is calculated from the F-value, which is a function of mean
squares (sum of squares (SoS) divided by degrees of freedom).
It should be noted that since three surface treatments are
presented, the surface variable and its interaction with other
variables have a degree of freedom of 2, where the other
variables have a degree of freedom of 1.
The results show that surface treatment and aqueous

chemistry have a statistically significant impact on the dynamic
contact angle, whereas the water film alone does not. The
nonaqueous fluid (Fluorinert or dodecane) shows an effect, but

no interaction with any other factor tested here. This suggests
that the trends observed could be applied to other fluid systems
more generally. Several two-way interactions are also important,
namely, the interaction between aqueous chemistry and water
film and the interaction between surface and water film. In
ANOVA, two- and three-way interactions can be understood as
the effect of one or two variables across the levels of another. It
is interesting to note that the presence of a water film by itself
does not impact the results, but it accounts for a large portion of
the variance when combined with surface or aqueous chemistry.
None of the interactions between any three of the independent
variables had a statistically significant effect, and so those are
not included in Table 2. The full ANOVA results are presented
in the Supporting Information.
As the ANOVA results presented in Table 2 suggest, the

most important factors influencing the dynamic contact angle
individually are surface treatment, aqueous chemistry, and the
nonaqueous fluid because they have p-values significantly lower
than 0.05. The water film does not have a strong impact as a
single factor, but its interaction with aqueous chemistry is a
statistically significant effect. To better illustrate this interaction
effect, results are plotted in Figure 4 as two separate panels with
and without the water film. When no water film is present,

Table 2. ANOVA Results for Dynamic Contact Angle Data Collected during Spontaneous Imbibition Experiments as a Function
of Various Independent Variablesa

independent variable and interactions Df mean sq F-value p-value

surface 2 6207 27.13 2.89 × 10−11

aqueous chemistry 1 7953 34.76 1.38 × 10−8

water film 1 223 0.98 0.32
nonaqueous fluid 1 4031 17.62 3.91 × 10−5

surface + aqueous chemistry 2 541 2.37 0.10
surface + water film 2 1575 6.89 1.34 × 10−5

aqueous chemistry + water film 1 1025 4.48 0.04
surface + nonaqueous fluid 2 194 0.85 0.43
aqueous chemistry + nonaqueous fluid 1 483 2.11 0.15
water film + nonaqueous fluid 1 6 0.03 0.86

aDf (degrees of freedom) is a measure of the independent pieces of information for a particular variable; mean sq (mean squares) is an estimate of
the variability in the response data that attributed to each independent variable; the F-value is the ratio between factor mean squares and the
residual mean squares; and the corresponding p-value is used to determine the statistical significance in the hypothesis test, so values that are less
than the significance level, in this case 0.05 (corresponding to 95% confidence), are highlighted to show those effects with a statistically significant
impact on the dynamic contact angle.

Figure 4. Dynamic contact angle for different surfaces and solution
chemistry (a) with and (b) without a wetting film.
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water and NaCl results are distributed in the same cluster,
however, when a water film exists, dynamic contact angles are
considerably larger when NaCl is in the solution.
The interaction effects between surface roughness, presence

of a wetting film, and ionic strength in solution can be
understood in terms of electrostatic interactions and disjoining/
conjoining pressure at the liquid meniscus. Salinity impacts the
interfacial tension (IFT) between the fluids. For the Fluorinert/
water system, for example, the addition of 1 M NaCl lowers the
IFT from 58 to 35 mN/m, which makes the capillary more
water-wetting. This effect would be even more pronounced for
more complex ionic solutions. Aggelopoulos51 showed that
divalent cations influence wettability even more strongly than
the monovalent ions tested here. These ions also interact with
the charged silica surface including the electrical double
layer24,52 near the surface. Higher concentrations of ions
provide additional electrostatic force,52 which can offset some
of the increased contact angle due to changes in the IFT.53,54

The presence/absence of a water film changes the acting forces
at the three-phase contact line. The disjoining/conjoining
pressure at the three-phase contact line also contributes to
variations of surfaces forces, which include electrostatic, van der
Waals, and structural components.55 Without a water film,
surface pinning contributes to stick-slip flow,56 which we
observed. Taken together, these results suggest that surface
roughness and water film could play important roles in
multiphase flow dynamics, particularly at higher ionic strengths,
where the interplay between interfacial tension, electrokinetic
interactions, and interface disjoining/conjoining pressure
impacts the dynamic flow. Therefore, there is a clear need to
improve the empirical equation to capture these processes.
Derivation of an Improved Modeling Framework. As

shown in Figure 3, the Joos and Wenzel equations (eq 7)
capture the general relationship between dynamic and static
contact angles but cannot account for the large amount of
scatter in the data that emerges from varying key system
parameters. This result was expected given that the model only
has one fitting parameter, α (α = 0.47). To incorporate some of
the qualitative findings from the ANOVA, we extend eq 7,
adding an additional fitting parameter

θ θ α β θ= − [ + ]r r Cacos( ) cos( ) ( cos( ))d e e
1/2

(8)

where β is a second fitting parameter obtained from our data.
Although both α and β could be used to get the best fit for each
experimental condition, we propose to treat them as empirical
constants that are tied to a physical characteristic of the system.
α is related to the presence of a water film, and β is related to
the ionic strength of the aqueous phase

θ θ α β θ= − × [ + ]r r Cacos( ) cos( ) (wf) ( (ac) cos( ))d e e
1/2

(9)

where

α [ ] =
=
=

l
moo
noo

(water film wf )
0.415, when wf 1

0.640, when wf 0

and

β [ ] =
=

=

l
moo
noo

(aqueous chemistry ac )
1.21, when ac NaCl

0.903, when ac DI water

Figure 5 presents the relationship between flow rate and
dynamic contact angle for a representative experiment along

with different fitting equations. These fitting parameters (α and
β) are tied to physical characteristics of the system that will
provide better resolution of dynamic flow properties in
multiphase systems. The two-level experimental set up used
here did not enable us to fully quantify the strength of effect
such that α and β could be characterized for a much wider range
of conditions and their magnitude could be defined propor-
tional to the characteristics of the water film (e.g., thickness,
continuity, etc.) or the aqueous chemistry (e.g., ion
composition, concentration, etc.), but subsequent work might
further develop these parameters. Nevertheless, the addition of
these fitting parameters does capture physical elements of these
flow systems that existing modeling frameworks cannot, and
that will improve the utility of these modeling approaches.
To account for the benefit associated with adding these

parameters to the equation,57 the goodness of fit is evaluated by
a modified root-mean-square error (RMSE), which is defined as

=
−

i
k
jjjjj

y
{
zzzzzm p

RMSE
RSS

1/2

(10)

where RSS is the residual sum of squares, m is the number of
observations, and p is the number of adjustable parameters. The
modified Joos−Wenzel equation (eq 7) is shown as the dashed
line. In this case, it underestimates the increase of dynamic
contact angle, resulting in a RMSE of 14.6°. The best fit (eq 8)
is the least square fitting for a specific condition with α and β as
fitting parameters, representing the lowest possible RMSE of
4.6. The newly proposed equation (eq 9) uses the global
constants α and β and compares well with the best fit (RMSE of
4.8° in this case).
Equation 9 was used to fit all spontaneous imbibition

experimental data collected in this study, and representative
results are presented in Figure 6. Here, we compare its fitting
performance to the roughness-modified Joos equation (eq 7),
on Fluorinert contact angle with a water film. In general, the
average RMSE between the data and model fit is reduced from
9.8° using eq 7 to 5.7° using the newly proposed eq 9. This
improvement is especially significant when ionic strength is
higher, where it interacts with surface features, and therefore
has co-effects that are not captured by the original model. The
single set RMSEs for Figure 6b (untreated surface) and Figure
6d (roughened surface) are both reduced by more than 65%
from the original model. The comparison between the
improved model and the original model on the full 24
experimental conditions is provided in the Supporting
Information. The results demonstrate the improved prediction

Figure 5. Comparison of models fitted on experimentally measured
dynamic contact angle data for Fluorinert/NaCl solution on an
untreated wet surface.
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compared with the original model on the Fluorinert/water fluid
pair with the water film.
Forced Imbibition Experiments. To further explore the

influence of surface textures relative to other parameters, a
second set of experiments was carried out under forced
imbibition conditions for two fixed flow rates. These experi-
ments enabled us to test the second hypothesis of this study,
that these nanotextures would have a stronger impact on flow
than chemical wettability under certain conditions. The

interaction between the fluid interface and the solid surface
becomes more pronounced in capillary-dominated flow
regimes, as suggested by previous experimental studies.39,58

Studying these dynamics at lower capillary numbers could
reveal the flow dynamics and test the applicability of the
findings for both viscous flow and capillary dominant flow. Also,
the integrated high-velocity microscope imaging system allows
the geometry of the two-phase interface to be closely monitored
along with its velocity over time. The use of the confocal
microscope also enabled image processing that could lead to a
mechanistic understanding of these processes. In forced
imbibition experiments, the normalized standard deviation of

the interface velocity ( )l
t

d
d

is used as a measure of stick/slip

behavior along the interface. It is quantified as the standard
deviation of the horizontal velocity of the moving interface
through a capillary divided by the average velocity value. Table
3 is obtained from the ANOVA results (the complete ANOVA
is provided in the Supporting Information) using normalized
velocity standard deviation as the response, the roughened
surface and wettability modified surface are both compared to
the untreated surface.
The results reported in Table 3 suggest that the surface

feature contributes to the response variability for both cases,
with much larger effects observed for the roughened case. The
total percent contribution for the surface feature and its
interaction with other factors account for over 50% for the
roughened case and only 20% for the wettability-modified case.
For the roughened case, the flow rate, surface properties, and
the surface, water film interaction has large effects that together
account for over 60% of the variability in the velocity standard
deviation. For the wettability modified case, effects are more
uniform across the four factors, with the water film being the
second strongest model term. Surface treatment (untreated,
roughened, or wettability modified) shows a significant
contribution to the response variation as well as flow rate.
The water film is a large contributor for untreated and
wettability modified samples but not for roughened samples.
From the analysis of variance (ANOVA), results presented in

Table 3, the interplay between surface treatment (wettability
modified, roughened) and water film accounts for a significant
variance of the response variable. The detailed normalized
velocity standard deviation data over the three surfaces with and
without water film are shown in the box and whisker plots in

Figure 6. Fitting of Fluorinert/water dynamic contact angle with the
water film for (a) Fluorinert/water on the untreated surface; (b)
Fluorinert/NaCl solution on the untreated surface; (c) Fluorinert/
water on the roughened surface; (d) Fluorinert/NaCl solution on the
roughened surface; (e) Fluorinert/water on the wettability modified
surface; (f) Fluorinert/NaCl solution on the wettability modified
surface. The dashed line and solid line represent the best fit using the
original Joos equation and the newly proposed eq 9, respectively.

Table 3. Analysis of Variance for the Velocity Standard Deviation (i.e., the Instantaneous Acceleration of the Fluid Contact
Line) Collected Using Forced Imbibition Experimentsa

roughened wettability modified

independent variables and interactions effect SoS % cont. effect SoS % cont.

flow rate −0.31 0.75 19.82 −0.77 4.79 38.69
water film −0.05 0.02 0.46 0.52 2.2 17.78
surface 0.34 0.91 24.15 −0.36 1.05 8.47
aqueous chemistry 0.18 0.27 7.13 0.31 0.77 6.21
flow rate + water film 0.01 0 0.03 −0.23 0.42 3.42
flow rate + surface −0.19 0.28 7.51 0.28 0.63 5.05
water film + surface 0.28 0.65 17.16 −0.29 0.66 5.31
flow rate + aqueous chemistry 0.04 0.02 0.41 0.03 0.01 0.08
water film + aqueous chemistry −0.03 0.01 0.17 0.28 0.62 4.99
surface + aqueous chemistry 0.01 0 0.027 −0.12 0.11 0.86

aEffect coefficient, sum of squares (SoS), and percentage contribution (% cont.) are calculated for both roughened and wettability modified
conditions compared with the untreated condition.
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Figure 7. Normalized velocity standard deviation values across
the three surfaces are very similar when a water film is absent

but vary significantly when the water film is present. This
suggests that the Wenzel regimes qualitatively capture the
behavior of our system, i.e., that the presence of a water film
dramatically enlarges the differences of the displacement
pattern between surfaces.19

Water Film Analysis. To understand the interaction of
surface feature and water film, we imaged the water film on
different surfaces using a confocal microscope. The results,
shown in Figure 8, reveal that the untreated surface generally
has a thin (10 ± 3 μm thick) and isolated water residual after
drainage; the wettability modified surface has a more uniform
water film due to enhanced wetting (20 ± 3 μm thick); and
roughened surface has an intermediate thickness, but broken
water film (varying between 20 and 30 μm in thickness). The
water film thickness observed in this work is consistent with
what has been previously reported in the literature.59 The
smoothest flow was observed for wettability modified surfaces
with a pre-existing wetting film, which is consistent with the
literature suggesting that the presence of a wetting film
enhances a stable displacement. This velocity standard
deviation can be explained by the thickness and the geometry
of the water film. Figure 8b indicates that the low-velocity
standard deviation, in the case of the wettability modified
surface, is linked to the uniformity of the water film. In addition
to that, the lower average velocity standard deviation, recorded
by the tracking algorithm can be explained by the thickness of
the water film.
In the case of the rough capillary, Figure 8c indicates the

presence of a water film that may be masking the roughness in
some places. However, the velocity standard deviation is the
highest when the roughness is combined with the presence of
the water film. Qualitative observations of the experimental
videos reveal vibrations at the interface, suggesting that
repeated instances of fluid pinning were taking place as the
fluids moved through the capillary. This pinning can only be

linked to the areas of the water film where the thickness varies
significantly.

■ CONCLUSIONS

Glass capillary micromodel experiments were carried out to
explore the role that nanoscale roughness on the glass surface
plays in multiphase fluid flow. Analysis of variance was used to
analyze the relative contribution from the different independent
variables based on a modified 2k factorial design. Surface
roughness, wettability, solution chemistry, and the presence of a
water film were tested to understand their impact on interface
dynamics. Dynamic contact angles were measured as well as the
interface velocity standard deviation, which could create
instabilities that influence macroscale flow dynamics in porous
media through pore-scale processes such as snap-off and Haines
jump.
The results indicate that surface roughness, wettability, and

the presence of a water film are the most important factors in
controlling dynamic contact angle effects. Surface treatment
and aqueous chemistry have a statistically significant impact on
the dynamic contact angle. The nonaqueous fluid type does
impact the results, but it does not interact with any other
variables, suggesting these results are generalizable for other
fluid plans. Water film does not have a strong impact as a single
variable, but its interaction effect with aqueous chemistry and
surface feature is statistically significant. These results are used
to propose a new empirical equation for predicting dynamic
contact angle, using a modified empirical framework based on
the Joos equation that also incorporates elements of Wenzel’s
law to account for surface roughness. This new equation
significantly improves the prediction accuracy of experiment
data, by taking water film and aqueous chemistry into account.
The RMSE of predicting experimental data is reduced up to
67%.
These results advance our mechanistic understanding of the

relative importance of the factors controlling contact angle
dynamics. Based on the factors that are identified in ANOVA,
one-way and two-way effects are important for fully character-
izing the behavior of the system. Although the experiments
reported here were designed to explore these relationships
between system characteristics and multiphase flow, the results
suggest that certain aspects of the system, such as different
nanostructure morphologies or ionic strength profiles in the
aqueous phase, could be explored in greater depth to provide
predictive capabilities over a wider range of natural conditions.
These results highlight the importance of incorporating a more
comprehensive set of factors in pore-scale modeling when
predicting macroscopic multiphase flow behaviors.

Figure 7. Normalized velocity standard deviation for different surfaces
and water films.

Figure 8. Three-dimensional reconstruction of wetting phase film, under the nonwetting phase, after imbibition under no-flow conditions. (a)
Untreated surface; (b) wettability modified surface; and (c) roughened surface.
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