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ABSTRACT: Flow in unsaturated porous media or in engineered
microfluidic systems is dominated by capillary and viscous forces.
Consequently, flow regimes may differ markedly from conventional
flows, reflecting strong interfacial influences on small bodies of flowing
liquids. In this work, we visualized liquid transport patterns in open
capillary channels with a range of opening sizes from 0.6 to 5.0 mm using
laser scanning confocal microscopy combined with fluorescent latex
particles (1.0 um) as tracers at a mean velocity of ~0.50 mm s™'. The
observed velocity profiles indicate limited mobility at the air—water
interface. The application of the Stokes equation with mixed boundary
conditions (i.e., no slip on the channel walls and partial slip or shear stress
at the air—water interface) clearly illustrates the increasing importance of
interfacial shear stress with decreasing channel size. Interfacial shear stress
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emerges from the velocity gradient from the adjoining no-slip walls to the center where flow is trapped in a region in which
capillary forces dominate. In addition, the increased contribution of capillary forces (relative to viscous forces) to flow on the
microscale leads to increased interfacial curvature, which, together with interfacial shear stress, affects the velocity distribution and
flow pattern (e.g., reverse flow in the contact line region). We found that partial slip, rather than the commonly used stress-free
condition, provided a more accurate description of the boundary condition at the confined air—water interface, reflecting the key

role that surface/interface effects play in controlling flow behavior on the nanoscale and microscale.

B INTRODUCTION

Multiphase flow in porous media is relevant to many natural
and industrial processes encountered in soil physics, surface and
colloidal sciences, environmental sciences, and petroleum and
chemical engineering. Such flow takes place in highly
interconnected and tortuous regions bounded by solid—water
and air—water interfaces." Although these fluid interfaces are
massless, they exert significant influence on the dynamics of
multiphase flow by shaping flow pathways and their ability to
sustain stress. Simple Darcy-like flux extended from single-
phase flow does not always sufficiently capture the physics of
flow in processes such as water flow in partially saturated soil or
oil extraction from a reservoir.” Alternatives based on mass,
momentum, and energy conservation laws have been proposed
to provide more accurate descriptions of multiphase flow by
coupling conservation equations associated with phases and
interfaces.® These descriptions require an adequate under-
standing of pore-scale flow and the interfacial processes and
conditions that control the flow.

Pore-scale flow is strongly influenced by the relatively large
interfacial areas (per unit volume) where surface tension,
viscosity, and diffusion processes dominate gravity and
inertia.** In multiphase flow systems, the air—water interface
is bounded ubiquitously by adjoining solid surfaces. This study
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focuses on the boundary condition for water at the air—water
interface. It is argued that the description of the boundary
condition at the air—water interface is of relatively little
consequence because of the strong constraint from no-slip
walls.® However, other studies that considered flow on surfaces
with similar mixed boundaries indicated that the air—water
interface affected the overall mobility of water bounded by
mixed interfaces.” > Therefore, as a key component of the
mixed boundaries, the boundary condition at the air—water
interface requires an accurate characterization and description.

In general, a clean air—water interface on the macroscopic or
continuum scale is often treated as a full-slip or stress-free
boundary.*®'*'" Although some experimental results seem to
provide supportive evidence for this assumption,">"> others
indicate different types of boundary conditions, such as partial
slip or even no slip.">'*~"7 In addition to the inconsistencies in
the types of boundary conditions at the air—water interface,
there are also uncertainties as to the physical mechanisms
responsible for preventing the air—water interface from being
stress-free. The presence of minor impurities in the
experimental systems was suspected as the cause of the
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observed partial-slip boundary condition in several studies.">"'®

However, the 1partial-slip boundary was also observed in very
clean systems.'*'” Manor et al.'>'® reported, on the basis of
their atomic force microscopy study using a S0-pm-radius
bubble in a clean system (ie, in an electrolyte without
surfactant), that the air—water interface did not obey the stress-
free boundary condition. Lazouskaya et al.'” demonstrated that
the air—water interface in an open rectangular capillary channel
had limited mobility (i.e., it was not stress-free) and could be
described by a partial-slip boundary condition. Therefore, the
physical origin of interfacial shear stress and the resulting
partial-slip boundary condition in clean systems remains poorly
understood.

Another factor that influences the microscopic behavior of
multiphase flow is the shape of the air—water interface. When
water is confined within small pores, the air—water interface is
curved rather than flat because of the increasing capillary
pressure at decreasing scales. The impact of meniscus shape on
fluid flow has been discussed in the literature.""'*~>* Ransohoff
and Radke' reported that an increasing contact angle
diminished the available area for flow and thereby caused a
greater resistance to flow. Such a curved air—water interface can
also induce additional energy dissipation as compared to that of
a flat interface, resulting in a lower effective slip length.”***

The growing interest in microfluidic technology and
advances in computational and observational methods now
enable the resolution of micrometric flow processes. Boundary
conditions can be deduced indirectly by measuring forces
between surfaces and interfaces using, for example, a surface
force apparatus (SEA)** or atomic force microscopy
(AFM)"™* or determined directly using microparticle image
velocimetry (u-PIV)."”?° Since its introduction by Santiago et
al,”” the u-PIV method has become a standard tool for
measuring fluid velocity in microfluidic devices for near-wall
flow, single-phase and multiphase flow, steady and turbulent
flow, and pressure-driven, surface-tension-driven, and electro-
kinetic flow.

This work extends our previous research on air—water
interfacial behavior in capillary channels'” by examining the
physical origin of the observed limited mobility of the small-
scale air—water interface. Particle tracking by means of confocal
microscopy enabled the experimental determination of air—
water interfacial shapes and flow velocity profiles in open
rectangular microchannels with a range of opening sizes (0.6—
5.0 mm). The results were compared with theoretical analyses
that examined the influence of the air—water interfacial shape
and boundary conditions on the flow pattern in open-square
channels.

B THEORETICAL CONSIDERATIONS

Meniscus Shape between Two Vertical Walls. We
employed two approaches to calculate the meniscus shape of an
air—water interface confined between two vertical walls with
spacing ranging from 0.1 to 5.0 mm. The first approach
involved the calculation of the exact meniscus shape under
static conditions by balancing gravitational and capillary
pressures (Supporting Information, S1)
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where «x is the distance measured horizontally from one wall of
the channel (m), & is the local height of water (m), p is the
density of the bulk phase (kg m™), & is the surface tension (N
m™'), and R is the local radius of curvature (m). The reference
radius of curvature is defined as Ry = w/(2 cos 6), which is the
radius of a circle passing through the two contact points on the
vertical walls with the prescribed contact angle @ between the
liquid and the vertical walls. w is the width of the channel (m).
The reference height h, represents the average height (m)
(measured from the bottom of the channel) of the meniscus or,
equivalently, the height of the air—water interface if the
interface is flat. The boundary conditions on the vertical walls
(e, x = 0) satisfy
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Because we assume that the two vertical boundary walls are
identical, the meniscus shape is symmetric about x = "/,;
therefore,

dn —0

dx x=w/2 (3)
and only half of the meniscus (from x = 0 to ¥/,) needs to be
computed.

The second approach calculates the meniscus shape
neglecting the gravity effect and assuming a constant mean
curvature for the whole interface (i.e., a circular meniscus). The
mean curvature depends on the contact angle between the
liquid and the wall. The meniscus shape based on this approach
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In fact, eq 4 can be derived from eq 1 by simply setting the left-
hand side of eq 1 equal to zero (Supporting Information, S2).
Namely, eq 4 represents a limiting-case solution of eq 1 when w
approaches zero or under a microgravity condition, and as such
the capillary force completely dominates the entire air—water
interface.

In general eqs 1—3 were solved numerically, and the solution
was compared to that of eq 4. When the spacing between two
vertical walls increases, the interfacial curvature at the center
position decreases when other parameters are kept constant.
This indicates the increasing influence of body forces such as
gravity relative to the capillary force on the meniscus shape.
Therefore, by comparing the exact meniscus shape calculated
from eq 1 with the approximation assuming the meniscus to be
a circular arc (eq 4), we can infer the importance of the
capillary effect in the system.

Flow in Open Capillary Channels. We considered the
steady-state motion of an incompressible viscous fluid through
a straight microchannel. For 1D flow in the z direction (Figure
1), the inertial term is identically zero. The flow is governed by
the balance of the pressure gradient and the viscous term,
namely, the Stokes equation®®

d
V=12
udz (%)
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1. Microscope ]
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Figure 1. Schematic diagram of the experimental setup.

where v is the velocity component in the z direction (m s™), u
is the viscosity (N s m™) of the bulk phase, and dp/dz is the
pressure gradient along the channel (Pa m™).

The no-slip boundary condition is commonly applied at the
solid—water interface as*®

v=20 (6)

At the air—water interface, the boundary condition is described
in the following form®!

uVv-ii = 1, 7)

where # is the unit outward normal to the interface and 7, is the
interfacial shear stress (N m™) that acts in the direction
opposite to the direction of the bulk liquid flow. Mathemati-
cally, 7y = O represents a stress-free surface whereas 7, < 0
corresponds to a partial-slip boundary.

The Stokes equation (eq S) was applied to model measured
flow velocity profiles in the experimental microchannels, where
the air—water interfaces were not pinned at the edges and did
not reach the channel bottoms (Figure 1). The cross-sectional
liquid-filled area was assumed to be rectangular by neglecting
the flow in the contact line region. As a result, the partial
differential equation over a rectangular domain can be solved
analytically by the separation of variables. The following
dimensionless variables were introduced: u = —vu/w* (dp/dz),
X = x/w, and Y = y/h. Under this scaling, the governing
equation (eq S) and boundary conditions (eqs 6 and 7) have
the form
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where s = w/h is the aspect ratio and 7 = (74h)/(w*(—dp/dz))
is the dimensionless form of the interfacial shear stress.
The analytical solution of the above equations is
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By fitting eq 13 to experimentally measured velocity profiles
at the channel center, x = "/,, two parameters that characterize
the interfacial and flow properties (i.e., the interfacial shear
stress and pressure gradient) were obtained. The computation
was performed using a least-squares fitting procedure.

We also examined the effects of different types of boundary
conditions at the air—water interface on the cross-sectional flow
pattern. When unidirectional flow through an open-square
microchannel was considered, the velocity distribution was
calculated by solving eqs 5—7 by assuming a flat air—water
interface. The governing equation was set as V?u = 1, and the
boundary conditions at the open surface were u = 0, 7 = —0.2,
and 7 = O representing no-slip, partial-slip, and stress-free
conditions, respectively. In addition, we considered flow pattern
with a curved air—water interface subjected to the above
boundary conditions. The curvature k, the reciprocal of the
interfacial arc radius, was arbitrarily set to 1.6. The unit square
domain in transformed variables X and Y was chosen because
the Stokes equation solved over a rectangular area can be
reduced to a dimensionless form over a unit square domain.
The partial differential equation (eq 8), together with the
boundary conditions (eq 9—12), was solved numerically using
the “pdetool” toolbox in Matlab.

B EXPERIMENTAL MATERIALS AND METHODS

Experimental Setup. A schematic representation of the
experimental setup is given in Figure 1. The confocal laser scanning
microscope p-PIV system (Zeiss S LIVE DUO, Carl Zeiss,
Oberkochen, Germany) consisted of an inverted microscope, a
confocal scanning unit, a laser with an excitation wavelength of 488
nm, and a high-speed camera. This system has the capability to acquire
a series of in-focus images by means of depth-wise optical slicing,
allowing 3D image reconstruction.” Two air-immersion objective
lenses with magnifications of 10X and SX and corresponding
numerical apertures of 0.3 and 0.25, respectively, were used. A more
detailed description and working principles of the y-PIV system can be
found in another reference.*

Rectangular Glass Microchannels. The open microchannels
were made from rectangular glass tubing (Friedrich & Dimmock Inc.,
Millville, NJ), which was cut lengthwise and embedded into a waxy
base. Five microchannels with different inside dimensions (w X H) of
0.60 mm X 0.42 mm, 1.00 mm X0.70 mm, 2.00 mm X 1.60 mm, 3.00
mm X 2.60 mm, and 5.00 mm X 4.40 mm were used. The opening
length of the microchannels was 40 mm in the axial direction for all
channels except the 5.0 mm, which was 100 mm long. The lengths
were selected to allow flow to develop fully in the channels. The inlet
and outlet of the microchannel were connected directly to a precision
syringe pump (PHD, Harvard Apparatus, Holliston, MA) using plastic
tubing. The microchannels were reused for repeated experiments after
a thorough cleansing, following the procedure described by
Lazouskaya et al.'”

Working Fluid and Tracers. The working fluid was deionized
water seeded with 1.0-ym-diameter fluorescent particles (Molecular
Probes Inc, Eugene, OR) as flow tracers. The particles were
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carboxylate-modified, hydrophilic, yellow-green, surfactant-free latex
microspheres with a mass density of 1.055 g cm™3, which is close to the
density of water such that the gravitational force is balanced by the
buoyancy force. We used a dilute particle suspension of 1 ppm
concentration (ie, 1.4 X 10° particles mL™") in all experiments. To
ensure a monodisperse state, both concentrated and dilute colloidal
suspensions were sonicated in an ultrasonic bath (Ultramet, Buehler,
Lake Bluff, IL) for 1 min before use.

To examine whether the addition of colloid tracers would change
the solution surface tension, we measured the surface tension of
suspensions (0.16 mM NaHCO;) at different colloid concentrations of
0,2, 4, 6,8, and 10 ppm using the du Noiiy ring method with a KSV
sigma 700 tensiometer (KSV Instruments Ltd., Helsinki, Finland). All
measurements were performed at room temperature (20 °C). The
measurements gave an average surface tension of 7.19 X 102N m™
with a small standard deviation of 9.33 X 10~° N m™, which indicates
that the addition of colloids did not alter the solution surface tension.

p-PIV Experimental Protocol. We conducted a series of flow
experiments at a mean velocity of ~0.50 mm s™". Optically sectioned
images were captured along the y axis (Figure 1) at a step size of either
50 or 100 pum at a resolution of 512 pixels X 512 pixels with a 12-bit
gray scale and a scan rate of 20 frames s™'. The objective lens focused
on the middle between the inlet and outlet of the channels. Particle
tracking software Volocity S’ (PerkinElmer Inc.,, Waltham, MA) was
used to analyze the images to calculate the particle velocities and
construct the velocity profiles. The location of the channel center x =
“/, (Figure 1) was estimated by applying a quadratic equation to the
measured velocity profiles along the x axis at each layer to overcome
the difficulties in directly determining the positions of microchannel
walls from the images. Location x = "/, acquired using this method
was extended to the top layer (air—water interface: y = h). The velocity
on the bottom layer (liquid—solid interface: y = 0) was assumed to be
0 (i, no slip).

To ensure steady-state flow, images were captured approximately 30
min after the initiation of each experiment when the configuration and
position of the air—water interface remained unchanged over the
observation time spans. Evaporation, which has been identified as a
source of potential error (e.g., inducing the Marangoni effect, changing
mass balance, etc.),>’ was minimized by placing the microchannel
inside a closed chamber packed with moist sponges during each
experiment.

Visualization of Air—Water Interfacial Shape. We also
conducted experiments to characterize the static air—water meniscus
shape using the same experimental setup shown in Figure 1.
Rhodamine B isothiocyanate (Sigma-Aldrich, St. Louis, MO) was
added to the working fluid to improve the imaging quality of the
interface. Three-dimensional configurations of air—water interfaces
were built from stacks of 2D images with a section depth of 8.17 ym
for 0.6 mm and 2.0 mm channels and 40.3 ym for the 5.0 mm channel,
respectively.

B RESULTS

We present results from a large number of captured confocal
images that were analyzed for particle velocities to provide
quantitative flow-field descriptions in the microchannels. Figure
2 is a representative transverse 2D velocity map, constructed for
the 0.6 mm channel with a mean velocity of 0.514 mm s/,
showing that the air—water interface was mobile and the
maximum velocity was located in the middle of the channel.
This finding indicates that the air—water interface was not
stress-free. It should be noted that although the liquid was
flowing with a curved interface (Figure 3) the velocity
distribution was measured for a rectangular area by neglecting
the contact line regions where we observed flow reversal.
(Movie 1 is given in the Supporting Information, showing
colloid tracers in the contact line region moving in the direction
opposite to the bulk flow.)

i i
| wall wall |
i
il

Figure 2. Representative 2D velocity distribution profile measured in

the 0.6 mm channel at a mean velocity of 0.514 mm s™".

The flow pattern and interface characteristics were further
examined through 1D velocity profiles (Figure 4) constructed
on the basis of velocities measured at the center of each of the
five microchannels, ranging in size from 0.6 to 5.0 mm. These
profiles all have similar shapes and, to some extent, resemble
Poiseuille flow, a typical flow pattern found in fully developed
incompressible flow in a closed capillary conduit. However,
unlike Poiseuille flow, the profiles are not completely
symmetrical from the solid—water interface (at the channel
bottom) to the air—water interface because the velocities did
not vanish at the air—water interface. For a given mean flow
rate, although velocities at the air—water interface in different
channels were not significantly different, the maximum velocity
in the profile decreased with increasing channel size from 0.88
mm s~ (0.6 mm channel) to 0.65 mm s~ (5.0 mm channel).
In addition, the position of the maximum velocity shifted closer
to the interface with increasing channel size.

We calculated velocity profiles for the same channel
dimensions by solving the Stokes equation (eq S) assuming a
partial-slip boundary condition (eq 7, —c0 < 7 < 0) at the air—
water interface, fitted the solutions (eq 13) to experimentally
measured profiles, and estimated surface shear stress values and
the pressure drop for each channel (Table 1). The theoretical
and experimental velocity profiles matched very well (Figure 4).
In addition, for the same mean flow rate, the value of the
dimensionless interfacial shear stress increased (i.e., became
more negative from —0.059 to —0.136) as the channel size
decreased from 2.0 to 0.6 mm whereas it remained relatively
constant for 2.0, 3.0, and 5.0 mm channels (Table 1).
Furthermore, the fitted pressure drop across each channel
increased (i.e., became more negative from —0.8 to —59.8) as
the channel size decreased (Table 1). These results indicate
that the interfacial shear stress and thus the air—water interface
mobility are functions of the channel size.

Our measurements confirm that the air—water interface
confined in small channels was curved rather than flat (Figure
3). Experimentally determined interfacial shapes for channel
sizes of 0.1, 0.6, 2.0, and 5.0 mm were in reasonable agreement
with calculated values using eq 1 with 6 =722 mJm™> p =
1000 kg m, g=98m s7%, and @ = 14°. Moreover, for small
channels with sizes of <2.0 mm (Bo < 0.144), the interface
shapes are similar to those approximated on the basis of circular
arcs of equal size (eq 4). However, for larger channels with sizes
>2.0 mm, the interfacial curvature decreased along the interface
receding from the wall.
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Figure 3. Calculated meniscus shapes for water confined between two vertical glass plates with spacings of 0.1, 0.6, 2.0, and 5.0 mm and measured
air—water interface shapes in 0.6, 2.0, and 5.0 mm channels (0 < x < */,). Note that H(x) = h(x) — hy, where h(x) is the meniscus shape function.

To evaluate the effect of boundary conditions and interfacial
shape on the flow characteristics in open microchannels, we
performed theoretical calculations of 2D velocity distributions
over a unit square domain for a flat (Figure Sa—c) and a curved
air—water interface (Figure Sd—f) with an arbitrary curvature of
k = 1.6 for three boundary conditions at the air—water
interface: no slip, partial slip, and stress free, respectively. Our
analysis shows that the maximum normalized velocities were
higher in channels with a flat air—water interface at 0.073,
0.082, and 0.114 for the three boundary conditions,
respectively, than the corresponding values with a curved
interface at 0.038, 0.043, and 0.060. The increased shear stress
associated with a curved interface decreased the maximum flow
velocity as well as lowered the location (i.e., was closer to the
channel bottom) where the maximum velocity was measured.
Figure Se, calculated for flow with a curved air—water interface
and a partial-slip boundary condition, resembled most closely
the experimentally measured 2D velocity map (Figure 2).

Additional calculations compared the effect of interfacial
shear stress (7) and curvature (k), respectively, on the velocity
profile in the center of the channel (Figure 6). The results
clearly show that by changing the boundary condition from
stress-free to partial slip and then to no slip (ie., 7 = 0, —0.0S,
—0.1, and —0.2 and u = 0) the velocity profile changes its
pattern from half parabolic to partially parabolic (the case
similar to our experimental observation) and to parabolic
(Figure 6a; k = 0), demonstrating how interfacial shear stress
causes a significant change in the flow field in an open capillary
channel. However, at a given shear stress value (z = —0.2), a
change in interfacial curvature had no significant impact on the
velocity profiles, and they essentially overlapped with each
other (Figure 6b, k = 0, 1.6, 1.9, and 1.97).

B DISCUSSION

Partial Slip Air—Water Interface and Origin of
Interfacial Shear Stress. The air—water interface has, in
general, been treated as a stress-free boundary when modeling

two-phase flow because the density and viscosity of air are
much lower than those of water. Our directly measured velocity
profiles in open capillary channels suggest that the interface is
not stress-free and is better represented by a partial slip
boundary condition. Similar results in various experimental
settings (e.g., open capillary channels, air bubbles, and moving
meniscus) have been reported by others.'>™"*

The rigidity or limited mobility of air—water interfaces can
result from surface tension gradients or the spatial variation of
surface energy due to one or more mechanisms.*> The presence
of minor impurities in experimental systems could lead to a
partial-slip or even a no-slip boundary condition at air—water
interfaces.'> The addition of colloidal tracers to the fluid could
be a potential source of interfacial contamination causing
alterations in the interfacial rigidity in our study. However,
surface tension measurements of colloidal suspensions at
various concentrations (0 to 10 ppm) did not show surface
tension changes in these samples. Additionally, our results and
the derived interpretation of the effects of channel size on
interfacial mobility would not be affected even if the added
colloidal tracers slightly varied the fluid properties because the
same tracer fluids were used in all experiments.

Our finding that interfacial shear stress increases with
decreasing channel size suggests that air—water interfaces in
small confined regions cannot be treated as entirely isolated
from their surrounding no-slip solid—water interfaces and
three-phase contact lines. In the capillary channels used in our
study, the air—water interface near a channel wall tends to be
stationary whereas it attains a larger velocity away from the wall.
This lateral velocity gradient across from the channel wall to its
center has to be balanced by a tangential hydrodynamic stress,
which gives rise to finite shear stress at the interface.®® As the
spacing between confining walls decreases, the gradient
increases and thus leads to larger interfacial shear stress. The
dependence of the interfacial behavior of an air—water interface
on its proximity to a solid surface has been speculated on or
demonstrated in earlier studies.'*'” In particular, Chan et al."*
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Figure 4. Experimental and theoretical fitted velocity profiles in the middle of the 0.6, 1.0, 2.0, 3.0, and 5.0 mm channels (mean velocity ~ 0.5 mm
s7!). The y axis shows the relative vertical position, which is the measurement location normalized by the water height. The error bars are based on

three repeated runs.

Table 1. Experimental Conditions and Fitted Parameters

w (mm) H, (mm)® h,, (mm)® H,/w T dp/dz (Pa m™)
0.6 0.42 0.36 0.600 —0.136 —59.847
1.0 0.70 0.45 0.450 —0.083 —31.755
2.0 1.60 0.75 0.375 —0.059 —9.264
3.0 2.60 1.10 0.367 —0.054 —-3.750
5.0 4.40 2.30 0.460 —0.075 —0.828

“Hy: height of the channel (mm). “h_.: height of filled water at the
center of the channel (mm).

reported that a bubble’s air—water interface was stress-free
when the bubble was far away from a TiO, substrate and
became more rigid as it approached the substrate.

In addition to channel size, the fitted shear stress also
depends on the interfacial curvature, which affects both the
cross-sectional area and proportion of the air—water interface in
the total length of mixed boundaries. As the channel size

12758

decreases, the interfacial curvature and shear stress increase
simultaneously, making it very difficult to differentiate their
individual contributions to the increased interfacial shear stress.
However, the variation of fitted interfacial shear stress for
differently sized channels was not expected to be due to the
difference in interfacial curvature for two reasons. First, for
channels with sizes of <3.0 mm, the interfacial curvatures were
all similar to circular arcs (Figure 3). Second, the cross section
used for fitting interfacial shear stress was assumed to be
rectangular where the air—water interface was flat. The
overlapping velocity profiles with different interfacial curvature
values ranging from flat to x = 1.6 (Figure 6b) further indicate
that neglecting the interfacial curvature was not the cause of the
size effect on the interfacial shear stress.

Although the increased interfacial shear stress with
decreasing size for channels with <3.0 mm width was likely
caused by the confinement of the no-slip walls, it remained
relatively constant for the larger channels (Table 1). This
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cases, respectively.
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Figure 6. Theoretical velocity profiles at the center of the channels obtained by solving equation V*u = 1 over a unit square domain under different
shear stresses (7 = 0, —0.05, —0.1, and —0.2 and u = 0; k = 0) and interfacial curvatures (k = 0, 1.6, 1.9, and 1.97; ¢ = —0.2).

Table 2. Dimensionless Numbers

w (mm) a (mm)“ v, (mm s~") Ca®
0.6 0.16 0.514 7.35 X 107
1.0 0.24 0.494 7.06 X 107°
2.0 043 0.463 6.62 X 107
3.0 0.63 0.505 7.22 % 107°
5.0 1.20 0.483 6.90 X 107°

Bo® Re? Pe* B
0.013 0.084 1458 2.557
0.036 0.116 1400 1772
0.144 0.197 1312 1.320
0.324 0.319 1432 0.842
0.901 0.576 1369 0.644

“Characteristic length of the channel (mm), a = wh/(2h + w). bCapillary number Ca = (v,u)/0. “Bond number Bo = (pgw?)/ (40 cos® 0). dReynolds
number Re = (av,p)/p. Peclet number Pe = (2rv,,)/D,, where D, is the diffusion coefficient of particles with radius r(m) and Dy = (kT)/6mur,
where k is the Boltzmann constant and T is the temperature.”’Boussinesq number B = y./((u; + pi,)w) = 1/M, where p is the interfacial viscosity (N
s™") and y, and p, are the viscosities of neighboring phases (i.e., liquid and gas (N's m™2)). The viscosity of the gas phase is neglected in this system.

suggests that the physical origin of interfacial shear stress is
likely different in small and large channels.** To compare the
competing physical phenomena, we calculated dimensionless
numbers (Ca, Bo, Re, and Pe) for all experiments (Table 2).
Especially insightful is the Bond number (Bo), which compares
the relative contribution of gravitational and capillary forces in
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affecting flow behavior in differently sized channels. The
calculated Bo values increased as the channel size increased,
indicating that capillarity dominates only on small scales and
that on large scales gravity makes a considerable contribution
and therefore cannot be ignored. The calculation of meniscus
shapes shows that for channel sizes of <2.0 mm the capillary
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force dominated and for larger channels with sizes >2.0 mm the
interfacial curvature was affected by both capillarity and gravity.
The commonly used criterion for distinguishing between small
and conventionally sized channels in engineering applications is
3 mm.* This coincides with the results from the calculation of
meniscus shapes as well as the interfacial shear stress fitted by
experimental data, where the interfacial shear stress increased as
the channel size decreased when the channel size was less than
3 mm. The shape of the cross section, the roughness of the
channel walls, and the presence of bends or a small disturbance
at the entrance were proposed as possible causes of unequalized
shear stresses on both sides of the channel and of the maximum
velocity below the surface.*® This has also been observed in
open water systems such as rivers and streams, where the
maximum flow velocity often occurs at ~'/; depth below the
water surface,”** with a typical flow profile similar to that in
Figure Sb.

Flow Pattern Affected by Interfacial Shear Stress. The
importance of whether fluid—fluid interfaces during flow in
porous media are rigid or mobile has been discussed in the
context of flow and transport in porous media.***** It has been
suggested that finite velocities exist at fluid—fluid interfaces and
that they affect the macroscopic permeability of the media.*
Our study provides experimental evidence that, for flow with
mixed boundaries where the air—water interface is bounded by
no-slip solid surfaces, the boundary condition at the air—water
interface would likely change with the pore size to become
more rigid as the pore size decreases. Our results suggest that
treating the interface as stress-free would lead to an
overestimation of macroscopic permeability.

We show in this study that both the boundary condition
(interfacial shear stress) and interfacial curvature affect two-
phase flow and transport. Flow resistance § (or friction factor),
defined as'""’

i)
p=—|-—

Hun\  dz (14)
where v,, is the mean flow velocity (m s™'), is frequently used
to characterize flow efliciency in systems such as capillary or
microfluidic channels. This relationship indicates that the flow
resistance increases with decreasing mean flow velocity, which
is in turn controlled by the interfacial shear stress. In
microchannels where the surface area to volume area ratio is
large, interfacial shear stress contributes to increased flow
resistance and leads to a decreased effective slip length.”!
Interfacial shear stress is therefore considered to be an
important parameter in the design of micro- and nanofludic
channels. For example, by making channel surfaces rough (ie.,
making them superhydrophobic by trapping air and creating
air—water interfaces), flow resistance can be reduced and the
effective slip length can be increased. Numerical simulations of
the effective slip length have been found to overestimate the
total effective slip length.'"** The overestimation has been
attributed to treating the air—liquid interface as flat, thus
neglecting interfacial curvature. Our analysis suggests that
treating the interface as stress-free and thus ignoring the
interfacial shear stress may be another source of overestimation
in previous studies.

The observed reverse flow (ie., the direction of flow is
opposite that of bulk flow) in the contact line region also likely
resulted from the interfacial shear stress that originated from
adjoining channel walls. This conclusion is consistent with our

theoretical analysis where reverse flow along the contact lines
was generated by solving the Stokes equation with a partial slip
boundary and a curved interface (Figure Se), indicating that the
generation of reverse flow can be a direct result of altered
interfacial shear stress at a curved interface. By imposing
different values of the interfacial shear stress on flow in a wedge,
Su et al.*® showed the occurrence of reverse flow near the
interface when shear stress was opposing the flow direction.
The phenomenon of reversed flow in the contact line region
has been reported in the literature, which was attributed to
asymmetric flow around the gas phase or a Marangoni'” effect
due to local variations in the interfacial tension or temperature.
Although the possibility of thermal Marangoni flow due to heat
emanating from the microscope could not be completely ruled
out, this effect was likely very small because of the short
duration of the experiments. Our results indicate that the
combination of interfacial shear stress and curvature, both
characteristics of microscale flow, are the two essential factors
that can give rise to the reverse flow phenomenon.

B SUMMARY

We examined the boundary condition at the air—water interface
and flow pattern on the microscopic scale in capillary channels
that are representative of small isolated flow regions found in
natural porous media. Experimentally measured velocity
profiles showed that the air—water interface possesses some
degree of rigidity that increases with increasing flow confine-
ment (i.e, decreasing channel size). The observations can be
described by the Stokes equation by invoking a partial-slip
boundary condition at the air—water interface. The dominant
effect of capillary forces in confined flow regions leads to the
observed interfacial curvature and shear stress, which in turn
lead to the non-stress-free air—water interface. These results
suggest that conservation-based pore-scale models of multi-
phase flow that treat the air—water interface as wholly isolated
from the surrounding solid—water interfaces (i.., stress-free)
would overestimate the flow rate in porous media. Therefore, a
partial-slip boundary condition should be considered in
describing the free air—water interface taking into account the
effects from adjoining solid—water interfaces and the complex
flow pattern in the contact line regions in microscale flow
where the capillary force dominates. In addition, our study
provides a new explanation for the reported overestimation of
the slip length in microfluidic channels with superhydrophobic
surfaces as well as new insight into how interfacial shear stress
may generate reverse flow in the contact line regions. The
improved physical understanding of surface/interface effects on
flow behavior on the nano- and microscale is essential for an
accurate quantification of a wide variety of multiphase problems
in porous media as well as for the design and manipulation of
flow in microfluidics.

B ASSOCIATED CONTENT

© Supporting Information

Movie 1 shows colloid tracers in the contact line region moving
in the direction opposite to bulk flow. This video recorded the
flow in a 0.6 mm channel with a mean velocity of 0.514 mm s™".
The derivation of the equation governing the static meniscus
shape (eq 1) and its expression in the limit of very small
channel width (eq 4) are shown. This material is available free
of charge via the Internet at http://pubs.acs.org.
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