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The exit of a wetting fluid from a thin microchannel into a sudden expansion is studied experimentally.
In the case of the exit from a single channel, the advancing interface converges to a parabolic shape after
an initial transient, in accordance with the lubrication limit analysis of a spreading drop. The experiments
are then repeated for the exit from two parallel channels. At early times, the two exiting drops behave
independently and display the same evolution as a single exiting droplet, while at late times we recover a
single parabolic profile. The transition between the early and late states is due to the merging of the two
drops, which is associated with a sudden increase in the flow rate. This is the signature of a collective
effect which acts to redistribute the fluid spatially. Finally, the experiment is generalized to the case
of seven parallel channels where a cascade of two-by-two mergings is observed, indicating that local
interactions dominate the dynamics which lead to the global state of the system.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

The filling of a tube with a wetting fluid is a simple matter that
rapidly becomes complex when the tube departs from the sim-
plest circular cross-section, a result already observed by Jurin [1].
Although the physical ingredients are classical, the interaction be-
tween capillarity and geometry leads to surprising results which
motivate current research. Indeed, the presence of angles and cor-
ners in the tube geometry, combined with the value of the contact
angle which is given by material properties, modifies the curvature
of the interface and can thus enhance or retard the entrance of the
fluid into the tube [2,3]. The geometry can have such large effects
that a threshold pressure can exist that blocks the exit of a liquid
through an opening [4], while a convergent channel can produce
movement of a plug with no external driving [5].

Several fields of science and engineering suffer (or benefit) from
this complexity, particularly the flow of immiscible fluids through
a porous medium. The economic impact of these flows, as well
as the interest in the inherent physics of permeation, have moti-
vated a large body of literature on the displacement of one fluid
by another in the presence of a complex geometry, as discussed
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in the review article of Ref. [6]. In this context, microfluidics pro-
vides a useful approach to create model porous media with well
controlled geometries by using photo-lithographic techniques, as
demonstrated by the pioneering work of Lenormand [7,8]. More
recently, the method of designing microchannels with a controlled
complexity has been used in studies motivated by biomechanical
[4,9,10], as well as technological questions [11,12].

In the systems modeling natural porous media, experimental
work has often dealt with the flow of a wetting fluid into a net-
work of obstacles [7,13]. Studies have typically concentrated on the
global shape of the interface which displays a fingering instability
with a fractal structure that extends over a large number of pores
[14,15]. Furthermore, numerical pore-level models have also been
developed to study the global behavior in a network of pores, us-
ing different shapes for the pores and for the channels [16].

Here we develop a microfluidic model to study the imbibition
of a channel by a wetting liquid. We are particularly interested
in the collective effects that occur when the single channel is re-
placed by two parallel channels, thus revisiting the doublet model
of a porous medium described in [17]. We then generalize the ap-
proach to a large number of parallel pores. In contrast with other
studies (e.g. [13]), we focus our attention on the initial exit from
the channels and on the local shape of the interface, rather than
on the global shape over a large number of pores. This approach
10.1016/j.jcis.2008.06.040
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allows for detailed measurements of the interface shape as well as
its temporal dynamics.

Moreover, by imposing that the resistance to flow through the
channel is large, we may consider that the exit from a channel cor-
responds to the exit through a single pore, downstream of a large
porous medium. In this case, the exit from two parallel channels
is a model for studying the collective behavior at any two adja-
cent pores. In a random porous medium, the dynamics that occurs
at the doublet level will be reproduced at many independent loca-
tions.

More generally, our study is also motivated by an analogy
with the electromagnetic transmission through an array of sub-
wavelength holes [18,19]. In these experiments a metallic screen
pierced with sub-wavelength holes is able to transmit more en-
ergy than the total surface of holes should allow. Although the
underlying process of the electromagnetic radiation is local and is
caused by each hole, the transmission exhibits nonlocal character-
istics such as resonance frequencies linked to the pattern of the
metal screen. In the same way, the interactions of the wetting liq-
uid with a small opening is local and influenced by the wetting
properties, geometry, and pressure, but the total flow through a
pattern of holes will show effects of global interactions. A carefully
thought-out parallel between these two kinds of experiment may
provide some insight into the mechanisms in the optics case. It
may lead to the possibility of modeling some aspects of electron–
photon interactions in a sub-wavelength hole array with a wetting
formalism.

Below we begin by describing the experimental setup and
the relevant pressure drops, followed by an analysis of the flow
through a single pore in Section 3. In Section 4, we study the exit
through two parallel channels and compare the results for early,
intermediate, and late times with the single channel case. Finally,
the two-channel results are generalized to a seven-channel case in
Section 5, followed by a summary and conclusions.

2. Experimental protocol and pressure contributions

2.1. Experimental setup

The experiments were conducted in microfluidic channels of
rectangular cross-section, made of polydimethylsiloxane (PDMS) by
using soft lithography techniques, and bonded on a PDMS mem-
brane which is spin-coated on a glass plate. The wetting conditions
are therefore similar for all four channel walls.

As shown in Fig. 1, the geometry consists of a wide (1.2 mm
width) inlet channel which leads to a long (1.6 mm) and thin (72±
3 μm) “impedance” channel. The latter opens into an exit channel,
2 mm wide, at right angles. The height is uniform at h = 50 μm for
all the sections. The two and n-channel experiments use the same

Fig. 1. Image of an empty channel. The fluid flows from left to right.
Please cite this article in press as: C.N. Baroud et al., J. Colloid Interface Sci. (2008), doi:
geometry but with the impedance channel replaced with parallel
channels of the same width.

A constant driving pressure Pdr was applied using a water col-
umn of variable height, connected to a sealed oil vessel. The outlet
of the exit channel was at atmospheric pressure. Different values
of the driving pressure were obtained by varying the height of the
water column, yielding Pdr in the range 100 to 2000 Pa (1–20 cm
of water). The precision on the measurements of the meniscus
height was 1 mm, giving a maximum error of 10% for the low-
est pressure value.

The oil used in all experiments is pure paraffin oil with viscos-
ity η = 0.21 ± 0.01 Pa s and surface tension γ � 25 × 10−3 N m−1.
The stationary contact angle of the oil on the PDMS was measured
at about θ0 � 47◦ ± 2◦ . The flow of the oil into the channels was
recorded using a digital camera, at a rate of 10 frames per sec-
ond with a resolution of 900 × 500 pixels through a microscope at
2× magnification, yielding images with 4 μm/pixel resolution. The
data presented here were all extracted from image analysis codes
written in our lab.

A typical experiment consisted of taking a new (clean) channel,
setting the desired oil forcing pressure, then inserting the oil tube
into the microchannel. A sequence of images was then taken of
the advancing oil/air interface, all parameters being held constant.
Taking advantage of the microfabrication techniques, many copies
of the channels were fabricated in parallel on a single glass slide.
This allowed many experiments to be run in sequence with clean
channels but it also explains the slight variability between different
experimental runs, namely in the impedance channel widths.

2.2. Relevant pressure drops

By taking a characteristic length scale D = 100 μm and typi-
cal velocity U = 1 mm s−1, one obtains a Bond number of Bo =
ρg D2/γ ≈ 3 × 10−3 and a Reynolds number Re = ρU D/η ≈ 4 ×
10−4, where ρ = 850 kg m−3 and g = 9.81 m s−2 are the density
of the liquid and the acceleration of gravity, respectively. There-
fore one may neglect both gravity and inertial effects, expecting
the liquid dynamics to be governed by a visco-capillary regime.
More importantly, the Capillary number (Ca = ηU/γ ) is also small
at the exit of the impedance channel, typically ranging between
10−5 < Ca < 10−2.

In writing the pressure balance across the liquid exiting the
impedance channel, two terms drive the advance of the oil while
two terms resist the flow. The driving terms are (1) the imposed
external pressure, Pdr, and (2) the wetting pressure P⊥

cap. Indeed,
the wetting effects force the fluid to invade the channel even in
the absence of a driving pressure; the magnitude of P⊥

cap may be
obtained from the oil/PDMS contact angle and the size of the gap
between the upper and lower channel walls. Using our experimen-
tal conditions, we evaluate the underpressure inside the meniscus,
which drives the wetting, at 2γ /h · cos(θ0) � 700 Pa.

The dominant term that resists the flow is the viscous pres-
sure drop Ppois. Owing to the low Reynolds numbers, the different
elements of the microchannels can be considered as resistors in se-
ries, or in parallel in the case of the multiple impedance channels.
In each, a linear relation exists between the pressure drop and the
flow rate Q , with the proportionality constant R depending on
the channel geometry and on the oil viscosity. The pressure/flow
rate relation is given by the classical Poiseuille law for rectangular
channels [20], which can be written as

Ppois =RQ = 12η�

wh3[1 − 6 h ∑∞
λ−5 tanh(λ w/h)] Q , (1)
10.1016/j.jcis.2008.06.040
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with h and w the channel height and width respectively and �

the length of liquid in the channel. The wavenumber, λn , may be
written as

λn = (2n + 1)π

2
. (2)

The resistance of the impedance channel is found to be R =
4.7 × 1014 Pa s m−3, while the resistance to flow in the inlet chan-
nel is found to be about an order of magnitude lower, at Rin =
4.1 × 1013. The oil flowing into the exit channel will also resist
motion but that effect is negligible at early and intermediate times.
Since the three resistors are in series, it is clear that the impedance
channel will provide the limiting effect. Care must be taken, how-
ever, in the case of a large number of parallel channels (Section 5),
where the total resistance of the impedance channels is divided by
their number.

The final term which resists the invasion of the exit channel
by the oil is the capillary jump due to the in-plane curvature,
P ‖

cap. This curvature takes on its maximum value as the liquid
first exits the impedance channel and may be estimated by using
a radius equal to the half-width of the channel, i.e. rmin = w/2.
The pressure jump at this maximum value would therefore be
γ /rmin = 700 Pa. This over-pressure rapidly decreases, however, as
the curvature of the interface decreases.

In summary we calculate the oil flow rate by stating that
Pdr + P⊥

cap − P ‖
cap = (R+Rin)Q . For a driving pressure of 800 Pa,

we calculate Q = 2.94 × 10−12 m3 s−1. The measured steady state
value of the flow is 3 × 10−12 m3 s−1, in good agreement with the
model (Fig. 2). Below, we discuss details of the temporal evolution
of the flow.

3. Flow through a single channel

Typical experimental results for the penetration of the oil in a
single channel system are displayed in Fig. 2, where the interface
shape and the total flow rate are shown as a function of time. The
flow rate displays first a gradual decrease when the oil advances in
the inlet channel, then a stronger decrease when it enters into the
impedance channel. This is followed by a second decrease, shown
in the circled region, as the oil exits the impedance channel. This
last decrease is due to the strong in-plane curvature, which begins
to resist the flow through the P ‖

cap term, and which is maximum
at the exit of the channel. Finally, the flow rate reaches a constant
value at late times, indicating that the in-plane curvature and the
viscous dissipation in the exit channel are both negligible.

We shall mainly concentrate on the evolution of the shape of
the oil/air interface as it exits the impedance channel. As seen in
Fig. 2, the location of the interface can be observed with precision
at every moment and we can measure the angle that the fluid
makes with the sidewalls as a function of time. Initially, the fluid
velocity at the contact point is relatively large and the contact an-
gle deviates from its equilibrium value. However, the angle later
decreases to its stationary value as the interface slows down. This
is shown in Fig. 3, where the contact angle is plotted as a function
of the contact point position, for the same data as in Fig. 2. We
observe the contact angle going through a transition period, dur-
ing which it takes a slightly increased value, but then settles to the
equilibrium value for most of the traveled distance.

The shape of the interface is characterized by fitting it with a
circle or a parabola, as shown in Fig. 4. The parabolic fits are plot-
ted in Fig. 4a for four time steps after the drop exits the impedance
channel. They reproduce well the interface shape, especially at late
times, although they seem less precise at early times.

The quality of the fits can be measured by observing the evo-
lution of the relative error as the interface advances and com-
paring the error in the parabolic vs circular fits. This is shown
Please cite this article in press as: C.N. Baroud et al., J. Colloid Interface Sci. (2008), doi:
Fig. 2. Evolution of the flow rate as the fluid exits through a single channel. The
driving pressure is Pdr = 785 Pa. The image shows the location of the oil interface
at a succession of times. For clarity, the time step used in the display is dilated as
the liquid exits the channel, as seen by the apparent jumps in the interface posi-
tion. The time step is dt = 0.1 s for the first period, dt = 0.2 s for the second, and
dt = 0.4 s for the third.

Fig. 3. Contact angle variation with interface position.

in Fig. 4b where the distance between the measured and fit-
ted curves, summed over the whole interface and normalized by∑xmax

xmin
z(x), are plotted as a function of the interface width dx(t). At

early times, the circular fit better captures the interface shape, as
shown by the smaller relative error. However, this trend is rapidly
reversed and the interface becomes more parabolic in shape as it
advances. The parabolic fit reaches the noise floor of our visualiza-
tions for dx � 1300 μm and remains constant.

Although the circular fit is never very bad, it is useful to com-
pare the shape of the interface with both fits in detail. This is done
in Fig. 4c where the differences between the fitted and the real
position are shown. Two details of the interface shape are poorly
accounted for by the circular fit: First, the curvature of the inter-
face does not seem constant, as seen by the systematic departures
of the thick blue line from zero. Second, the value of the contact
angle is poorly reproduced. Indeed, the curve shown in Fig. 4c is
the best fitting circle; the best fitting circle which preserves the
contact angle yields a poor fit. In contrast, the parabolic shape dis-
plays smaller and less systematic error in the shape, as well as
agreeing well with the interface position at the edges.
10.1016/j.jcis.2008.06.040
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Fig. 4. (a) Interface (black thick line) and parabolic fit (yellow) at four different mo-
ments. (b) Normalized error for the circular (!) and parabolic (×) fits, as a function
of dx. (c) Difference between the fitted and observed interface shapes for one image
at late times: Circular (thick blue line) and parabolic (thin red line) fits. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

The parabolic profile of the interface has been predicted by
Greenspan [21] for an axisymmetric drop spreading on a flat sur-
face for cases where the derivative ∂z/∂x is small. Oron et al. [22]
state that this is the “lubrication limit of a circle,” meaning that
it should provide a good approximation of the circle in the limit
of small contact angles. Our measurements confirm that the shape
taken by a spreading drop is indeed parabolic, even though we are
in a confined quasi-two dimensional situation, with relatively large
contact angles.

The interface is therefore a parabola, whose shape is deter-
mined by the contact angle between the oil and the PDMS, that
we denote

z(x, t) = κ(t)
[
x2 − x2

m(t)
]
, (3)

where κ(t) is not a function of spatial coordinates. Furthermore,
the experiments show that the flow rate rapidly reaches a constant
value after exiting the impedance channel, which implies that dx
must increase as t1/2 and that the curvature κ must scale as κ ∼
t−1/2. Both of these results are verified experimentally after the
initial transient during which the interface changes shape.

Finally, the evolution of the apex (zm) of the interface may be
related to the evolution of the contact points at the sides (±xm)
as zm(t) = −κ(t)x2

m(t). In addition, the contact angle between the
PDMS and the oil is given by tan(θ) = −2κ(t)xm(t), which yields
that

zm(t) = tan(θ)

2
xm(t), (4)

which is a linear function of xm(t) if the contact angle is constant.

4. Two parallel channels

Experiments performed in the previous section are repeated
here with two parallel impedance channels, separated by a dis-
tance d which ranges from 200 to 500 μm. The goal is to charac-
terize the differences in the flow rate and in the interface geometry
between the flow with two channels and the flow with a sin-
gle channel. The shape of the exiting interface is shown on the
spatio-temporal plots in Fig. 5 for the three channel separations.
We observe that two independent drops are formed initially at the
exit of each channel and they grow in parallel. As the two inter-
faces begin to cover a distance comparable with the dimension d,
Please cite this article in press as: C.N. Baroud et al., J. Colloid Interface Sci. (2008), doi:
Fig. 5. The shape of the advancing interface for two impedance channels, separated
by (a) 200, (b) 300, and (c) 500 μm. The flow here is from the bottom to the top.
On all three figures, the driving pressure is 1200 Pa and the interface positions are
separated by 0.1 s.

they start to interact, merging rapidly together when they meet. As
one may expect, the shape of the interface relaxes to a parabola at
late times, since the two channels look like a single (larger) chan-
nel if seen from far away.

The evolution of the flow rate with time is shown in Fig. 6.
As in the single channel case, we observe a rapid decrease of the
flow rate when the fluid enters the impedance channels, as well
as an additional decrease when the interfaces reach the exit chan-
nel and change their curvature. This slowing down of the exiting
drops acts to synchronize the two drops, in cases when they may
have entered the channels at slightly different times. However, the
merging of the two exiting drops strongly modifies dynamics by
producing an overshoot in the flow rate, seen in the bump around
t = 3 s. This increase can be understood by considering the nega-
tive curvature generated by the touching interfaces, which modifies
the pressure balance by producing an additional capillary driving
pressure. Finally, the flow converges toward a steady state value
determined by the viscous resistance of two impedance channels
in parallel.

The overshoot in the flow rate is associated with the transient
during which the interface shape is out of equilibrium. The relax-
ation back to the late-time parabola may be explored by focusing
our attention on the maximum position along the z direction, zm ,
as a function of the width covered by the interface (dx). The evo-
lution of zm(dx) is plotted in Fig. 7a for the single and double
channel cases. In the single channel case, zm smoothly increases af-
ter the exit from the impedance channel, approaching the straight
line zm/ tan(θ) = dx/4, derived in Eq. (4). Here the mean steady
state value of θ is used for all four experimental curves.

As expected, the curves for the two channels are related to
the single channel case both initially and at long times: At the
early times, the evolution for each exiting drop is identical to the
single channel situation, as shown in Fig. 7b where the distance
(d) between the inlet channels is subtracted from dx. We see that
this leads to an exact superposition of zm for all cases, indicating
10.1016/j.jcis.2008.06.040
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Fig. 6. Evolution of the total flow rate through the two-channel system, for
Pdr = 1200 Pa and d = 500 μm.

Fig. 7. (a) Evolution of the modified maximum position (zm/ tan(θ)) with respect
to the width of the parabola (dx) for a single channel (!) and for two channels
separated by 200 μm (∗), 300 μm (E), and 500 μm (P). The straight line represents
dx/4. (b) Same data with the interchannel distance (d) subtracted. (c) The interface
before, during, and after the transition. See text for details.

that each drop initially exits as if it were isolated. At late times,
the interface indeed relaxes to the parabolic shape since the dual-
channel curves all relax to the dx/4 asymptote.

The transition between the two states occurs through the merg-
ing, which corresponds to the kink in the zm(dx) curves. Indeed,
the merging produces a rapid movement of the interface in the
z direction, while the velocity of the contact points is reduced
significantly. This is also observed in Fig. 7c where the three im-
portant steps for the interface shape are displayed: just before
merging, just after, and near the parabolic shape. The passage from
just before to just after is very rapid [23] and is not resolved by
our imaging frame rate. The dynamics during this phase, corre-
sponding to a large transient value of the capillary number, is
driven by the large local curvature which yields correspondingly
large flux locally. However, this transient only lasts until the cur-
vature decreases, since the viscous diffusion time is very short
(τvisc = h2ρ/η � 10 μs) and viscosity rapidly dissipates any large
velocities that may appear.

This fast transient is followed by the rate limiting step which
is estimated by writing an equilibrium between the pressure im-
balance due to the curvature variations and the viscous resistance.
Indeed, the interface quickly reaches a situation where it is curved
Please cite this article in press as: C.N. Baroud et al., J. Colloid Interface Sci. (2008), doi:
Fig. 8. Advance of an interface through seven independent channels. The time sepa-
rating each line is 0.1 s.

near the contact points and flat in the central region, which leads
to a redistribution of the fluid due to the unequilibrated Laplace
pressure. Using the parabolic approximation of the interface shape,
we may therefore write

�P ≈ γ

κ
≈ γ tan(θ)

d
. (5)

This driving pressure is balanced by the viscous pressure term,
which may be approximated by the Hele–Shaw formula as

�P ≈ 12η

h2
LV , (6)

where L is a characteristic distance traveled by the fluid and V
a characteristic velocity of the interface. Geometric considerations
give L ≈ d/2 and V ≈ L/T with T the time to go from one state to
the other. Equating Eqs. (5) and (6) yields

T ≈ 3ηd3

γ tan(θ)h2
, (7)

which leads to T200 � 0.1 s, T300 � 0.3 s, and T500 � 1.3 s for
d = 200, 300 and 500 μm, respectively. These values are consis-
tent with the times observed in Fig. 7a which can be obtained
by counting the points that separate the kink from the asymptotic
curve and recalling that they are separated by dt = 0.1 s.

5. n-Channels

The results from the two-channel experiments can be general-
ized to a large number of parallel channels. For this, the exper-
iments above were repeated using seven parallel channels, sepa-
rated by d = 200 μm, using different forcing pressures. As in the
doublet case, the initial exit of the interface reproduced a sin-
gle channel exit and the late times displayed the parabolic shape.
Interestingly however, most merging events that we recorded in-
volved only two adjacent drops while less than 10% involved three
(see Fig. 8). We never observed mergings that simultaneously in-
volved a large number of channel exits. The newly formed inter-
faces merged again by groups of two and so on.

The evolution of the interface after each merging event is sim-
ilar to the evolution in the doublet case: The curvature is high
near the edges while the interface is flat between the two chan-
nels. As seen in the curves of Fig. 7, this state redirects the fluid
into the center of the newly merged interface, temporarily pre-
venting the drop from spreading laterally and by the same token
preventing further mergings from taking place. This explains why
the two channel merging is the most probable dynamics. Its main
consequence is that only local interactions act on the flow at early
times, the interactions remaining local until there is only one con-
tinuous interface. There are therefore no delocalized interactions
10.1016/j.jcis.2008.06.040
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Fig. 9. Evolution of zm as a function of dx for the single channel case as before (!)
and for the seven channel case (). The straight line represents dx/4.

propagating on the scale of several channels, thus justifying the
study of the two-channel case as the basic ingredient that leads to
the large scale behavior.

At the end of the merging cascade, the curvature is again high
near the two extreme channels and almost nil on the rest of the
interface. Given the large separation between the end channels, the
interface relaxes to its parabolic shape over a long period, given by
the total size of the network. During this time, the lateral veloc-
ity of the fluid is slow and the flux is largely directed towards
the central region (Fig. 9). Note that an important consequence
of this flow regime is that the seven channels are not equiva-
lent and cannot be treated as resistors in parallel, since the flux
is unevenly distributed among them. In this way, the strictly local
interactions of the binary mergings have a global impact on the
flow distribution and on the total resistance of the network. Finally
the interface converges toward the parabolic shape observed previ-
ously. This situation resembles the parabolic solution predicted for
a drop spreading and imbibing a porous medium [24], although
the flux through the holes representing the porous medium is re-
versed in this case.

6. Summary

In summary, the study of the flow of a wetting liquid through
a single control channel was studied. While the pressure balance
yielded a good estimate for the flow rate, the interface was found
to depart significantly from circularity and to take a parabolic
shape. This result is in agreement with the lubrication theory anal-
ysis [21], although our contact angles significantly depart from
zero.
Please cite this article in press as: C.N. Baroud et al., J. Colloid Interface Sci. (2008), doi:
The results for the single channel were found to give an ex-
cellent basis for the short and long term behavior of fluid going
through doublets or multiple channels. The transition between the
early and late times was dominated by the capillary phenomena
of the merging and involved a temporary increase in the flow rate,
due to an additional capillary underpressure term, during a time
which is given by a balance between the underpressure and the
viscous drag. This signature of collective behavior operated on a
two-by-two basis, even in the case of a large number of parallel
channels.

The collective behavior in the advance of a fluid into a com-
plex geometry has been a subject of interest in many areas of
science and technology for a long time. The capabilities offered
by microfluidics and image analysis offer a new way to model
these questions. We have considered in this article the simplest
geometry of flow exiting a single control channel, a doublet, and
seven identical parallel channels. This work can now be extended
to more complex geometries involving for example sub-groupings
of channels or channels with nonparallel walls.
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