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a b s t r a c t

We report a comprehensive and systematic study on of liquid bridge dynamics inside microchannels
subject to external pulsatile flows. A pulsatile body force is applied on both liquid bridge and surrounding
fluid to represent a pressure-driven flow. The Cahn–Hilliard diffuse-interface model is used to determine
the interfacial evolution and the three phase contact line motion on the solid substrates. Effects of the
walls’ wettability (θ ), pulsatile flow frequency (ω), ratio of oscillation amplitude to the net body force
(e), viscosity ratio (Rv), liquid bridge geometrical aspect ratio (Wh), and density ratio (Rd) are analyzed.
Results indicate that inertial forces effects on the liquid bridge dynamics are relatively more important
under pulsatile flow conditions in comparison with steady state flows with the same net force. However
these effects did not result in important qualitative changes. Examination of the effects of the flow
frequency revealed that at low ω, the bridge goes through strong deformations that lead to breakup
or detachment. A non-monotonic variation of the rupture time with the flow frequency was found. At
higher frequencies large deformations are suppressed if the net flow is not strong. Changes inWh strongly
affect the interfacial deformation and solid–liquid viscous dissipation, and in particular, a non-monotonic
trend for the variation of the detachment locationwithWh is observed. Variations in the viscosity ratio Rv

change the surrounding fluid resistance against the interfacial deformation, rupturing, detachment, and
movement. Depending on the wettability property of the solid walls, changes in Rv result in two opposite
effects on the liquid bridge dynamics. Finally any change in e affects the oscillation part of the flowvelocity
which in turn influences the magnitude of deformation of the liquid bridge. A non-monotonic variation of
the detachment timewith ewas found. The main reason for the reported non-monotonic behaviors is the
out of phase behavior of the three phase contact lines and the external flow field.

© 2015 Elsevier Masson SAS. All rights reserved.

1. Introduction

Due to the occurrence of liquid bridges in many conventional
andmodern applications, their statics and dynamics have been the
subject of numerous studies in the past decades. Early studies have
been conducted by Haines and Fisher [1,2] where the cohesion
between two spherical particles due to the capillary attraction
when wetted, was examined. Numerous subsequent studies were
carried out to understand the physics behind the liquid bridge
behaviors inside pathways. These studies have been reviewed
and classified under two categories in [3]. In the first category,
the liquid bridge and the studied system are stationary and
there is no external flow. For such systems, the main aim is
to understand the response of a pinned/held liquid bridge to
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stretching, squeezing, slipping, spreading, spinning, and oscillation
as well as determining the liquid bridge–solid substrate adhesive
forces between parallel or tilted plates, spheres and so on [4–15]. In
themost recent study in this category, Ru-Quan and Kawaji carried
out three-dimensional (3D) numerical simulations to analyze the
surface oscillation and flow structures inside a liquid bridge held
vertically between solid disks under a horizontal vibration [16].
Their results revealed the existence of transversal vortices inside
the 3D liquid bridge. However they did not report the presence of
a mean flowwhich is a common flow feature inside a liquid bridge
if an axial vibration with high frequency is applied [17].

In the second category, two subgroups can be identified. In the
first group the liquid bridge is not pinned to the solid substrates
and an external flow inside the pathway has a constant flow
rate [18–21]. An example of studies on such systems is the
experimental analysis of water slug formation and motion in
millimeter-size gas flow channels by Cheah et al. [22]. It was
reported that water emerging from the micro pores with constant
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flow rate into gas flow channels, forms drops that develop, grow
and become liquid bridge and finally slugs. The gas flow causes
the slugs to detach and move down the channels. Initially, water
flow creates a drop with spherical cap which in turn evolves into
corner drop. These drops grow andmake the partial liquid bridges,
and then as a result of the liquid bridges merged slugs are created.
These authors reported that inside the channels with hydrophobic
walls and/or with curved walls, small slugs are formed. In the
second group, the liquid bridge is pinned on the solid surfaces
e.g. between two disks in the presence of an axial external flow
with constant or oscillatory flow rate [23–25]. For example, Lowry
and Steen [23] studied experimentally the stability of pinned long
liquid bridges in the presence of gravity and a constant axial flow
against the gravity. Variations of the flow rate, resulted in linear
and non-linear effects on the liquid bridge shape.

To the authors’ knowledge, no studies except that by Ahmad-
louydarab et al. [3] have examined the effects of time-dependent
external flows on the behavior and stability of liquid bridges in-
side confined pathways without any constraint and where the
liquid bridge can easily move, fluctuate, deform, rupture and/or
detach from the walls. In our previous study [3], we have analyzed
the dynamics of the viscous liquid bridge inside microchannels in
the presence of a pure oscillatory external flow, with a zero net
flow rate. It was found that depending on the solid substrate wet-
tability properties and the frequency of the oscillatory flow, liquid
bridge behaves in three different ways. It may rupture inside philic
microchannels or it may detach from the walls inside the phobic
microchannels if the flow oscillation frequency is below a critical
value. Increasing the frequency of the flow velocity induces sta-
bilization effects and a behavior approaching that of the station-
ary system where no rupture or detachment could be observed.
This stable behavior is the direct result of weaker deformation of
the liquid bridge due to the rapid changes in the flow direction
and motion of the contact lines on the solid substrate. Moreover,
it was reported that the flow velocity is out of phase with the foot-
print/throat lengths and that the latter two also show a phase dif-
ference. These differenceswere explained in terms of themotion of
the two contact lines on the solid substrates and the deformation
of the two fluid–fluid interfaces.

The present study examines the case of pulsatile flows with
a non-zero net flow velocity. This corresponds to more realistic
cases where the bridge is not static and has to move down the
system. In particular we will attempt to understand the physics
of the displacement and compare scenarios of constant injection
with pulsatile ones that have the same net injection rate as the
constant one. To this end, a systematic parametric study of the
effects of important factors including the walls’ wettability (θ ), the
external flow frequency (ω), the ratio of the oscillation amplitude
to the net body force (e), the viscosity ratio (Rv), the liquid bridge
geometrical aspect ratio (Wh), and the density ratio (Rd) has been
carried out. The results for the pulsatile flow will be compared
with those of an equivalent constant-injection flow as well as
with those for oscillatory displacements. It is hoped that this
comprehensive study will help optimize the transport of a liquid
bridge and control its fate down the system through a judicious
choice of the oscillatory flow characteristics. This, together with a
better understanding of the dynamics of liquid bridges in confined
pathways, will have impact on a wide range of conventional
and modern applications that include time-dependent flows
encountered in enhanced oil recovery, microfluidics, and lab-on
chips devices.

2. Problem setup and methodology

2.1. Computational domain characteristics

The physical domain consists of a 2D horizontal rectilinear
microchannel involving a liquid bridge of viscosity µ1 surrounded

Fig. 1. Schematic of the initial configuration for 2D symmetric-planar computa-
tions at a time t = 0. As shown, initially W , LF and LT are equal.

by a fluid of viscosity µ2. An external pulsatile flow driven by a
horizontal pressure gradient and with a net direction from left to
right is triggered by imposing a body force E∗ on both fluids. The
top and bottom walls are assumed to have uniform and identical
wettability properties, which allows to limit the analysis to only
half of the physical domain. The 2D symmetric-planar geometry,
with domain length L, height H including the liquid bridge of
width W is shown in Fig. 1. For the liquid bridge, two quantitative
parameters are defined, namely the solid–liquid interface length
hereafter called the footprint length (LF ) and the liquid bridge
thickness at the symmetry line that will be referred to as the
throat length (LT ). The liquid bridge is assumed to initially have
a rectilinear shape. Such a shape is not at equilibrium except for
an initial contact angle of 90°. Furthermore it is assumed that both
the liquid bridge and the surrounding fluid are initially at rest. This
setup can be considered to physically represent a cuboid liquid
bridge of widthW , height 2H , and infinite depth, which is trapped
inside amicrochannel of infinite depth. It is important to chooseW
in a way that in the absence of an external flow, the liquid bridge
neither ruptures nor detaches as a result of the wall wettability
at the very early stage. For instance, inside a microchannel with
philic walls and based on Eq. (9) presented later, the throat
thickness has to be larger than zero. As soon as the system is
initiated and the liquid bridge makes contact with the substrate,
it adjusts to the local contact angles, deforms, and depending
on the applied conditions, it starts to move and may rupture
or detach from the microchannel walls. Note that for simplicity,
the interfacial development of the liquid bridge in the direction
perpendicular to the xy plan (z direction)will not be considered. As
a result, the external flowwill keep its twodimensional nature, and
instabilities such as shark-teeth (printer’s instability) and contact
line instability whichmay be seen in three dimensionalmodels are
not considered in the present study [26–29]. Overall, considering
the existence of two interfaces for the liquid bridge and the out
of phase behavior of those two interfaces under external flow [3],
a full understanding of the liquid bridge behavior under pulsatile
flow conditions would require a comprehensive analysis of the
full three-dimensional problem. We do therefore recognize the
possible limitation of the present study which is restricted to two-
dimensional configurations. In spite of this limitation, the present
study which is the first one to analyze liquid bridge motions under
pulsatile flow conditions, allowed to reveal and understand new
interesting aspects of the physics of the flow.

2.2. Methodology and governing equations

The system is governed by the conservation of mass and
momentum; Eqs. (1) and (2). Note that for this micro-sized
system, gravitational forces have been neglected. A diffuse-
interface formulation with the Cahn–Hilliard model is adopted to
handle the three-phase contact lines, solid surface wettability, and
deformation and movement of the interfaces. The Cahn–Hilliard
diffuse interface method is a suitable technique for capturing the
interfacial deformation and regularizing the interfacial jump as
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