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We have studied experimentally the morphology and dynamics of stable oil-air displacements in
a gap-modulated Hele-Shaw cell, in the case where the modulation is persistent in the direction
of front advancement. Local changes in capillary pressure result in non-local deformations of the
two-phase fronts, which have been recorded with a high speed camera and digitized in space and
time. The front morphologies observed experimentally in the steady state are in excellent agreement
with the predictions of a linear theory, particularly for low intensities of the gap modulation and
for both positive and negative modulations. We have also studied the spatio-temporal dynamics
of deformation of a nearly initially flat front towards the steady state. In the presence of a posi-
tive modulation of the gap thickness, the difference in height between the front tip at the central
modulation of the cell and its lateral tails accelerates in time, following hmax ∼ t1/4.

I. INTRODUCTION

Understanding fluid flow in disordered media is of great
interest because it is present in diverse phenomena like
soil irrigation, oil recovery, printing or fluid transport
in plants [1]. In the case where a more wetting fluid
displaces a less wetting one the process is known as im-
bibition. This displacement is stable when the displac-
ing fluid is more viscous than the displaced one. From
a fundamental point of view stable imbibition in dis-
ordered media has been widely studied as a dynamical
non-equilibrium process leading to rough interfaces [2, 3].
The morphology of an imbibition front in a heterogeneous
medium is the result of the local variations of capillary
pressure and permeability.

The origin of capillary phenomena is in surface tension
γ, defined as the energy G needed to increase the surface
area A between two fluids by one unit γ ≡ (∂G/∂A)p,T,n.
From a thermodynamic point of view it is clear that flu-
ids tend to minimize their surface area to minimize their
surface energy [4]. Capillary force can become dominant
over other volumic forces like gravity when we reduce
the lenght scales of our system, and it can be one of the
main contributions that determines the fluid flow dynam-
ics. As an example of a field where capillarity is relevant
we encounter microfluidics (submillimiter-sized sistems),
that has gained a lot of attention in the last years since
the possibility of lab-on-a-chip technological applications
are appealing [5]. Viscous forces are also crucial to un-
derstand the behaviour of fluid interfaces. In the large
friction limit fluid flow is governed by Darcy’s law, which
states that the flow rate is proportional to the applied
pressure gradient. The coefficient of proportionality de-
pends on a geometric property of the medium (its per-
meability, which has dimensions of lenght sqared) and on
the dynamic viscosity µ of the fluid. The relative impor-
tance of viscous to capillary forces is measured by the
capillary number, defined as Ca = µV/γ, where V is the
average velocity of the fluid at the inlet.

A real disordered medium contains numerous defects
with a wide distribution of sizes. The aim of the present
report is to study the effect of single heterogeneities. In-
terestingly, the single defect problem has been investi-
gated in other fields. One of them is in the dynamics
of wetting, where the motion of a contact line is studied
for the case when it interacts with only one defect [6–
8]. Another relevant case where the single heterogeneity
is discussed is in the dynamics of crack fronts, where
nonlinear behaviour was identified experimentally in the
dynamics of the crack [9]. These two examples have dif-
ferent physical origins, but it’s interesting to remark that
under certain assumptions they can lead to similar dy-
namic equations.

In order to study the effect of single heterogeneities in
imbibition processes we use a Hele-Shaw (HS) cell with
a gap modulation in the transverse direction to the fluid
propagation. This gap modulation introduces simulta-
neously variations in capillary pressure and in the per-
meability of the medium. The evolution equation of an
interface in a gap modulated HS cell has been derived
analytically in [10, 11]. We will compare this theoretical
result of the interface morphology with our experiments.
In particular, we will analyse the role of the gap spacing
and study the interplay between capillarity and perme-
ability.

II. EXPERIMENTAL SETUP

A Hele-Shaw cell consists of two parallel plates sep-
arated by a narrow gap b0. Our cell has a top glass
plate and a bottom fiberglass plate and its dimensions
are Lx × Ly = 190 × 500 mm. The plates are separated
by a rectangular PVC frame. Its purpose is to impose a
well controlled gap spacing b0 and also to close the cell
hermetically. In our experiment we modified the gap pa-
rameter b0, taking different values in the range of (0.26 -
0.66) ± 0.02 mm.
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The gap modulation consists of three equally spaced
copper tracks of height δb = 0.06 ± 0.01 mm in the bot-
tom plate (see Fig. 1). Thus the gap takes the values b0
or b0 − δb. The width of the tracks is w = 3 mm and
the distance between them is a = 48 mm. These tracks
are parallel to the direction of fluid propagation and this
geometry has been obtained using printed circuit tech-
nology.

A syringe pump controls the flow rate inside the cell
which will be constant in all our experiments Q = 26
mm3/s. The fluid used is the silicon oil Rhodorsil 47V,
adequate for this type of experiments because of its high
wettability, i.e. low contact angle θc ∼ 0◦. The oil prop-
erties are: kinematic viscosity ν = 50 mm2/s, density
ρ = 998 kg/m3 and oil-air surface tension γ = 20.7
mN/m at room temperature. The pump drives the oil
into the cell, and the oil fills a reservoir before entering
between the parallel plates to produce a uniform injec-
tion. A complementary system allows us to inject fluid
at high pressure in order to get initial flat interfaces.

A high resolution camera with a spatial resolution of
0.19 mm2/pixel is used to take pictures of the cell at a
frame rate of 30 frames per second. With the camera
software MotionPro we track the advancing fluid front
and through a MatLab code we extract the coordinates
of the front h(x, t) for the analysis.

The measurement procedure is as follows: i) with the
pump always on, we introduce the oil in the cell through
the complementary injection system at high pressure in
order to get an initial flat interface, ii) we close the high
pressure injection so that only the pump drives the flow,
iii) we start the measurements with the camera software.
Since our geometry has mirror symmetry in the flow di-
rection with respect to the central track we expect that
the interface will be symmetric also. This has been a hard
task to achieve since any little perturbation can produce
distortions in the front and the above mentioned proce-
dure has to be repeated.

FIG. 1: Basic representation of the experimental setup. A:
image acquisition system. B: syringe pump. C: Hele-Shaw
cell with bottom and top plates. The oil, represented in blue,
displaces the air present in the cell, and the air flows out of it
through two holes at the end of the top plate. The cell seen
from above with the copper gap modulation is shown as an
inset (figure courtesy of Xavier Clotet).

III. THEORETICAL FORMULATION

Most of our experiments are performed in the steady
state, that is, when the the interface does not evolve in
time. Our motivation to study the steady state is that
analytical forms for the front coordinates h(x) have been
found in Ref. [11], within a linear approximation |∂xh| �
1. We remark that this analytical solution is deduced for
a case where lateral boundary conditions are imposed at
infinity, while in our experimental setup the interface is
constrained to the dimensions of the cell. The interface
equation for this geometry is:

h(x) =

∫
R
dx′ξ(x′)G(x− x′). (1)

It is written in terms of a propagator G(x − x′) and a
modulation of the cell gap ξ(x) defined through b(x) =
b20(1 + ξ(x)) where b(x) is the cell gap at x. It is also as-
sumed that the modulation is smooth, i.e. |∂xb| � 1. For
the steady state the propagator has two contributions:
one due to capillarity and one due to the permeability of
the cell, Gsteady ≡ Gst,cap +Gst,per, with:

Gst,cap =
`1
2`2

e−|x|/`2 . (2)

Gst,per =
1

π

[
ln |x|+ Γ + ln(2π)

−1

2

(
e|x|/`2Ei

(
−|x|
`2

)
+ e−|x|/`2Ei

(
|x|
`2

))]
. (3)

Here `1 = b0(Ca/12)−1 and `2 = b0(Ca/12)−1/2 are the
relevant lenght scales of the system, Γ is the Euler con-
stant and Ei is the exponential integral function [12]. It
is interesting to note that the capillary propagator has
finite range and thus noise effects due to the gap modu-
lation only propagate for a finite distance along the inter-
face. On the other hand, permeability effects dominate
for distances far away from the perturbation. Thus, a
perturbation in the cell’s gap can give rise to non-local
deformations of the fluid front. For the geometry used in
our experiments (Fig. 2) the gap modulation is:

ξ(x) =

[(
b0 − δb
b0

)2

− 1

]∑
n∈Z

[
θ(x− an+

w

2
)

− θ(x− an− w

2
)
]
. (4)

Where θ are Heaviside functions. In the limit of no mod-
ulation δb→ 0 we have b2(x)→ b20 as expected.

IV. RESULTS

Steady state

To achieve a steady state experimentally in an accu-
rate way we let the fluid front advance for at least half of
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FIG. 2: Morphology of the fluid front and time evolution for
a gap b0 = 0.46 mm. The vertical narrow stripes represent
the regions where the copper (gap modulation) is present.

the total distance of the cell and we start the measure-
ment after we check that the morphology is not changing
in time. In Fig. 2 we show the front for different times
with a particular gap b0 = 0.46 mm to illustrate that
the morphology remains constant. The flat lines at the
bottom result from substracting the y coordinate of con-
secutive fronts and it is shown that they collapse and no
significant time evolution occurs.

Positive modulation

To study the influence of the gap thickness we mea-
sured the steady state for diferent values of b0: 0.26, 0.46,
0.56 and 0.66 mm. The interface morphology for these
gaps is shown in Fig. 3. Continuous lines correspond to
experimental data and dotted lines to the theoretical pre-
diction. Theoretical data results from integrating equa-
tion (1) numerically. At the lateral tails of the front the
deviation from the theory is more pronounced because
the boundary conditions are different. The oil wets the
lateral spacers and, thus, tends to advance preferentially
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FIG. 3: Steady state morphology of the front for different gap
spacings. Continuous lines correspond to experimental data
and dotted lines to the analytical solution.
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FIG. 4: Steady state morphology of the front for different
gap thickness around the heterogeneity. Continuous lines cor-
respond to the analytical solution and dots to experimental
data.

along the walls. However, near the central track our mea-
surements show good agreement with the theoretical re-
sults particularly at large gap thickness (see Fig. 4). In
the areas where the modulation is present variations of
capillary pressure cause the peaks in the front morphol-
ogy. This is consistent with the Young-Laplace condition
for the pressure jump across the interface:

∆p = γ

(
κ+

2 cos θc
b(x)

)
, (5)

where κ is the curvature in the cell plane and θc the con-
tact angle (with cos θc = 1 for perfect wetting). Equation
(5) shows that whenever the gap decreases the pressure
jump increases. Indeed, as the parameter b0 decreases
the distortion of the morphology is more localized around
the heterogeneity. In this case we also notice a marked
deviation from the theory because the theory is derived
within a linear approximation |∂xh| � 1.
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FIG. 5: Normalized width of the theoretical and experimental
profiles of Fig. 4.

In order to characterize the morphology of the front
distortions, we calculate the normalized width W =
[〈x2〉−〈x〉2]

1
2 of the theoretical and experimental profiles
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around the track normalized by their mean, h̃ = h/〈h〉.
The result is shown in Fig. 5. The agreement between
theory and experiments is remarkable, since there are no
adjustable parameters, and it improves as the gap thick-
ness gets larger as expected.

Negative modulation

We also performed experiments in which the gap mod-
ulation was inverted from the one presented before. With
this geometry copper is everywhere in the bottom plate
except in the three central tracks, as shown in Fig. 6.
The tracks now retard the front in stead of making it
advance preferentially. A mirror symmetry arises in the
morphology when we compare this figure with Fig. 3.
This symmetry is not perfect, however, because the gap
thickness modulation here is b0 − δb in the wide regions
and b0 in the stripes, while the mirror-symmetric condi-
tions of Fig. 3 would be b0 in the wide regions and b0+δb
in the stripes.
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FIG. 6: Steady state morphology of the front for different
gap spacings. The vertical white stripes represent the regions
where the copper (gap modulation) is not present in the cell.
Continuous lines correspond to experimental data and dotted
lines to the corresponding analytical solution.

Temporal dynamics

In this section we focus on the temporal dynamics car-
rying an initially nearly-flat interface towards the steady
state. Here we start measuring right after having cut the
high pressure injection, and we follow the dynamics of
the front in time. Fig. 7 presents the early-time dynam-
ics around the central track for a positive gap modula-
tion. We observe an imbibition dynamics: the region of
the meniscus on the track advances much faster than the
adjacent tails.

The position hmax (the difference in height between
the front peak and the front tails) follows very approxi-
mately hmax ∼ t1/4, as shown in Fig. 8. This is a slower
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FIG. 7: Early-time dynamics of the fluid front around
the central track for a gap thickness b0 = 0.46 mm.
From bottom to top the times in the figure are t =
0, 1.67, 4.67, 8, 18, 28, 41.33, 74.67 and 107.33 s.

dynamics than Washburn’s law, 〈h〉 ∼ t1/2, that would
correspond to the average position of an imbibition front
driven by a constant pressure gradient. We argue that
the observed dynamics arises from a competition between
the capillary suction force and the condition of constant
flow rate.
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FIG. 8: Log-log plot of the difference in height between the
front peak and the front tails, hmax, as function of time, for
the type of displacements represented in Fig. 7. Solid symbols
are experimental values, and the straight line is a power law
with exponent 1/4.

V. CONCLUSIONS

We have experimentally studied a stable imbibition
displacement, in which a viscous wetting fluid (silicon
oil) displaces a less viscous non-wetting fluid (air), in a
Hele-Shaw cell with a gap modulation along x, transverse
to the fluid front propagation direction. Since the modu-
lation is persistent in this direction the steady state pro-
file of the front can be derived analytically in the linear
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approximation, |∂xh| � 1, and for smooth gap modula-
tions, |∂xb| � 1, as reported in Ref. [11].

Experimental results and theoretical predictions in the
steady state have been compared for different intensi-
ties in the gap modulation δb/b0. Positive modulations
with narrow stripes and negative modulations with wide
stripes have also been studied. In both cases we have ob-
served a remarkable agreement between theory and ex-
periments without any adjustable parameter. This agree-
ment is particularly accurate at low intensities of the
modulation for which the linear approximation is more
valid. Near from the lateral walls the boundary condi-
tions in the experiment do not correspond with the ones
imposed in the theory and thus the differences are un-
derstandable. For this reason we designed a modulation
geometry that tends to isolate the behaviour of the cen-
tral track from the behaviour near the walls.

We have also carried out a first study of the spatio-
temporal dynamics of an initially nearly-flat front in the
gap-modulated cell. The front accelerates locally on the
regions of smaller gap thickness. The dynamics of the
front tip on the central track has been found to follow a

slower dynamics than Washburn’s law. This behaviour
can be studied theoretically also by numerical integration
of the corresponding sharp-interface dynamic equations
[11]. The comparison with experiments would be a nat-
ural continuation of the present work.

The observed spatio-temporal dynamics is reminiscent
of the relaxation of elastic interfaces (contact lines and
fracture fronts) previously deformed by the presence of
isolated defects [6–9]. This similarity deserves further
investigation.
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