
From Capillary Fingering to Viscous Flow in Two-Dimensional
Porous Media: Role of the Wetting Properties

Christophe Cottin, Hugues Bodiguel, Annie Colin
Laboratory of the Future, CNRS UMR 5258, Universit Bordeaux 1, Rhodia - 178 av. Dr Schweitzer,

33600 Pessac, France

Summary

Microfluidics device are used to study the drainage of a wetting fluid by a non-wetting one in porous media.
Both the geometry and the wetting properties are accurately controlled and allow to obtain quantitative measure-
ments of the features of the capillary fingering occuring during the invasion as a function of the imposed flow
rate. In partial wetting systems, a quantitative agreement is found between the experimental mean velocities,
a simple model based on scaling arguments, and some simulations based on a pore network model. In total
wetting systems, the correlation length is higher than predicted in the capillary regime. Furthermore, a very
different behavior is observed after the percolation, the invasion process do not stop in total wetting systems
whereas the structure of the flow is frozen in partial wetting ones.
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1. Introduction

Despite decades of intense research, the description of biphasic flows in porous is still a challenge for physicists
since it involves principally pore-scale phenomena related to wetting dynamics. It is however of great impor-
tance for a wide variety of practical problems including oil recovery, soil decontamination, civil engineering...
Microfluidics offer a great opportunity to revisit the field, and to test new solutions, since it allows the fabrication
on models of porous media with tunable properties and a direct visualization of the flows at the pore scale.

The drainage of a wetting fluid by a non-wetting and more viscous is known to exhibit a transition from
capillary fingering to viscous flow as a function of the capillary number, defined by Cai = η1Q/γΣ, where
Q is the imposed flow rate, η1 is the viscosity of the invading fluid, γ is the surface tension, and Σ the total
cross-section area. The capillary fingering is described by the invasion-percolation theory, according to the
displacing fluid invades only the largest throat, for which the capillary pressure is the lowest. When viscous
forces are considered, they progressively stabilize the front and suppress the fingering above a given capillary
number Cac.

In this work, we address the question of the dependence of the front width and of Cac, as function of the
features of the porous medium and of the fluids used, that are: the aspect ratio of the pores, the pore size het-
erogeneity, the viscosity ratio, and the wetting properties. We use different types of microfluidic devices, made
in glass or in PDMS, with controlled dimensions and surface properties, and performed drainage experiments
at low Ca. The saturating fluid (dodecane or silicone oil) is displaced at a constant flow rate by a non-wetting
fluid (water-glycerol mixtures). The porous domain of the microfluidic device consist in a network of straight
channels that have a heterogeneous cross-section, set randomly using a normal distribution of the channel width.
In order to describe quantitatively the drainage, we perform image analysis that leads to the measurement of the
velocities of the menisci simultaneously that are moving. The average value of these velocities is then converted
to a local capillary number 〈Cal〉 which is generally higher than the imposed capillary number Cai, since only a
small number of effective paths are selected.
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2. Results

Figure 1 display examples of drainage experiments. A stable front is observed at high capillary numbers while
at low capillary numbers, the displacing fluid invades one channel at a time, leading to a very open structure. At
intermediate capillary number, the front width increases when decreasing the capillary number.
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Figure 1: Examples of images taken during the drainage. Left: Cai = 9× 10−7; right: Cai = 2.4× 10−4.

For partial wetting systems, at low Ca, the mean local capillary number 〈Cal〉 is observed to scale like Ca0.5i ,
(see Fig. 2), with a numerical prefactor that depends on the features of the systems (channel dimensions, contact
angle, capillary pressure heterogeneity). This result could be accounted by a simple scaling argument based
on the competition between viscous forces and the capillary pressure heterogeneity. Our model leads in the
capillary regime to 〈Cal〉 '

√
εΓ |cos θa|Cai, where ε is the relative capillary pressure heterogeneity, cos θa the

advancing contact angle, and Γ a numerical constant that depends on the geometry of the channels. This equation
suggest that the drainage depends only on a modified capillary number, which reads C̃a = Ca/Γε |cos θa|. In
figure 2, we report the experimental values of the local modified capillary number as a function of the imposed
one, together with numerical simulation obtained using a pore network model. Both the experimental and
numerical results collapse remarkably in a single master curve which follows the theoretical predictions.

In total wetting systems, similar measurements lead to highest local capillary numbers (i.e., a highest front
width), as shown in figure 2. Local observations of the flow using latex beads reveal that for these systems,
the presence of thin wetting films modifies the velocity fields, and consequently the invasion process. We will
also present some experimental results of menisci dynamics in simpler geometries, which bring some insights
concerning the coupling between the microscopic wetting films dynamics and the macroscopic flows.

After the percolation, the two types of wetting exhibit very different behavior: the menisci are blocked in
partial wetting whereas the devices are completely swept in total wetting systems, even at very low Ca.
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Figure 2: ˜〈Cal〉 as a function of C̃ai, in partial wetting (left) and in total wetting (right). The experimental results
(big symbols) are obtained on systems having different capillary pressure heterogeneities, geometrical features,
and viscosity ratii. The small open circles on left plot are numerical results. The solid lines corresponds to

˜〈Cal〉 = 0.27C̃ai.0.5 (capillary regime), the dashed line to ˜〈Cal〉 = C̃ai (viscous flow) and the dash-dotted lines
is ˜〈Cal〉 = 53C̃ai (finite size effects).


