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Introduction

Foams have been used for decades as displacing fluids for EOR and aquifer remediation, and more recently as
carriers of chemical amendments for the remediation of the vadose zone. In this context, apart from various
interesting physico-chemical and biochemical properties, foams are better injection fluids due to their low
sensitivity to gravity and their peculiar rheology: for foams with bubbles on the order of at least the typical
pore size, viscous dissipation arises mostly from the contact zones between the soap films and the walls. In
most experimental studies no local information of the foam structure is available, and only global quantities
such as the effective viscosity can be measured. We use a transparent two-dimensional (2D) setup in which the
foam kinematics can be fully characterized, and study the impact on the flow phenomenology of the peculiar
dissipation mechanism within the foam.

Methods

The foam is created from the flow of N2 trough a surfactant solution and displaced by the joint flow of the
gas and solution into a Hele-Shaw cell, i. e., a parallelepipedic flow cell of thickness (1 mm) very small with
respect to its width (28 cm) and length. Inside the Hele-Shaw cell, bubbles are squeezed between the top and
bottom glass plate, which renders the foam 2D. Once the first half of the cell is filled with foam, the foam is
pumped at a controlled velocity into the 2D porous medium, which occupies the second half of the Hele-Shaw
cell and consists of randomly-positioned circular obstacles. The foam structure is then recorded at regular times
by a video camera (Fig. 1a) and subsequently analyzed by image processing, which allows performing bubble
tracking to measure the velocities of individual bubbles throughout the medium (see Fig. 1b).
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Figure 1: (a) Structure of the foam flowing through the porous medium, at a given time; the stars denote the main
fragmentation sites. (b) Corresponding velocity field, averaged over 100 s and normalized by the mean bubble velocity.

Experimental results

The flow exhibits a complex phenomenology [1]. Averaging the bubbles’ velocity field over 100 s provides a
velocity map (Fig 1b) exhibing preferential channels where bubble velocities are larger than the average bubble
velocity. In addition, despite stationary external forcing of the flow rate, velocity maps recorded over only
a few seconds display intermittency of the preferential flow channels, while a proportion of the bubbles (the
smallest ones) oscillate forth and back around a fixed position. Furthermore, there is correlation between
bubble sizes and bubble velocities: the bubbles flowing through preferential flow paths are larger than the
average bubble size. We also observe selection of the bubble size distribution by the medium, through lamella
division-triggered bubble fragmentation. Lamella division is one of the known mechanisms of lamella creation;
it occurs when a bubble is pinched against an obstacle. In our model 2D porous medium, lamella division is



by far the dominant mechanism of lamella creation/destruction, which results in an irreversible evolution of
the bubble size distribution (probability density function, or PDF) as bubbles travel along the porous medium.
We measure and characterize this evolution of the bubble size PDF as a function of the longitudinal position,
and characterize the bubble fragmentation efficienty as a function of the experimental parameters (initial mean
bubble size, mean flow velocity, foam quality) [1].

Numerical model

Defining n(a, x) da dx as the number of bubbles of sizes in the range [a; a+ da] within the longitudinal position
range [x;x+dx], we proceed to understand how n(a, x) is related to the statistics of individual bubble fragmen-
tation events. The conservation of the bubble population is expressed by an integro-differential equation similar
to the Smoluchowski equation and whose resolution provides n(a, x) from the knowledge of two statistical func-
tions: the fragmentation frequency F (a) dx of bubbles of size in the position range [x;x + dx], and the PDF
G(b|a) of daughter bubble sizes b given the size a of the mother bubble [2]. The resolution is done numerically,
using a scheme fully explicit in x, once F (a) and G(b|a) are known. The functional form of these two functions
is obtained from a statistical analysis of the lamella division around the main fragmenting obstacles (see pink
stars in Fig. 1a). The numerical model is then able to predict the evolution of the bubble size PDF as the foam
travels through the medium, from the bubble size distribution at the inlet of the porous medium. The model
also predicts a nearly-universal scaling of all PDFs as a function of ā = a/a0, the bubble area normalized by
the initial mean bubble area, and of the properly-normalized longitudinal position x̄. We indeed verify that
all measured PDFs n(ā, x̄) obtained with different mean flow velocities, initial bubble sizes and foam qualities,
collapse on a master distribution which is fully controlled by the geometry of the medium [2].
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