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Résumé — Étude en microfluidique de l’écoulement de mousses pour la récupération assistée —

Cet article présente, dans le cadre de la récupération assistée du pétrole (EOR Enhanced Oil

Recovery), une étude expérimentale avec des dispositifs microfluidiques concernant les

écoulements de mousse dans des canaux de différentes géométries. Deux processus différents

de formation de mousse ont été étudiés. Le premier correspond à la co-injection de gaz et

d’eau à travers une jonction en croix produisant une mousse monodisperse. Le second

correspond à la fragmentation de grosses bulles par un milieu poreux, processus de formation

de mousse simulant des écoulements multiphasiques dans des roches. La formation de mousse

est contrôlée et caractérisée en variant les pressions appliquées d’eau et de gaz. Nous avons

également utilisé un microsystème avec deux perméabilités permettant la mise en évidence de

la redirection de la phase continue vers les canaux de faible perméabilité. Ces observations

sont importantes pour une meilleure compréhension des phénomènes impliqués dans les

processus EOR ainsi que pour déterminer les données d’entrée pertinentes pour les simulateurs

d’écoulement.

Abstract—Microfluidic Study of Foams Flow for Enhanced Oil Recovery (EOR)— In this paper,

we report an experimental study of foam flow in different channel geometries using microfluidic

devices in the framework of EOR (Enhanced Oil Recovery). Two different processes of foam

formation are studied. The first one corresponds to co-injection of gas and water through a cross

junction which gives rise to a monodisperse foam. The second one corresponds to the

fragmentation of large bubbles by a porous media, a foam formation process simulating

multiphase flows in rocks. The foam formation is completely controlled and characterized varying

both the water and gas pressure applied. We also use a microdevice with two permeabilities that

permits to highlight the diversion of the continuous phase in the low permeability channels. The

observations are important for a better understanding of the implied phenomena in EOR as well

as to determine pertinent data to feed flow simulators.
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INTRODUCTION

Liquid foams are dispersions of bubbles of gas in a liquid

continuous phase. They are widely used in several appli-

cations. Understanding and control of foam flow are

issues for numerous processes and have been the subject

of a lot of studies in EOR context [1-8]. In the framework

of porous media, the foam’s definition is more ambigu-

ous as foam is composed mainly of thin liquid films

known as lamellae. The lamellae are stabilized by the

presence of surfactant at the gas/liquid interfaces.

Because foam has an effective viscosity much higher

than that of gas, it has been investigated as a method

for improving sweep efficiency in processes where gases

(such N2, CO2, steam, or hydrocarbon rich flue gas)

are injected to improve oil recovery from mature reser-

voirs. Foam can reduce viscous fingering and gravity

override caused by the low viscosity and density of the

gas. Moreover, since fluids flow preferentially into layers

of high permeability in an heterogeneous formation,

foam will be preferentially formed in these high perme-

ability zones and will greatly increase local resistance

to flow, thereby diverting injected fluids to zones of

lower permeability and improving process efficiency.

Foam could therefore be used advantageously for

EOR in fractured rocks, where great difficulties are

encountered to contact EOR products like surfactant

with the porous matrix because the flow takes place

mainly in the fractures network (permeabilities in the

fractures are much greater than the permeability of the

rock matrix). Recent lab experiments by Haugen et al.

[9] have shown that in a fractured carbonate, injection

of foam allows an oil recovery up to 78% of the Original

Oil In Place (OOIP), while oil recovery with only water-

flooding is less than 10% (OOIP). Foam has diverted at

least some of the displacing fluid into parts of the rock

that were previously unswept or underswept.

In field conditions, there are two main techniques to

obtain foam in porous media: co-injection of gas and

aqueous surfactant or alternating injection of surfactant

and gas. The choice of the injection strategy depends

mostly on reservoir properties like permeability, wetta-

bility and their heterogeneities. In general, the gas vol-

ume fraction is very high, and we talk about dry foam,

also called strong foam in the oil industry. Foam con-

fined in a pore network has a morphology different from

that of bulk foam [10]. So, bulk foam properties should

therefore be compared to confined foam with caution.

To guarantee the success of a foam EOR process, it is

of great importance to be able to describe and model cor-

rectly the stability (like in presence of oil) and the trans-

port of foam in porous media, from microscopic-scale to

reservoir-scale. Although important advances in this

field have been made [4, 5], there is still a need of detailed

information on the physical mechanisms that control the

structure, stability and mobility of the foam at the pore

level.

The use of microfluidic devices is an interesting way to

get better insight of these phenomena at small scale with

the objective of a detailed physical description. Two dec-

ades ago fast prototyping was described to permit fabri-

cation of channels in polymer with a typical dimension

of hundred micrometers. Such a technique named

“microfluidics” was then developed and used in very dif-

ferent domains (physical chemistry, biology, drug deliv-

ery, etc.), when flow control at the micrometric scale is

an issue. Microfluidics appeared quickly as a good

opportunity to study confined gaseous dispersed phases

because of the high control on bubble formation and

consequently on foam type. Studies in a such way by

Marmottant and Raven [11], Marchalot et al. [12] and

Ma et al. [13] have been done in the recent years.

We present here a study concerning the use of micro-

fluidic geometries to analyse with simplified systems the

formation, the flow and morphology description of con-

fined foam in channels of different sizes. We quantify

phase diagram of foam, conditions of foam formation

and report new observations on the flow of bubbles in

a comb geometry characterized by a dual permeability

of channels mimicking fractured reservoir.

1 MATERIALS AND EXPERIMENTS

Microfabrication was done using standard soft lithogra-

phy in PDMS (PolyDimethylSiloxane, Sylgard) such as

described by Duffy et al. [14]. Such a fabrication pro-

duces a quasi-2D device with the same depth everywhere

(typically 40 lm). In main cases, PDMS channels inter-

nal surface was hydrophilic due to bonding (PDMS on

glass) with a plasma cleaner [15], such a surface treat-

ment maintains water as the phase in contact with the

internal walls of the microdevice. As this treatment is

not stable in time (it lasts of the order of few hours),

the microfluidic device was regularly renewed in order

to keep the same surface properties for each experiment.

As shown in Figure 1, the microfluidic devices used are

composed of two entrances for gas and fluid, a simple

cross junction where bubbles are formed, a chamber

for the foam observation and downstream are three

channels with different widths to connect the chamber

to the outside (atmospheric pressure). Fluid and gas

flows are obtained applying entrance pressure above

atmospheric pressure (MFCSTM 4C 1000 mbar, Flui-

gent) and constant flow rate in time was reached before

any measurement. When necessary, flow rate of the
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aqueous phase was measured thanks to a flowmeter

(FLOWELLTM, Fluigent). Gas flow rate in the channel

is deduced from bubble trajectories in the gas stream

with image analysis, with the assumption that the

observed section of the bubble is constant in the

channel depth (the calculated bubble volume is the

one of a cylinder of height equal to the depth of

the channel for a circular section). Flow observations

were done thanks to a fast camera (fps 800) with opti-

cal microscopy. Gas used in this study is nitrogen and

the water phase is composed of distilled water and

SDS (Sodium n-dodecyl sulfate, Alfa Aesar�) surfac-

tant at 1% w/w. In some experiments we dye the

solution with methylene blue to improve the image

analysis.

2 PHASE DIAGRAM AS A FUNCTION OF WATER
AND GAS PRESSURE

We first performed a phase diagram to study the

morphology of the foam according to water and gas

pressures applied (Fig. 2). In this study, we impose the

gas and the liquid pressure at entrance instead of the

flowrate. The gas and water mixing is obtained at
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Figure 2

Diagram of foam formation in a confined medium according to the injection conditions (water pressure and gas pressure).
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PW Pgas

Figure 1

Microfluidic device: from left to right: water and gas

entrance, bubble generator, collector and downstream

channels. Scale: width of the channels is 60 lm. Channels

are filled with oil containing organol blue for visualisation.
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flow-focusing geometry (main channels section is 60 lm
9 40 lm) and observed downstream in a triangular

chamber (chamber axes are 1.4 mm 9 2 mm) to have a

larger zone of observation. A very large domain of foam

quality is accessible (bubbly liquid with gas volumic frac-

tion < 5% to dry foams with gas fraction > 90%).

Micrometric to millimetric apparent bubbles diameter

can be observed. Similarly to the phase diagram

obtained by Raven et al. [16] we can notice five regions:

for low applied gas pressure, only water is present in the

observation chamber (region 1). When increasing gas

pressure, small independent bubbles are formed and

transported (region 2). In a third region, bubbles begin

to touch and deform to polyhedral shapes, progressively

leading to a foam composed of lamellae (region 4). At

high gas pressure (region 5), a continuous gas flow is

observed with residual water without any foam

structure.

To describe the limit shown in Figure 2 between

region 1 and 2 at low gas pressure, we measured experi-

mentally the minimum pressure to apply to the gas phase

Pgas for a given water pressure Pwater to form a single

bubble. Notice that we name Pgas and Pwater the pressure

difference with atmospheric pressure P0. The values

obtained experimentally are reported in Figure 3 for

water only and water + SDS. We calculated analytically

the minimum pressure needed to form the first bubble.

Let us write that the applied pressure gap at the interface

should exceed the Laplace pressure in the following case:

a static non wetting bubble confined in a channel of

width w and depth d with a surface tension c. We take

into account wetting behaviour through the wetting

angle h, defined as the angle between two planes inter-

secting at the triple line PDMS-Gas-Water and tangent

respectively to the water-gas and to the water-PDMS

interfaces:

�P ¼ Pigas � Piwater ¼ 2c
1

w
þ 1

d

� �
cosðhÞ ð1Þ

where Pigas and Piwater are respectively the gas and water

pressure on both sides of the interface and at the cross

junction.

Concerning gas, we can assume that pressure losses in

the microchannels are negligible since gas viscosity is

hundred time smaller that the one of water:

Pigas ¼ Pgas þ P0 ð2Þ

Concerning water at a flow rate Q, taking into

account that pressure losses are the sum of the hydraulic

resistances upstream and downstream the bubble forma-

tion zone, respectively Ru and Rd, we have:

Pwater ¼ QðRu þ RdÞ ð3Þ

and

Piwater ¼ P0 þ QRd ð4Þ

leading to:

Pgas ¼ 2c
1

w
þ 1

d

� �
cosðhÞ þ Rd

Ru þ Rd
Pwater ð5Þ

This model shows a linear relationship between Pwater

and Pgas with a threshold. The gas pressure has to over-

come a certain value to create a bubble. The experimen-

tal measurements have the same trend. To go a little

further, we compare the value of the surface tension

obtained by this model to the one measured thanks to

Wilhelmy plate method for distilled water with

1% SDS: c = 30.8 ± 0.1 mN/m. For this we fit the

experimental data by a linear function (red solid line of

Fig. 3) and we deduce from the y-intercept and

Equation (5) the value of c knowing w and d. Experimen-

tally, complete wetting of water and surfactant on chan-

nel’s walls is obtained in case of hydrophilic PDMS, so

cos(h) = 1. With this model we find a surface tension

of 31.2 ± 0.3 mN/m in very good agreement with the

Wilhelmy plate measurement. We do the same for data

obtain with distilled water and we obtain for our model
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Figure 3

Bubble formation limit according to water and gas pres-

sures applied. Effect of change of surface tension due to

surfactant is shown (with or without SDS) and for a hydro-

philic surface treated PDMS.
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c= 50.7 ± 0.3 mN/m. The difference observed between

this value and the tabulated surface tension [17] of

distilled water (c = 72 mN/m) can be explained by a

pollution of the water during its flow in the connectors

and the channel and by a partial wetting of the water.

For this kind of experiments, microfluidic devices allow

the realisation of large number of measurement in very

short time (we observe about 100 bubbles during few

minutes) so an easy reduction of statistical uncertainty

can be obtained.

3 FOAM CHARACTERIZATION

Thanks to image analysis, the bubble structure in the

foam was also characterized.

Measurements shown in Figure 4 are obtained in the

case of an imposed flow rate for the water phase, with

a variation of the pressure applied to the gas phase.

Applied flow rates for water were varied between 2.5

and 15 lL/min and gas pressure from 40 to 500 mbar

with 50 mbar steps. Image analysis allows measurement

of the apparent area of the bubbles from which we can

deduce the length of the bubbles formed at the junction.

The variation of the length of the bubble formed com-

pared to the width of the channel is found to be linear,

in agreement with the model developed by Garstecki

et al. [18] for a T-junction:

l

w
¼ a Qg=Ql

� �b
ð6Þ

We have, after adjustment of this model to our exper-

imental data the linear behaviour:

l

w
¼ 1:77

Qg

Ql
ð7Þ

Other model confirms the order of magnitude of a in

case of a flow-focusing geometry [19].

Figure 5 presents the Coefficient of Variation (CV) of

the bubbles sizes observed in the chamber when both

gas and water pressures were varied between 0 and

500 mbar. CV is calculated as the ratio of the standard

deviation of the apparent diameter of a sample of bub-

bles to the mean bubble apparent diameter for a given

gas pressure and a given water pressure measured. The

samples considered are in the order of a hundred of bub-

bles. With the flow focusing device bubbles formed are

particularly monodisperse, with CV equal to 1.5-2% as

already shown in the litterature. For instance Stoffel

et al. [20] formed bubbles with CV < 1%. As a compar-

ison, standard bulk emulsification processes give raise to

CV of 15% [21]. One simple explanation of such a small

polydispersity is that bubbles are formed one by one in a

quasistationnary flow regime.

In Figure 6 is represented the increase of the gas vol-

ume fraction i.e. the quality of the foam for gas pressure

and water pressure varying on the range 0-500 mbar, as

in the phase diagram. To measure the foam quality we

calculated the ratio between the area occupied by

the gas and the area occupied by the liquid. These

areas are measured thanks to an image analysis
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Figure 4

Characteristics of bubble formation: relative size as func-

tion of relative flow rates.
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Coefficient of variation of the bubbles observed in the

chamber.
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(Matlab software). To differentiate the gas from the

liquid we took advantage of the contrast difference

between the two phases. The quality is shown to follow

a master curve when drawn as a function of the gas to

water pressure ratio.

4 FOAM FLOW IN A POROUS MEDIA

In the previous part we have characterized the foam

obtained by co-injection of gas and water thanks to

a cross junction. Now, we study the foam formation

issued from the fragmentation of a large initial bub-

ble by an assembly of obstacles. This kind of frag-

mentation was previously studied by Protière et al.

[22] where they focused on droplet breakup by a sin-

gle obstacle and studied the influence of the capillary

number on the fragmentation. For this study, we use

a micro device (Fig. 7) constituted of a “Y” junction

in order to form initially very large bubbles by

injecting gas and water in the two entrances and

9 matrices of plot (Rplot = 90 ± 4 lm and the

smaller distance between two plots is 56 ± 4 lm)

with a length equal to 5 mm. The channel section

is 500 ± 4 lm 9 47 ± 2 lm. For the outlets we

simply use holes in PDMS of 4 mm in diameter

allowing flows to end at atmospheric pressure, with

negligible hydraulic resistance. The matrices are sepa-

rated by observation chamber in order to evaluate

the influence of the total porous media length crossed

called Lp. In Figure 8, we represent the ratio between

the mean equivalent radius of the fragmented bubbles

Rm and the radius of the plot Rplot as a function of

Lp for Pgas/Pwater = 0.8.

Rm is obtained by measuring the areas of the bubbles

from which we deduce the bubbles size distribution.

We calculate an average radius of the fragmented

bubbles, taking into account 200 large initial bubbles.

Gas Water

a
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b

b
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c

Rplot

Figure 7

On the left: geometry used for the foam formation by a por-

ous media. On the right: snapshots of bubbles flow is from

the left to the right: a) just after the “Y” junction, b) after

one matrice of plot crossed, c) after 9 matrices.
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Quality of the foam (the gas volume fraction) for different

gas/water injection conditions.

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2
0

0

10

10 20

20 30

30

40

40

50

50

Lp (mm)

Lp (mm)

C
V

 (
%

)

300

250

200

150

100

50

0R
m
/R

pl
ot

Figure 8

Normalized radius of the bubbles as a function of Lp for

Pgas/Pwater=0.8. Circles correspond to the observed radius

of bubbles and squares correspond to data with the correc-

tion taking into account pressure losses. Insert shows the

dispersion of the bubbles area as a function of Lp.
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For lisibility reasons we do not represent the data for the

bubbles just after their formation by the “Y” junction

(corresponding to the snapshot of Fig. 7a). This graph

shows that the mean radius of the fragmented

bubbles decreases with the crossed length of the

porous media for Lp < 20 mm, then stabilizes around

Rm/Rplot = 0.44 which corresponds to a mean radius

of bubble Rm = 40 lm. We notice that Rm and the smal-

ler distance between two plots have the same order of

magnitude. If we observe carefully the data (circle) we

can notice a slight increase of Rm/Rplot for large values

of Lp. This increase is attributed to the pressure losses

in the microchannel as the pressure goes down, the bub-

ble volume rises. Squares represent Rm/Rplot taking into

account pressure losses. For this correction, we consider

in first approximation the pressure losses in a channel

without plot and a Newtonian fluid (using the

calculation:

RcorrðLpÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Pwater

P0 þ Pwater

Lp
Ltot

r� �
RobsðLpÞ

where Rcorr and Robs correspond respectively to the cor-

rected and the observed radius at the position Lp and Ltot

the total length of the channel. P0 is the atmospheric

pressure and Pwater the pressure of the injected water).

Taking into account these pressure losses, the increase

of the mean radius are no more observed for large

value of Lp. The measurement uncertainty ofRm is about

4 lm.

In the insert of Figure 8 is plotted the coefficient

of variation of the fragmented bubbles areas. The

coefficient of variation of foam formation by frag-

mentation decreases with Lp until Lp = 30 mm

where it reaches a stable value of 50%. We notice

that the foam formation by fragmentation mechanism

by a porous media leads to a much more important

polydispersity of the bubbles compared to the mech-

anism using co-injection through a cross junction

(Sect. 2). We did the same analysis for five other val-

ues of Pgas/Pwater and the results show the same

trend. Here, we highlight the influence of the length

of the porous media on the bubbles size and an other

study [23] showed that the viscosity of the liquid is a

critical parameter determining the bubble size.

5 FLOW IN A COMB: TWO PERMEABILITIES MODEL

Foam flow in porous media can be very important for

the petroleum industry. Indeed, for the specific case of

fractured reservoirs, the classical methods of oil recovery

like water flooding or chemical injection are inefficient

because the low permeability porous matrix is not swept

due to the very large permeability contrast between frac-

tures and matrix. In 1961, a first experiment of foam

injection in porous natural rock was made by Fried

[24]. It has been shown latter in the literature that foam

can also enhance flow diversion in heterogeneous media

[25, 26].

In order to better understand the flow of foam in a

heterogeneous medium we have performed experiments

using a comb-like micro-model with two “permeabili-

ties”. A related experiment was already conducted by

Prat et al. [27] who looked at the diversion of the contin-

uous phase in lateral channels using microfluidic devices

in order to control the distance between droplets in a

droplet train.

As shown in Figure 9 our microfluidic device com-

prises from right to left: water, gas entrance and foam

generator with the same geometry as the device shown

in Figure 1 and described above producing an initial

foam with a quality between 0.1 to 0.9. Downstream is

a large channel of 300 lm in width with orthogonal nar-

row channels of 20 lm in width and 40 lm in height. On

the left outlets are holes in PDMS of 4 mm in diameter.

Such a “comb” may mimic in a simplified way a frac-

tured reservoir.

First observations show that when flow begins, small

channels allow only water flows, resulting in a progres-

sively drying of the foam in the main channel. After a

certain period of time (5 s), a stationary state is obtained,

characterized by the relative slow-down of the biphasic

flow in the large channel and the redirection of the dis-

persion through the small channels (Fig. 10). Indeed,

we observe that bubbles can enter and flow in the lateral

channels. We can also observe fragmentation of bubbles

when they pass close to the entrance of the small lateral

channels, and the small bubbles can then flow in it. We

note that the bubbles enter mainly in the first lateral

channels. To go further in the understanding of the foam

Q3

Q1

Q3

Q2

Gaz

Water

Figure 9

Geometry used in the two permeabilities comb-type exper-

iment. Length is about 2 cm. Parts in dark correspond to

the channels, see text for details.
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flow in this “comb” geometry the next step is to quantify

the type of flow in the lateral channels.

In case of foam flow, the flow through the comb sides

channels is much more important than expected with

simple Newtonian phase. Indeed due to the higher

hydrodynamic resistance in the small lateral channels a

Newtonian fluid flows preferentially in the larger chan-

nel. Figure 10 illustrates this phenomenon: as water

phase flows easily in the small channels compared to

bubbles, bubbles tend to accumulate at the centre chan-

nel forming a dry foam as represented by its quality close

to the outlet in Figure 11. The comb-like two permeabil-

ities geometry acts like a filter for the liquid phase. As

can be seen in Figure 11 for Pgas/Pwater < 0.6, the foam

quality before the main channel outlet is higher than the

one just after the bubble formation (Fig. 6).

In order to quantify the diversion of part of the flow to

the small lateral channels we compare the flow rate in the

main channel Q2 to the one in the secondary channels

next to the outlet for different values of gas and water

pressure during the stationary state. Thanks to symme-

try arguments the flow rates in the two secondary chan-

nels are identical and called Q3 (Q1 corresponds to the

flow rate just before the “comb”). We precise that the

flow rate considered here is the foam flux (liquid and

gas) calculated from the measured velocity of the bub-

bles. In Figure 12, we plotted the ratio Q3/Q2 as a func-

tion of Pgas/Pwater characterizing the flow. For a biphasic

flow the flow rate is higher in the secondary channel than

in the main one and the ratio Q3/Q2 can reach a value

higher than 2.5 for small value of Pgas/Pwater. Q3/Q2

decreases with Pgas/Pwater and tends to an asymptotical

value equals to 0.4 which correspond to a Newtonian

fluid flow as determined experimentally with our system

using water and glycerol by PIV measurement (dashed

line in Fig. 12). It is interesting to note that for biphasic

flow with low value of Pgas/Pwater all the bubbles are

transported through the main channel and water goes

preferentially in the small channels: starting for example

with a foam quality of 0.15 for Pgas/Pwater = 0.3, the

quality in the main channel gets up to 0.6 at the outlet.

Figure 10

Diversion of the flow due to bubble accumulation in the

main channel. Scale bar is 300 lm.
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Foam quality in the main central channel next to the outlet.
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Flow rate ratio in the main and the secondary channels as a

function of Pgas/Pwater.
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In these conditions Q3/Q2 is larger than for a Newtonian

fluid. For high values of Pgas/Pwater we observe a differ-

ent regime where the quality of the foam in the

main channel is close to the injected one and Q3/Q2

corresponds surprisingly to a Newtonian fluid. Charac-

terization of the flows in the low permeabilities channels

would help to get a complete understanding of the com-

plex flow pattern behavior.

Even if observed without any oil, this observation

brings clues to explain at least partly the mechanisms

implied in EOR with foam, confirming in particular

the interest of foam for fluid diversion in complex cases

such as very heterogeneous formations or fractured res-

ervoirs. A more detailed characterization of the phenom-

enon will be presented in a future article.

CONCLUSIONS

The high complexity of foam flow in real porous medium

can be approached thanks to microfluidics tools, with

very controlled quasi-2D flow confinement geometries.

In this study, foam formation and transport properties

were observed in microdevices. We studied two processes

of foam formation, co-injection of water and gas

illustrated by a phase diagram or fragmentation of large

bubbles by a porous media and the flow of foam in a

comb-like channel with a “two permeabilities” geome-

try. Those observations may be a basic illustration of

some principles of EOR with foams. Perspectives of this

work are the quantification of water and gas saturation

in the microdevice channels as well as the study of the

foam flow in presence of residual oil in order to improve

foam physics understanding in porous media.
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