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Foam trapping in a 3D porous medium: in situ obser-
vations by ultra-fast X-ray microtomography
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One of the challenges in the study of foam transport in 3D porous media is having an adequate
spatial and temporal resolution, to get a better understanding of the local phenomenon at the
pore scale in a non-destructive way. We present an experimental study in which ultra fast X-
Ray microtomography is used to characterize the foam trapping while the foam is flowing in a
3D porous medium. A preformed aqueous foam is injected into a rotating cell containing a 3D
granular medium made of silica grains.
The use of rotating seals allows the cell to rotate continuously at the rate of one revolution per
second, compatible with the fast X-ray tomography at SOLEIL synchrotron. We visualize the foam
flow and track the trapping of bubbles with an acquisition time of about one second and a spatial
resolution of a few microns (pixel size of one micron).
This allows us to extract characteristics and reliable statistics about trapped bubbles inside the
granular medium and to observe their local behavior. With this setup and technique we access to
the dynamics of foam trapping during the flow and the texture variations of the foam in the trapped
zones. These local trapping events are well correlated with the macroscopical measurement of
the pressure gradient over the cell.

1 Introduction

The optimization of oil recovery processes in reservoir rocks is
a major issue considering the dominant part of hydrocarbons in
the energy mix of today’s world; in the coming decades, despite
the acceleration of energy transition, hydrocarbons use will also
remain substantial1. Typical oil production follows three stages:
a primary recovery using a natural source of energy such as the
pressure in the reservoir, a secondary recovery by injection of a
fluid (gas or water flooding) to both maintain the pressure in the
reservoir and sweep the oil towards production wells and finally a
tertiary recovery, also called enhanced oil recovery or EOR, which
involves a range of advanced physical and chemical methods to
extract the most oil of the reservoir. Indeed, the first two pro-
duction stages leave an important quantity of oil in the reservoir
(≈ 60%)2,3. To improve the final recovery, some studies inves-
tigate the usage of different surfactants solution to modify the
interfacial tension between the liquid and oil phase4, or the use
of polymer solutions to increase the viscosity of the injected fluid.
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Another prospective process is to use an aqueous foam, which
is also a technique developped for decontamination processes5,6.
Foam injection benefits lie in controlling the gas mobility by in-
creasing its apparent viscosity during injection processes in order
to mitigate the detrimental effects of low gas viscosity, reservoir
heterogeneity and gravity override. It increases drastically the
sweeping efficiency, from its high effective viscosity7

At the pore-scale, foams are composed of metastable thin liquid
films or “lamellae” and liquid carrying Plateau borders that split
the gas phase into individual bubbles. The rheology of the foam
is intimately related to the number of surfactant lamellae per unit
volume, a parameter also called foam texture. Foam and gas trap-
ping show a decrease of relative permeability which corresponds
to an increase of apparent viscosity, resulting in a drop in mobility
and a better efficiency8–10.

In order to understand and improve the efficiency of such foam
flows, studies have been performed in a 2D Hele-Shaw cell, to ob-
serve the dynamics of the bubbles at the pore scale11–19. Micro-
models experiments have shown mechanisms such as bubble trap-
ping, fragmentation and coalescence11,12,16,19. The trapping can
be localized in a single pore or at the scale of inter connected
pores13,14.

In the case of a 3D sample, most flow experiments are per-
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Fig. 1 Experimental setup. The foam is first generated by coinjection of a surfactant solution and nitrogen gas inside a first cell (“foamer”). It is then
injected directly in the rotating flow cell filled with SiC grains under X-Ray beam, for tomographic measurement. A back pressure regulator connected
to the cell outlet controls the system pressure. The differential pressure is measured between the inlet and the outlet of the rotating flow cell.

formed at the core scale, by measuring macroscopic values such
as the differential pressure along the core which increases with
the foam generation20–22. Studies have investigated various ef-
fects such as transport23, trapping and coalescence24,25, hystere-
sis effects26,27, as well as the nature of the gas and surfactant
used28,29.

Such measurements have also been coupled with 3D CT-scan
imaging10,30–35. Those studies have improved our understand-
ing of foam flows in a porous medium, especially by imaging on
large scales the porous medium during the flow36–39. Limits of
these works lie in the spatial resolution (they do not access to the
dynamics of the bubbles at the pore scale). To reach the pore
length scale, laboratory micro-tomography is an available tech-
nology, but it has a very low temporal resolution, and thus it is
not adequate to study transient flows regimes40,41.

One possibility to couple high spatial and temporal resolution,
is to image the fluid flow using ultra-fast synchrotron micro-
tomography. Studies have been reported using this technology,
generally applied to oil water systems in 3D porous media42,43.
None of these studies have investigated foams in porous media.
Only one study of a bulk foam flow by fast imaging has been re-
ported44.

In this article, we image a flowing foam in a granular packing
at high spatial (1.1 µm) and temporal resolution (1.5 s), by using
ultra-fast synchrotron X-Ray tomography. Using image analysis
we show evidence of bubble trapping at the pore scale that give
access to the texture variations of the foam in the trapped zones.
It then allows us to find a direct link between the entrapment
dynamics at the pore scale and the pressure variations at a core
scale.

2 Experimental setup and protocol

2.1 Experimental setup

The experimental setup is presented in Figure 1. We use two
different flow cells; the first one is used as a “foamer” to generate
the foam that will be injected in the X-Ray imaging rotating cell.
The foamer is a quartz cell of length 7 cm and internal diameter of
4.2 mm. The rotating cell, where the observations are performed,
is made of PEEK (polyetheretherketone), material which does not
absorb much X-Rays, and has a length of 7 cm and an internal

diameter of 2 mm. Both cells are filled with silica grains of size
distribution ranging from 112 to 150 µm. Mass measurement of
the cells, gives us an estimation of the porosity of the packing φ
close to 40% and a porous volume of 0.88 mL. This porosity value
is confirmed by image analysis of the tomographic volumes.

This rotating cell is fixed on an Hastelloy made support with
rotating seals. This support is made of two parts, a rotating one
(blue in Figure 1) and a static one (red in Figure 1). The blue
part is screwed on a rotating table, while the red part is fastened
to external support to be motionless. This allows the flow cell to
rotate while the flow and pressure connections to the other parts
of the experiment stay fixed. The sealing between the rotating
part and the fixed part is ensured using rotating seals. The outlet
of the cell is connected to two 1 liter buffer bottles. Pressure in
the buffer bottles is controlled using a back pressure regulator
(Brooks, SLA5820B). The effluents are collected after the back
pressure regulator.

The different fluids injected during the experiment are the fol-
lowing. First a brine/surfactant solution of NaI at 5 g/L, and SDS
(Sodium Dodecyl Sulfate) at 5 g/L. This solution is injected using
a Vindum Pump (VP-12K). This high concentration of SDS ensure
to be above the critical micellar concentration, and the NaI pro-
vides a better contrast in tomographic images. The second fluid
is nitrogen gas (N2), stored in a compressed gas cylinder and in-
jected using a mass flow controller (Brooks, SLA5850S). To gen-
erate the foam, the surfactant solution and the N2 gas are directly
coinjected at the inlet of the “foamer” using controlled flow rates.

2.2 Experimental protocol

Pressure measurements are performed at the inlet and outlet of
the rotating cell, using absolute pressure sensors (Keller, PA-33X)
from which the differential pressure over the cell ∆P is obtained.
Pressure is acquired every second.

The tomography of the sample is performed using the PSICHE
X-Ray line at synchrotron SOLEIL in Saclay, France. The table
has a rotating speed of one revolution in 3 s and the integration
for our tomography is performed on half a rotation; the spatial
resolution is 1.1 µm in the three spatial dimensions. Acquired
tomographic volumes have a size of 2000×2000×500 voxels, al-
lowing to observe the entire width of the cell (2 mm), on a height
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of 550 µm, which corresponds to several grains. During injection
we acquire tomographic volumes at an imaging speed of 1.5 s,
every 40 seconds, during the entire course of the experiment.

We first inject a reference brine solution (NaI at 5g/L) at differ-
ent flow rates q to measure the permeability k of the grain pack-
ing in the rotating cell using steady-state method. By varying the
flow rate q and measuring the differential pressure ∆P over the
cell, permeability is calculated by linear regression using Darcy
law:

q =
kS
µL

∆P (1)

with S the cell’s cross section, L its length and µ the dynamic
viscosity of brine45. The permeability of the rotating flow cell is
k = 9.7 darcy, with one darcy ≈ 0.99 µm2, which is a unit used to
characterize rocks permeability.

The two cells are then saturated with the surfactant solution by
circulating several pore volumes. At this stage, we start coin-
jecting inside the foamer the surfactant solution and the gas.
The surfactant solution is injected at a constant flow rate of
qw = 4.5 mL/hr, and the gas at a constant mass flow rate of
25.2 standard mL/hr. Considering that the pressure at the outlet
of the cell is controlled by the back pressure regulator at 5 bar, the
outlet gas flow rate at experiment conditions is gas qg = 5.5 mL/hr.
Those values were chosen with respect to preliminary tests in lab-
oratory, so that the experiment lasts for a reasonable time, and
gives an outlet foam quality f g = qg/(qg + qw) = 0.55. This ‘wet’
foam provides also a better contrast between the gas and bubbles
flowing in the cell and the water near the grains. Foam is gen-
erated in the first cell and then flows through the rotating cell.
This foam generation before the rotating cell limits entrance ef-
fect. We compute the different phase mean interstitial velocity
as v = q/(φ.S), with φ.S the apparent surface of the cell. This
gives us mean interstitial velocity vw ≈ 0.99 for the water and
vg ≈ 1.2 mm.s−1 for the gas.

3 Observations

3.1 Pressure

The differential pressure ∆P measured as a function of time is
represented in Figure 2. The ◦ symbols on the figure represent
times when tomographic images were performed. The experi-
ment lasted 38000 seconds (∼ 10.5 hrs). We observe that the
differential pressure ∆P gradually rises from 0 up to 9 bars after
30000 s. It then stabilizes, and the experiment is in a stationary
state. We observe strong fluctuations of the differential pressure
during the foam invasion, reorganization and regeneration, with
alternating phases of increase, and sudden drop of the pressure.
Those fluctuations are due to trapping events of the bubbles in-
side the sandpack, followed by avalanche like processes, where
the gas flows rapidly inside the cell. This behavior will be dis-
cussed with the support of the tomographic images in the follow-
ing section.

0 1 2 3 4

 t (s) 10
4

0

2

4

6

8

10

 
 P

 (
b
a
r)

(b)

rise of P

stable

 P

Fig. 2 Differential pressure ∆P in the rotating flow cell as a function of
time t. The long time rise trend corresponds to the foam invasion, reor-
ganization and regeneration inside the cell. The short time scale fluctu-
ations are due to local trapping of gas bubbles. The continuous line is
the pressure measured with the sensors, while the dots correspond to
the times when tomographic images were acquired. The symbols corre-
spond to 4 tomography that will be discussed with more consideration in
the article.

3.2 Tomography
Tomographic sections of the sample under flow are given in Fig-
ure 3. Figure 3a represents a slice taken at mid-height of the
tomographic volume. This image is an entire cross section of the
3D volume. We can see the grains (light gray) and the pores
filled with fluids (dark gray to black). The zooms proposed in
Figures 3b to 3e reveal the detail of the distribution of the fluids
in one selected area. Since the flow velocity is about 1 mm.s−1,
the section diameter 2 mm and the acquisition time 1.5 s, the
foam crosses several pores during an acquisition. This results in a
kinetic blurring due to the rapid movement of bubbles and water
in the pores and most of the pores appear to be completely filled
with gas (in fact gas + water mixture) as in Figure 3b. How-
ever, intermittently, we can clearly distinguish spherical bubbles
surrounded by water (with an intermediate gray level) as in Fig-
ure 3c. Since there is no blurring despite the high speed of the
fluids, we believe that these bubbles are immobile and are repre-
sentative of the trapped foam.

The sections shown in Figure 3b to Figure 3e were acquired
at different times identified on the differential pressure curve
given in Figure 2. The different colors correspond to the symbols
showed in Figure 2 (F, �, �, •).

Those four selected examples show significantly different be-
haviors. Figures 3b-d represent an event of strong ∆P variation
during the foam generation (transient regime) and are taken in a
short time interval (a few minutes), while Figures 3e corresponds
to the stationary regime. Hereafter, we detail the observations
made in these four images.

The first one (Figure 3b, [Figure 2bF]) corresponds to a high
differential pressure level, just before a drop event. The bubbles
are flowing inside the granular medium at a velocity of around
1 mm.s−1 which is too high to image individually the bubbles. On
the second one (Figure 3c,[Figure 2b �] ), we can easily observe
that bubbles are trapped inside the pores; this picture is taken just
before the drop of differential pressure, when the entrapment is
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Fig. 3 Tomographic images examples.(a) Raw image corresponding of
a full slice. (b-e) Zoom of the raw images at four different times of the
experiment (b) Entire medium filled with flowing gas (c) Bubbles trapped
at the differential pressure maximum peak (d) Residual bubbles trapped
once the pressure drops after the peak (e) Stationary regime. These
images corresponds to the symbols highlighted in Figure 2b.

maximum. The third image (Figure 3d,[Figure 2b �]) represents
the medium right after the drop. We observe that a number of
bubbles are still trapped in the medium. Finally, the last picture
(Figure 3e,[Figure 2b •] ) represents the medium in the station-
ary state at the end of the experiment. We observe that the pack-
ing is close to fully invaded by the flowing phase, but still shows
some trapped bubbles in it. This will be discussed in Section 5.

4 Image analysis
The image analysis is performed using Avizo software (Thermo
Fisher Scientific). Our images have a high resolution and big size
(2000×2000×500), and we have a very large number of tomogra-
phy over the entire experiment (700), which require to perform
automated processing. The different steps of the treatment are
presented in Figure 4. Starting from a raw image (Figure 3b), we
first perform a phase segmentation. This segmentation is based

on thresholding the histogram in three phases (gas phase, water
phase and grain phase, Figure 4a)). A post treatment is applied
on this three phase segmented image, by filling the small holes
inside a phase, and smoothing the edges of the different phases.
Finally, we use a wathershed transformation to separate the dif-
ferent objects in a same phase46. This allows us to separate the
bubbles, by applying this separation on the gas phase made up
of trapped and flowing bubbles, and to separate the pores by ap-
plying it to the gas + liquid phase. The different steps of the
treatment are illustrated in Figure 4b for the pore separation and
Figure 4c for the gas phase separation. Note that this analysis
is performed in 3D (and not on a single slice), which increases
highly the computation time. On Figure 4b and c, each color
corresponds to a different label bubble/pore. We correlate each
labeled pore with the labeled bubbles in it. By a connected com-
ponent analysis, we obtain the volume of each pore, each bubble,
their number in a single pore, and we correlate all those measure-
ments together. Finally, Figure 5 shows a 3 dimensional recon-
struction after the analysis, with the porous medium on the left,
and only the gas phase on the right. This Figure demonstrates the
complexity of the image treatment, which is not only performed
slice by slice but has to take into account the three dimensional
shape of the phases. Each color corresponds to different bubbles
separated by our image analysis.

(a)

(c)

(b)

(d)

Fig. 4 Three steps of the image analysis, and final result. (a) Three
phases segmentation (b) Pores separation; each color corresponds to a
different labeled pore (c) Bubbles separation; each color corresponds to
a different labeled bubble (d) Superposition of the labeled bubbles and
the pore network. The description of the analysis is given in Section 4

5 Results

5.1 Saturations values

The first quantities that we obtain after image analysis are the
values of gas and water saturations.

We define it as the percentage of pore occupation by the water
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Fig. 5 Example of the tomographic reconstruction after image processing, with and without the solid phase (gray on the left image). The different
colors corresponds to different bubbles separated by the image processing.
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Fig. 6 Water saturation Sw as function of time t. The colored symbols
correspond to the examples in Figure 3

phase and the gas phase : Sg = Vg/Vp and Sw = Vw/Vp, where
Vg, Vw and Vp are respectively the gas, water and pore phase
volumes (we have Sg + Sw = 1, by definition). The variation of
water saturation is presented in Figure 6. We observe that the
average water saturation in the sandpack evolves from 10% up
to 20% during the course of the experiment. This saturation is
an apparent saturation and is smaller than the real water satura-
tion since it does not take into account the flowing water in the
flowing bubble phase.

Note that considering the high flow rates imposed in this ex-
periment (equivalent to a few pores per second), even though
the tomography is at a high speed (integration time of 1.5 s), we
cannot capture the flowing bubbles. This limitation implies that
the observed bubbles (for instance in Figure 3c) are necessarily
trapped in the pore space (ie stopped or very slightly mobile) and
that the phase identified as the flowing phase is actually consti-
tuted by bubbles and liquid in motion. In Figure 3a, we observe
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Fig. 7 Distribution of trapped bubbles [◦], flowing bubbles [×] and pores
[♦] equivalent diameter deq. The values Nb,N f ,Np is an average count
over the entire experiment

that the porous medium is almost fully invaded, and no immobile
bubble appear clearly in the pores which seem completely filled
with gas. This is not physically the case and the bubbles are just
moving too fast to be captured. The water is not visible when
the foam is in motion and is only observable when associated
with motionless trapped bubbles. The corollary benefit is that the
observable water content becomes a marker of the trapping phe-
nomenon and the dynamics of trapping can be tracked using the
variations of Sw as a function of time.

5.2 Bubble size distribution
Gas components labeling is presented on Figure 4c and compared
to the pore labeling in Figure 4b and 4d. The gas components
separation is rather good but not perfect due to insufficient spatial
resolution. We see some bubbles still attached to their neighbors
(2 doublets of pink color in Figure 4c). At the end of this step
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aiming at identifying the gas components and the pores, the pores
and the gas components can be matched. We saw previously that
among these gas components, the bubbles in movement cannot
be captured individually because of the dynamic blur and that
these components occupy almost all of the pore. Their size is not
significative of of a bubble one. On the other hand, the trapped
bubbles are captured individually and the statistical analysis of
their size and their evolution over time can be done, provided that
they are separated from the moving bubbles. Since the sphericity
could not be the criterion for selecting immobile bubbles, we used
an empirical criterion which is that a separated gas component
filling less than 70% of the pore is for sure a trapped bubble.

Following this criterion, we discriminate the “flowing bubbles”
components that fill individually more than 70% of each pore
and the “trapped bubbles”, that are defined as the objects that
fill individually less than 70% of each pore. This 70 % value was
chosen empirically, to get a large enough number of immobile
bubbles, while having a good certainty in not selecting flowing
bubbles. An important point is that trapped bubbles definition
does not depend directly on the gas saturation but on the ratio of
each bubble volume over the corresponding pore volume. For in-
stance a pore could contain multiple bubbles summing up to over
70% of the pore volume. With this criterion we ensure to discard
the bubbles flowing at high speed which would false the statistics
since they are numerous and not representative of individual bub-
bles. Unfortunately this removes possible trapped bubbles filling
more than 70% of a pore leading to an underestimation of the
total number of trapped bubbles. This treatment is required to
filter our data by removing the flowing bubbles (and a part of the
trapped bubbles) enabling us to observe the trapping events.

These distributions computed over all the course of the exper-
iment, including transient and stationary states, are presented in
Figure 7 and compared to the pore size distribution. The equiva-
lent diameter deq is defined as deq = ( 6V

π )1/3.

Using those distributions, we evaluate the average pore diam-
eter, which is about 40 µm, and the average trapped bubbles di-
ameter around 25 µm. Obviously, the distribution of the flowing
phase N f has no physical meaning since the temporal resolution
does not capture the dynamic of this phase, which is a mixture of
bubbles and water.

In the following, we will focus on the trapped bubbles, and
disregard the moving phase.

5.3 Bubbles number

Figure 8a presents the number of trapped bubbles Nb as a func-
tion of time. The behavior is very similar to the curve Sw as a
function of time (Figure 6). The colored symbols correspond to
the examples in Figure 3. The strong fluctuations are character-
istic of the trapping events, as reported in Section 3.2. Figure 8b
shows the number of trapped bubbles Nb as a function of the wa-
ter saturation Sw.

We see a very strong correlation between these two values, the
drawn blue dashed line is a general trend for illustration. In both
cases, the water saturation and the number of bubbles relate the
events of foam trapping. Sw variations illustrate the trapping dy-
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Fig. 8 (a) Number of trapped bubbles Nb as a function time t. The colored
symbols correspond to the examples in Figure 3. (b) Number of bubbles
Nb as a function of the water saturation Sw. The blue dashed line is a
visual guide with no physical meaning.

namics since the water is not visible when the foam is in mo-
tion and is only observable when associated with motionless bub-
bles. Moreover, bubble number is directly related to the trapping
since they are only accounted for when trapped otherwise they
are counted as the flowing phase.

Additionally, we observe that the trapping is more important
at the final steady state compared to the transient state at the
beginning of the experiment. The foam stabilizes with time un-
til it reaches the stationary state, while during transient state
avalanche likes events are observed resulting from the rapid un-
trapping of bubbles and a bubble rearrangement inside the porous
network.

5.4 Pore occupation in trapped areas

We can estimate the pore occupation number Po, as the number
of trapped bubbles divided by the number of pores occupied by
these trapped bubbles Po = Nb/No

p. This gives us in average how
many bubbles are occupying each pore during trapping events.
Figure 9a shows the evolution of the pore occupation versus time.
We see a global increase in the pore occupation. This evolves from
1.5 bubbles per pore up to 2.5 at the end of the experiment. The
trend of this curve is very similar to the ∆P one. At the steady
state, Po is bigger than two which means that we have more than
one bubble per pore.

This is confirmed by the correlation between the pore occupa-
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tion number and the differential pressure in the cell ∆P. Those
results are presented in Figure 9b. We observe that the pore
occupation number increases with the pressure which confirms
a foam texture refinement. When differential pressure ∆P in-
creases, more bubbles are trapped, and the liquid compresses the
bubbles. This key result directly connects a microscopic observa-
tion and an external macroscopic measurement of the pressure: it
is one of the challenge to understand foam flow in porous medium
and the origin of pressure variation.
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Fig. 9 (a) Pore occupation number Po as a function of time t. (b) Pore
occupation Po as a function of the differential pressure ∆P. The blue
dashed line is a linear regression to illustrate the trend.

6 Discussion and conclusion
This study shows the potential of ultra-fast synchrotron tomogra-
phy for foam flow in porous media studies. It is technically chal-
lenging, since the experiment is very long and the beam access
time is usually short. Moreover, the spatial resolution (1.1 µm)
and the temporal resolution (1.5 s) were just enough to separate
immobile bubbles and to track the foam trapping dynamics. It
was not possible to image the moving foam since the flow rate
was too important. The injection flow rate couldn’t be reduced
because of the limited beam access time. In those conditions,
which represent the best compromise between acquisition and
experimental conditions, we could acquire over several hundreds
of tomographic 3D images (700 volumes) and obtain statistically
representative and interesting new results.

We show that the erratic fluctuations in differential pressure ∆P
are correlated to the foam trapping dynamics. Trapping events

are associated with high frequency variations of the pressure gra-
dient. A fast increasing/decreasing of the pressure is translated
on the images by an increase of the number of bubbles and an
increase of water saturation as the water is only observable when
the movement of bubbles is stopped. Bubbles remobilization is
evidenced by a low water saturation and a low number of bub-
bles on the images and a slow reincreasing of the pressure.

We show here that the in situ texture of the foam in non flowing
areas is not constant and that it is refining as long as pressure
increases to finally produce bubbles significantly smaller than the
pore size.

This study shows the strong potential of ultra fast microtomog-
raphy on synchrotron for studies of flow in 3D porous media and
especially for the study of foam trapping. Future works could
tune the different flow rates to obtain the 3D microscopic behav-
ior in the many different flow regimes that are known12. Regimes
to explore would include smaller injection rates, a longer rotating
cell to avoid any entrance effects and a dryer foam. Those regimes
would be closer with the existing literature cases of core flooding
and their applications, but would also require much more time at
a synchrotron facility.

An other approach would be to go towards direct applications,
for instance by investigating the influence of oil on the foam in-
vasion, and compare results to those obtained by neutron scatter-
ing47.

This work could be advantageously completed by a gas-tracer
experiment using X-ray sensitive gas such as xenon or krypton to
capture the regions with trapped gas. This would confirm our
interpretation and validate our separation criterion between im-
mobile gas and flowing gas.
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