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We present an experimental study of two-phase flow in a quasi-two-dimensional porous
medium. The two phases, a water-glycerol solution and a commercial food grade
rapeseed/canola oil, having an oil to water-glycerol viscosity ratio M = 1.3, are injected
simultaneously into a Hele-Shaw cell with a mono-layer of randomly distributed glass
beads. The two liquids are injected into the model from alternating point inlets. Initially,
the porous model is filled with the water-glycerol solution. We observe that after an
initial transient state, an overall static cluster configuration is obtained. While the oil is
found to create a connected system spanning cluster, a large part of the water-glycerol
clusters left behind the initial invasion front is observed to remain immobile throughout
the rest of the experiment. This could suggest that the water-glycerol flow-dynamics is
largely dominated by film flow. The flow pathways are thus given through the dynamics
of the initial invasion. This behavior is quite different from that observed in systems with
large viscosity differences between the two fluids, and where compressibility plays an
important part of the process.
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1. INTRODUCTION
Multiphase flow in porous media is found in a wide range of
fields, from fundamental research to more applied areas such as
oil recovery, CO2 storage, or brewing a cup of coffee. It is seen
to exhibit a broad spectrum of complex dynamics and structure
formations [1–8]. This has prompted researchers to study such
systems and try to understand the underlying mechanisms.

Fundamentally, any flow of immiscible fluids in a porous
medium is typically dictated by the competition between vis-
cous, capillary and gravitational forces. The interplay of these
forces has, on laboratory scale, been extensively investigated using
transparent quasi-two-dimensional porous media. These models
render it easy to visualize and study the fluid structures obtained.
Etched channel network models [9] and porous Hele-Shaw cells
made up of a mono layer of beads sandwiched between two paral-
lel plates [10, 11] have become established setups for investigating
multi-phase fluid flow. The bulk of the work done has been con-
cerned with the study of invasion processes where one fluid enters
a porous medium, displacing another defending fluid initially
occupying the pore space. Here, if the defending fluid is the wet-
ting fluid the displacement is described as a drainage process. If it
is the wetting fluid that invades the porous structure, the process
is said to be an imbibition process. It has been shown that there
exist three limiting displacement regimes for such processes [12];
capillary fingering [7, 13], viscous fingering [8, 10, 14–17], and
stable displacement [5, 18, 19]. These processes have been mod-
eled with great success by, respectively, invasion percolation (IP)
[20], diffusion limited aggregation (DLA) [14], and anti-DLA

[14]. Lenormand et al. [6] and Løvoll et al. [17, 21] investigated
experimentally the transition regime between capillary fingering
and viscous fingering. Common for all of these processes is their
inherent transientness.

We investigate here a process where both fluids involved are
forced to flow by the given boundary conditions. The fluids
are thus forced to flow even after any transient invasion state.
After a characteristic time, such systems reach a steady-state con-
figuration where macroscopic flow parameters fluctuate around
stable values. Concerned with determining relative permeabil-
ity and qualitatively describing different flow regimes in this
state, Payatakes and co-workers conducted extensive experimen-
tal, numerical, and theoretical studies on this type of flow [9,
22–27]. Later, Knudsen et al.[28], Knudsen and Hansen [29, 30],
and Ramstad and Hansen [31] have investigated fractional flow
properties and cluster formations in steady-state two-phase flow,
using 2D network simulations. Tallakstad et al. [32, 33] car-
ried out associated quasi-two-dimensional experiments, using a
porous Hele-Shaw cell, obtaining a power-law relation between
the measured steady-state pressure difference over the cell and
the applied flow rate. In a continuation of this work, [34] inves-
tigated the history dependence of the steady-state configurations
observed, by increasing and decreasing the flow rates during an
experiment.

In the current study, we have investigated a system related to
that of Tallakstad et al. [33]. Both studies use a water-glycerol
mixture as one of the two fluid phases, but where they used air as
the other phase we use a commercial food grade rapeseed/canola
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oil. While the air to water-glycerol viscosity ratio is ∼ 10−4, the
oil to water-glycerol viscosity ratio is ∼ 1. This is a ratio closer to
what could for instance be found under reservoir conditions dur-
ing oil recovery. Replacing the air phase with a liquid phase also
removes potential compressibility effects. A similar fluid pair was
used by Frette et al. [18] when studying two-dimensional invasion
processes with viscosity matched fluids.

The present article is organized as follows. First the experimen-
tal setup is introduced and described in Section 2. In Section 3
the results obtained from our experiments are presented and dis-
cussed. This section is divided into a description of the behavior
during the transient invasion process and a part where the perpet-
ual state behavior is discussed. The concluding remarks are given
in Section 4.

2. EXPERIMENTAL SETUP
The experimental setup consists of a horizontal transparent
porous Hele-Shaw cell. A schematic representation of the experi-
mental setup is shown in Figure 1. The porous medium consists
of a monolayer of glass beads, with a diameter b = 1 mm, ran-
domly distributed between the sticky sides of two sheets of contact
paper. The porous matrix is laterally confined by a rectangular
layer of silicon glue. On top of the model, a 3-cm-thick Plexiglas
plate with etched flow channels allows fluids to be injected into
and extracted from the porous medium. From below, a Mylar
membrane, mounted on a 2.5-cm-thick Plexiglas plate and kept
under pressure by a 3.5 m water column, acts as a pressurized
cushion forcing the glass beads above to stay in place. The upper
Plexiglas plate has 10 independent point inlets for fluid injection
and one outlet channel. The distance between the inlets and the
outlet channel defines the length of the porous model. The porous
medium may with this be described as a rectangular box of length
L = 38 cm, width W = 28 cm, and thickness b = 1.0 mm. The
porosity φ0 and the absolute permeability κ0 of the medium are
found experimentally to be φ0 = 0.63 and κ0 = 1.7 × 10−5 cm2,
respectively. The properties of the porous medium are given in
Table 1.

We have used two liquids as our incompressible fluids. In
all our experiments, the porous matrix is initially filled with
a water-glycerol solution (20 − 80% by mass) dyed with, by
mass, 0.1% Negrosine (black color). The other fluid used is a
commercial food grade rapeseed/canola oil (Eldorado Rapsolje,
produced in France for Norgesgruppen, Norway). The viscosi-
ties of the oil and the water-glycerol solution were measured to
be μoil = 58 mPa·s and μw = 43 mPa·s, respectively. Other fluid
properties are found in Table 1. The viscosity ratio is therefore
M = μoil/μw ≈ 1.3. The interface tension between the two liq-
uids was measured by using a pendant drop method [35] giving
γ = 1.9 · 10−2 N/m. The system had a monitored temperature of
28 ± 1.0◦C during all the experiments and measurements. With
this fluid pair, it proved simple to flush the porous matrix and
refill the model with the water-glycerol solution. During the flush-
ing, any remaining oil is broken up into micro droplets which are
smaller than the pore throats and, thus, are removed easily from
the model.

Table 1 | Geometrical parameters and fluid properties in the

experimental system.

Description Symbol Value

Model length L 38 cm

Model width W 28 cm

Bead diameter b 1.0 mm

Porosity φ0 0.63

Absolute permeability κ0 1.7 · 10−5cm2

Water-glycerol viscosity μw 43 mPa ·s
Rapeseed oil viscosity μoil 58 mPa·s
Water-glycerol density ρw 1206 kg·m−3

Rapeseed oil density ρoil 910 kg·m−3

Viscosity ratio M 1.3

Surface tension γ 1.9 · 10−2 N·m−1

The properties are measured at a temperature of 28 ± 1.0◦C.

outlet inlet

clamps

light box

porous medium

digital camera

pressure cushion

pressure cushion

mylar film

contact paper

plexiglas plate

FIGURE 1 | Schematic illustration of the experimental setup [33]. A
light box illuminates the porous model from below, allowing the
camera mounted above to capture sharp images of the flow structure.

The porous model is sandwiched between two sheets of contact
paper and kept in place with a water-filled pressure cushion and a
Plexiglass plate.
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At this point, we need to comment on some issues encoun-
tered using this type of model with this fluid pair. During the
initial testing of the experiment, it was observed that the overall
wetting properties of the porous material were strongly depen-
dent on which of the two liquids the model was first exposed to
in its initial “dry” state. By initially filling the “dry” model by
injecting the rapeseed oil into the model, the porous medium
became observably less water wet than in the case where the
water-glycerol solution was used in the initial filling of the “dry”
model. An observable change in the optical properties of the glass
beads in the porous cell between the two situations indicates that
this is due to a thin liquid film coating the beads, originating
from the initial filling of the model. In this paper, we limit our
investigation to the case where the water-glycerol solution coats
the glass beads during the initial filling of the model. Another
effect observed during the initial testing is an ageing effect of
the porous model. This effect is probably also related to wet-
ting effects. While the absolute permeability stayed unchanged
over time, the level of force/pressure needed to drive a two phase
flow, at a given rate, through the model increased over time. This
observation encouraged us to do all the experiments in as short
a time span as possible. And we were able to carry them all out
over a period of 1 week. And to perform them in such an order
so that any potential aging effects would give a contribution to
the uncertainty/noise in the measurements rather than a mono-
tonic drift in them. However, in our results no aging effects were
observed in the time span of the experiments presented in this
paper.

During the experiments the pressure in the water-glycerol
phase is measured at the inlet and at the outlet of the model,
using two SensorTechnics 26PC0100G6G Flow Through pres-
sure sensors. A lightbox illuminates the model from below and
the flow structure is captured at regular intervals using a Nikon
D200 digital SLR camera mounted above the porous medium.
This camera setup produces images of 2592 × 3872 pixels, giving
a spatial resolution of about 9 × 9 pixels per mm2. The images
acquired are cropped to remove boundaries, leaving images of
2208 × 3276 pixels in size to be used in the further image
analysis.

As described earlier, in all the experiments the pore space of
the model is initially occupied by the water-glycerol solution. The
experiment is started by injecting the oil and the water-glycerol
solution simultaneously from every other one of the ten inlet
points on the injection side of the model. The boundary condi-
tion of the injection side may be said to be anti-symmetric around
the center point on the line of inlets. This means that the two
outermost inlets located at opposite ends of the injection bound-
ary, adjacent to the side boundaries, inject opposite fluids. This
results in different boundary effects on the two sides. However,
most of these boundary effects are not taken into account in
the image analysis, due to the cropping of the images described
above.

The oil and the water-glycerol solution are injected from indi-
vidual syringes connected to the individual inlet points. The five
oil filled syringes and the five water-glycerol filled syringes are
connected to two separate WPI ALADDIN6-220 syringe pumps
that handle five syringes each. Having two separate pumps, one

for each fluid phase, allows us to set different injection rates for
the two phases.

3. RESULTS
We choose to define a capillary number of the flow on pore scale,
using Darcy’s law, as

Ca = (�p)viscous

(�p)capillary
= μQtotb2

γ κ0A
, (1)

where μ = (μw + μoil)/2 is an average of the two viscosities,
A = Wb is the cross-sectional area, and the total injection rate

Q tot = Q w + Q oil = 5Q 0w + 5Q 0oil. (2)

Here Q0w and Q0oil are respectively the injection rates of the
individual water-glycerol solution filled syringes and oil-filled
syringes. In our experiments only the individual flow rates have
been varied in order to vary the capillary number. All other
parameters have been kept constant. Table 2 shows the 8 differ-
ent total flow rates we probed in our experiments, along with the
corresponding legend numbers in the following graphs.

We may define an oil fractional flow rate Foil = Qoil/Qtot . For
each total flow rate Qtot , we carried out a set of three indepen-
dent experiments where the oil fractional flow rates were put to
Foil = 1/3, 1/2, or 2/3.

The rapeseed oil initially enters the porous matrix to form
individual fingers originating from oil inlet points. As the inva-
sion structure evolves, these fingers are observed to merge with
one another to form a connected invasion front. The time evo-
lution of the flow pattern for a typical experiment is shown in
Figure 2. Contrary to what is found in equivalent experiments
with air and a water-glycerol solution as the two fluid phases
[32], the invading non-wetting phase stays connected to the inlets
through the whole of the invasion process. As the initial oil fin-
gers merge, the water-glycerol phase is seemingly fragmented into
disconnected clusters. However, it is observed that these clusters
are overall left static in a fixed cluster configuration behind the
front. A comparison of the two lower images in Figure 2, read-
ily demonstrates this characteristic behavior of the fluid paths in

Table 2 | Total flow rates Qtot and capillary numbers Ca corresponding

to the legend numbers presented in the forthcoming graphs.

Legend no. Qtot [ml/min] Ca

1 0.30 0.0241

2 0.45 0.0362

3 0.60 0.0482

4 0.90 0.0723

5 1.2 0.0964

6 1.8 0.145

7 2.4 0.193

8 3.6 0.289

For each total flow rate Qtot , three independent experiments were executed,

where the oil fractional flow rates were put to Foil = 1/3, 1/2, or 2/3.
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FIGURE 2 | For Qtot = 0.3 ml/min and Foil = 1/2, the flow structure is

shown at four different times. The flow direction is from left to right. The
images are ordered, from the top, by increasing time. The images are
respectively captured at 68, 142, 228, and 330 min into the experiment. The
two lower images show flow patterns, at steady state, with a large
separtation in time.

the system. Such an overall static path structure indicates that
the main fluid transport of water-glycerol solution occurs as film
flow in regions where a fluid phase is seemingly disconnected.
This again, implies that even the water-glycerol phase stays
connected.

FIGURE 3 | Time evolution of the dynamics in the invasion structures

in the system. Eight independent experiments with the fractional flow
rates fixed to Foil = 1/2. See Table 2 for total flow rates. The graphs show
percentage change in the pattern configuration between two consecutive
images taken during the experiment, per time. Here �t represents the time
interval between two consecutive images and this differ for experiments
with different flow rates.

3.1. TRANSIENT BEHAVIOR
As described above, almost all observable dynamics in the pat-
tern structure occurs during the initial invasion before the system
reaches a steady/stationary state. In the same manner as Tallakstad
et al. [32], we define a characteristic steady state time tss that
signals the end of the transient regime and the onset of the per-
petual state (see the plot for Foil = 2/3 in Figure 5). Figure 3
accentuates what part of the process displays most of the dynam-
ics. The graph shows how much the pattern configuration has
changed between two consecutive images taken during the exper-
iment. Here a lower threshold value for changes in the gray level
value has been introduced. It is easily seen that the percentage of
change observed in the fluid structure drops rapidly to a negli-
gible level around the time of onset of steady state. This means
that there are no cluster/pattern changes during the last part of
the experiment. Though the experiment with the highest flow
rate demonstrates a similar behavior, the fluid pattern continues
to show changes also after the initial invasion. This means that
there are here some minute cluster dynamics also during steady
state.

Figure 4 shows, on the top left, an image of the invasion pat-
tern at a randomly chosen time during the initial transient state
together with, on the top right, a plot showing the areas where
changes have occurred in the structure since the previous image
in the time series was captured. It is observed that virtually all of
the minute changes that substantiate the dynamics of this system
are located in the vicinity of the invasion front. The lower graph
in Figure 4 shows the average position 〈y〉 of the changes observed
in the structure as a function of time. The graph also includes the
standard deviation σy in the position. From this, we see that dur-
ing the initial invasion most of the dynamics or structural changes
occur in a region close to the invasion front. After the onset of
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FIGURE 4 | (A) For Qtot = 1.2 ml/min and Foil = 1/2, the invasion pattern at
a chosen time during the initial transient state is shown on the left. Here,
the flow direction is from the bottom to the top. On the right, the
corresponding changes that have occured in the structure since the
previous image in the time series, is shown. Here, the areas that are
changed are marked as white, while the unchanged areas are black. (B) The
mean position 〈y〉 of the changes, from the bottom end of the image (inlet
side), is given as a function of the time relative to the steady-state time tss,
accompanied by the standard deviation σy in the position of changed
points.

steady-state, where we have seen in Figure 4 that any dynam-
ics has virtually vanished, the standard deviation σy shown in
Figure 4 tends to increase. The few changes occuring are, i.e., not
found in a localized area, but are rather scattered over more of the
system.

3.2. STATIONARY STATE
As the system leaves the initial state of invasion and enters the per-
petual stationary state of the system, the pressure difference across
the model, which has been increasing steadily from the onset of
invasion, levels off at a constant value (See Figure 5). In the same
manner as described by Tallakstad et al. [32], the stationary state
may globally be quantized by the pressure drop between the inlet
and the outlet,

FIGURE 5 | Time evolution of the pressure difference across the length

of the model for all the experiments. Results for each given fractional oil
flow rate, Foil, are here plotted together. See Table 2 for total flow rates for
the individual experiments. (The undulations in the pressure plots are an
unwanted signature of one of the syringe pumps used).

�Pss = 1

tend − tss

∫ tend

tss

�P(t)dt, (3)

where tend is the end time of the experiment. In Figure 6 the aver-
age steady-state pressure differences are plotted as a function of
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FIGURE 6 | Average steady-state pressure difference �Pss as a function

of the total flow rate Qtot .

the capillary number for the three different oil fractional flow
rates investigated. We observe that �Pss potentially exhibits the
behavior of a power law in the total flow rate Qtot ,

�Pss ∼ Qβ
tot, (4)

with exponents β1/2, 2/3 = 0.67 ± 0.05 for Foil = 1/2 and 2/3,
and debatably a higher β1/3 = 0.74 ± 0.05 for Foil = 1/3. Here
the errors are obtained from the estimated limits of power laws
fitted to the data sets. The values for β found here are higher
than the exponent value reported by Tallakstad et al. [32] in a
system with a large viscosity difference between the two fluids.
As described in the previous section the overall cluster configu-
ration is left static after onset of the perpetual state. Only minute
changes may be detected (See Figures 3, 4 for t/tss > 1). And as
already stated in the beginning of this section, this indicates that
both fluids flow in connected pathways from inlet to outlet. The
fact that both fluids must to some extent be flowing side by side,
is in agreement with the higher power law exponents observed
above. In a pure Darcy type flow, the pressure difference across
the model increases linearly with the applied flow rate. In our
system this would correspond to a power exponent β = 1. The
more the dynamics of the flow involves fluid interface dynam-
ics, the more the flow behavior will deviate from a Darcy flow
behavior. Tallakstad et al. [32] reported a more stable migration of
independent air clusters through the system in the perpetual state.
This corresponds to a larger degree of dynamics due to move-
ment of fluid interfaces than what is observed in the stationary
perpetual state of our system. This is in agreement with a larger
divergence away from a pure Darcy type flow.

Figure 7 shows the steady-state two-phase-flow structure for
a selection of separate experiments. With regards to the pos-
sible difference observed in the power law exponent between
Foil = 1/3 and the other two oil fractional flow rates, there is from
Figure 7 observably a higher degree of water-glycerol channel
flow in the Foil = 1/3 experiments. This is especially prominent
comparing the three rightmost images in Figure 7. There is also

less interface dynamics in the experiments where Foil = 1/3. This
is in agreement with a higher value for β, a value approaching 1.

In a perfect two dimensional geometry, where the pore space
is connected and therefore, by necessity, the solid structure is
disconnected, having both phases flow in connected structures
would only be possible if the two fluids flow in channels alongside
each other, unsupported by film flow along the solids. From the
2D projection of our system, we observe that the water-glycerol
phase appears as static disconnected clusters. This means that at
least the water-glycerol phase must in some regions of the system
be flowing as out-of-plane film flow. Thus, we have flow dynamics
dominated by three-dimensional effects.

3.3. WATER-GLYCEROL CLUSTER SIZE DISTRIBUTIONS
After the systems have reached their stationary state, we have
extracted the size distributions of the seemingly disconnected
water-glycerol clusters stuck in the porous medium. It should be
pointed out that these distributions cannot be directly compared
to those found by Tallakstad et al. [32]. In their investigation, it
was the distribution of clusters of air, and not water-glycerol, that
was analyzed. To minimize boundary effects in the distributions
extracted, all clusters connected to the boundaries of the images
used, have been removed in the analysis process. The normalized
probability density functions (PDF) P(s) for all total and frac-
tional flow rates probed are presented in Figure 8. We have here,
as in percolation theory [36], assumed that the normalized cluster
size distribution behaves as a PDF

P(s) ∝ s−τ exp ( − s/s∗), (5)

where s∗ is a statistical cutoff cluster size. Using a proportional-
ity constant, τ , and s∗ as our three fit parameters, we have fitted
this function to the data for each individual experiment. Due to
the lack of statistics for the largest clusters of the systems, we have
in the fitting procedure disregarded the data from these. For each
fractional flow rate, by averaging the fitted τ exponents for the
8 individual total flow rates (given in Table 2), it is found that
τ2/3 = 1.37 ± 0.09, τ1/2 = 1.43 ± 0.06, and τ1/3 = 1.48 ± 0.04,
for Foil = 2/3, 1/2, and 1/3, respectively. Here, the uncertainties
only reflect the differences in the exponents fitted to each individ-
ual distribution. Along with the fitted values of s∗, these average
values for τ were used to produce the data collapses shown in
Figure 8. From this figure, we observe that the cluster size dis-
tributions exhibit a power law behavior over more than three
decades.

With regards to the cutoff cluster size, the fitted values of s∗ are
observed to potentially scale with the total flow rate Qtot as

s∗ ∝ Q−ζ
tot . (6)

Figure 9 shows s∗ for the three fractional flow rates as functions of
the the total flow rate Qtot . By fitting the proposed function above
to these sets of s∗, having the proportionality constant and ζ as fit
parameters, we find that ζ2/3 = 0.89 ± 0.08, ζ1/2 = 0.67 ± 0.05,
and ζ1/3 = 0.51 ± 0.05, for Foil = 2/3, 1/2, and 1/3, respectively.
Here, the errors correspond to the standard deviations from
the fitting procedure. From this, we see a trend of possibly
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FIGURE 7 | Steady-state fluid configurations for 12 separate

experiments. Each row of images shows the fluid configurations for,
from left to right, the total flow rates Qtot = 0.30, 0.60, 1.2, 3.6 ml/min.

The top, middle, and bottom rows show the configurations when the
fractional oil flow rate is Foil = 2/3, Foil = 1/2, and Foil = 1/3,
respectively.

larger values of ζ at larger fractional oil flow rates. This would
mean that the decrease in the cutoff cluster size s∗, with a given
increase in the total flow rate, depends on the fractional oil flow
rate in the system. From Figure 9 we also observe that, for the
flow rates probed, increasing the fractional oil flow rate while
maintaining the total flow rate leads to a decrease in the cut-
off cluster size. This might be attributed to the increased drag
the water glycerol phase experiences when the oil flow rate is
increased.

4. CONCLUSION
In this paper we have experimentally studied a simulta-
neous incompressible two-phase fluid flow in a quasi-two-
dimensional porous medium. The viscosity ratio between
the two fluids was M ∼ 1.3. During the experiments the
flow rates of the two fluids were varied, while the other
system parameters were kept constant. Both the transient
and the final perpetual states observed in this system were
investigated.
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FIGURE 8 | Data collapse of the water-glycrol cluster size distributions

for all the experiments. The plots are grouped by fractional oil flow rate
Foil. For each fractional flow rate, the distributions for the different Qtot are
represented by differently shaped symbols. (See Table 2 for the
corresponding total flow rates.) The data sets showing the cluster size
distributions obtained for Foil = 1/2 have in this graph been shifted along
the vertical axis by a factor of 10−2, while the distributions obtained for
Foil = 1/2 have been shifted by a factor of 10−4. To produce the data
collapses the fitted values of s∗ for each individual data set have been used,
along with the average values for τ1/3 = 1.48, τ1/2 = 1.43, and τ1/3 = 1.37,
for the respective fractional oil flow rates. The same values for τ were used
to produce the black dotted lines which are proportional to
(s/s∗)−τ exp (s/s∗).

FIGURE 9 | The fitted values of the cutoff cluster size s∗ for the three

fractional oil flow Foil are plotted as functions of the total flow rate

Qtot . The solid lines show the fitted functions proportional to Q−ζ
tot , where

ζ2/3 = 0.89, ζ1/2 = 0.67, and ζ1/3 = 0.51 have been used for Foil = 2/3,
1/2, and 1/3, respectively.

For most of the flow rates probed, the system behavior is
observed to be dominated by the transient state dynamics. The
transient state, characterized by the propagation of an invasion
front, typically exhibits cluster dynamics strongly restricted to an

area close to the moving invasion front. We observe that water-
glycerol clusters, that are left behind by the invasion front, to a
large degree stay static after they are visually disconnected from
the front. This leaves the system in a perpetual stationary state. As
the front propagates through the system, the pressure drop over
the model, from the inlet to the outlet, is observed to increase
until it levels off to a constant value in the perpetual state. It was
observed that this pressure difference potentially increases as a
power law with an increase in the flow rates applied. The power
law exponents β extracted for the different fractional flow rates
are found to be higher than what was observed by Tallakstad et al.
[32, 33]. This may be put in connection with having less cluster
and interface dynamics in our system.

In the stationary state, the cluster size distribution of the static
water-glycerol clusters were extracted. These distributions fol-
lowed a power law with a cutoff for large cluster sizes. By fitting
a power law with an exponential tail to the data set there were
indications that the power law exponent could be weakly depen-
dent of the fractional oil flow rate. The data could indicate a trend
where a larger fractional oil flow rate would give a slightly lower
power law exponent τ than for smaller fractional oil flow rates.
But these findings are not conclusive. The cutoff cluster sizes s∗
extracted from the cluster size distributions, however, were found
to be more strongly dependent on the fractional oil flow rate.
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