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Miscible multiphase flow in porous media is a key phenomenon in various industrial
and natural processes, such as hydrogen storage and geological carbon sequestration.
However, the parameters controlling the patterns of displacement and mixing in these
flows are not completely resolved. This study delves into the effects of heterogeneity
and inlet pressure on mixing and displacement patterns of low-viscosity miscible phase
invasion into a high-viscosity resident phase, that is saturating a porous medium. The
findings highlight the substantial influence of inlet pressures and heterogeneity levels in
transitioning from uniform to fingering patterns at the pore scale. These phenomena are
detectable at the Darcy scale, and their transition from a uniform front to finger formation is
effectively marked through a modified Sherwood number. This modified Sherwood number
links microscale patterns to physical properties such as velocity distribution, diffusion, and
viscosity contrasts. Additionally, the study employs breakthrough curve (BTC) analysis
to illustrate the role of higher heterogeneity and inlet pressure in broadening the fluid
velocity distribution, leading to the fingering pattern. These research insights provide a
nondimensional approach that scales the BTCs, and can serve future models of miscible
phase flow in porous media, linking pore-scale dynamics with macroscale Darcy-scale
observations.

DOI: 10.1103/PhysRevFluids.9.084501

I. INTRODUCTION

Miscible multiphase flow in porous media is a process where a resident phase is displaced by a
different phase within the confinement of a porous structure, and while the phases are different in
their characteristics (e.g., density, viscosity, etc.), they can still mix and form an intermediate phase
that has characteristics different from both phases. This process is omnipresent in many processes,
such as water remediation, hydrogen storage in the subsurface, moisture, and solute transport in
soils and geological carbon sequestration [1-5]. In these processes and others, a less viscous phase
displaces a resident phase, resulting in increased mobility and causing a fingering pattern due to
phase interface instability known as “viscous fingering” [6]. Specifically for hydrogen storage and
CGS in brine aquifers, the mixing then leads to the acidification of the brine and potential alterations
in rock formations and porosity [5,7-14].

The main bulk of miscible multiphase flow research was done on two-dimensional (2D) Hele-
Shaw (HS) cells, where a resident phase residing between two circular plates is displaced by
the less viscous miscible phase introduced in the plate center [15—18]. As the invasion proceeds,
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the interface between the phases is ever growing, due to the circular nature of the invasion, thus
reducing the invading phase fluid velocity in the interface. This invasion pattern leads to the said
“viscous fingering,” where instabilities in the form of small inhomogeneity on the plate lead to a
variation of velocity on the phases interface, which is acerbated by the phases viscosity difference
[19-22]. Furthermore, research has demonstrated that adjusting the distance between the HS cell
plates (commonly referred to as a gap) can regulate instability, and not every gap has the potential
to enhance viscous fingering dynamics. As the gap increases, the instability gets suppressed [23],
which is aligned with the Homesy correction on the contribution of the gap of the HS cell to the
cell permeability [15]. Moreover, studies on miscible phase flow in porous media indicate that the
formation of fingering patterns is also influenced by the flow rate [24-26] and the permeability
heterogeneity [27]. Therefore, while HS cells highlight the role of viscosity difference among
the phases, which is the dominant feature at the volume scale, the porous material highlights the
pore structure on the micron scale. Studies on immiscible phase flow at the pore scale showed
the dominance of the heterogeneous structure and how it impacts the uneven advancement of
the invading phase due to capillary or viscous forces [14,28-32]. While immiscible phases do
not mix and lack the resulting viscosity range associated with miscible phase mixtures, they do
underscore the relevance of pore scale heterogeneity on the fingering pattern during invasion for
high capillary numbers. Moreover, studies performed on miscible phases that do mix showed that the
fingers establish the interface between the phases where mixing occurs [33,34]. As such, rigorous
experimental investigations exploring the effect of porous media heterogeneity, fluid flow rate, and
miscible phases viscosity on fingering pattern and mixing at the pore scale are currently missing
and are crucial for accurate modeling efforts [35-38].

This research aims to investigate how the heterogeneity of porous media influences mixing and
invasion patterns under different inlet pressures and heterogeneity levels, and bridge the gap between
the pore scale and the Darcy scale for miscible phase flow in porous media. Using a 2D porous media
model, we examine how low-viscosity fluids interact with high-viscosity fluids at the pore scale,
under varying heterogeneity and inlet pressures while monitoring the flow rates. Our findings reveal
that both inlet pressures and heterogeneity levels significantly impact fingering patterns, resulting in
distinct displacement and mixing behaviors. These pore-scale phenomena are reflected at the Darcy
scale through flux measurements, demonstrating that they have broader implications for miscible
phase flow in porous media.

II. METHODS AND MATERIALS

To distinguish between the displacement and mixing within the porous media, we fabricated a 2D
porous media with dimensions of 4.5 mm in length, 1.3 mm in width, and 0.05 mmp in depth, made
out of p olydimethylsiloxane (PDMS), using a microfluidic mold. We patterned the microfluidic
mold with four different heterogeneity levels, where the homogenous pattern is a uniform grid of
pillars of 50 um radii, forming an average pore size (R) of 50. These pillars are placed on grid
points (x,y) of a square lattice, allowing for some disorder with normalized standard deviations
(o/R) of 0.01, 0.1, and 0.5, forming the heterogeneity levels depicted in Fig. 1(a). To form the
disordered pattern, the deviation of each pillar from the grid center was randomly drawn from a
normal distribution with the above standard deviation for both x and y.

We performed a fluid-fluid displacement experiment where the invading fluid is double distilled
water (DDW) mixed with rhodamine 6G, and the defending resident fluid is glycerol, and both
are inert to the material of the cell. The experimental setup is designed to form a sharp interface
between the DDW and the glycerol, with no prior mixing, so as to clearly separate the displacement
and the mixing of the fluids. The rhodamine 6G dye, which is used as an indicator, is excited by
a 488 nm laser and emits at 550 nm wavelength. Therefore, as the glycerol is mixed with DDW,
the dye is diluted, and the emission amplitude diminishes. The DDW and glycerol differ in their
density (pppw = 1 and pg = 1.26 g/cm?, respectively) and in their viscosity (uppw = 1 x 1072
and pg = 1.43 Pas, respectively). For each heterogeneity level, we applied three different inlet
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FIG. 1. (a) The 2D flow cells’ layout with an obstacle diameter of 50 um. These obstacles are placed
on grid points (x,y) of a square lattice, allowing for some disorder with a normalized standard deviation
(6 /R) of 0, 0.01, 0.1, and 0.5 from left to right. (b) The flow cell is connected to a pressure pump controlled
by external control units in order to inject the DDW with the rhodamine. The pressure is also continuously
monitored at the inlet. The inlet flow is measured with a thermal-based flow sensor that was calibrated for each
pressure difference, while the entire fluid-fluid displacement is observed and documented through a confocal
microscope.

pressures (15, 30, and 45 mbar, measured at the inlet), while measuring the inlet discharge for every
pressure-heterogeneity configuration. In parallel, we developed a MATLAB code to track the invasion
of the DDW by the rhodamine fluorescence and the mixing between phases by the fluorescence
decrease due to dye dilution, following a verified linear calibration curve matching the fluorescence
amplitude to the phases mixing at each pixel [39]. The mixing rate was determined by analyzing
the relative intensity within the measured range for each experiment. This range was established per
pixel in the flow cell using the initial and final images. Pixels exhibited varying degrees of mixing,
reflected in their intensity values. These values were then normalized against the range, yielding
a scale from 0 (no mixing) to 1 (complete displacement of the resident fluid by the dyed DDW),
indicating the extent of mixing. Using the initial undisplaced and completely displaced images, we
directly estimate the thermal white noise error coming from the imaging at less than 1%.

Our experimental configuration entailed monitoring the mixing process using a confocal mi-
croscope (Nikon Eclipse Ti2-FP) and a camera (Prime Sigma BSI express) with a frame rate of
0.3 s per frame. The flow cell was connected to a pressure pump (Fluigent; with a pressure range
of 345 and 69 mbar) to maintain precise and constant pressure while recording the inlet pressure
and the discharge changes over time (Fluigent pressure and discharge sensor M\S, respectively).
The reported error by Fluigent for the discharge is 5%, which is in line with the measurement
noise we get. This monitoring took place through a 1-mm-thick borosilicate glass slide (Thermo,
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Menzel-Glaser), uniformly coated with PDMS using a spin-coating process, and bounded to the
flow cell.

III. RESULTS AND DISCUSSION

The experimental setup, described in the Methods and Materials section, allows us to track the
invasion of the DDW through the resident glycerol and account for the mixing of the phases and
the invasion pattern. We will examine the influence of different heterogeneity levels and inlet
pressure on three different spatial and temporal aspects: the invading pattern, the mixing pattern,
and the overall flux change.

A. Heterogeneity and the invasion pattern

Pore-scale heterogeneity of porous media is the outcome of pore size variation that dictates
the ratio of surface frictional forces on the flowing fluid, while the fluid viscosity determines the
magnitude of these frictional forces. Through these frictional forces, the heterogeneity in the flow
cell causes variation in the local velocity due to the connectivity among pores and their sizes
along the cell thus forming a preferable path with less overall resistance. The velocity profile
within each pore is affected by the shear stress that originates from the pore boundaries due to
the non;slip condition; meaning, that the velocity decreases with the pore cross section, leading to
higher resistance. This pore-size resistance mechanism scales with the fluid’s viscosity due to its
relationship to the shear stress [40,41]. Therefore, in a porous media experimental setup, a change
in the resistivity is expected compared to the HS cells, yet the coupling between the heterogeneity,
resistivity change, and invasion pattern is currently missing. We observe that in the homogenous
porous medium, the point source inlet for the DDW dictates an initial invasion plume that, over time,
evolves into a uniform invasion front despite the point source origin (see Fig. 6, with o /R = 0.0
and pressure of 30 mbar in the Appendix). This uniform front is different from the mechanism of
viscous fingering in HS cells where one would expect a single finger to emerge [26]. Keeping the
same fluids and pressure head while increasing the heterogeneity level, as stated in the Methods and
Materials section, leads to a change in the invasion pattern of the DDW in the resident glycerol. The
uniform front in the homogeneous configuration switches to a single finger that becomes thinner
and more pronounced as the heterogeneity increases, captured by the invasion pattern morphology
differences between o /R = 0.01 to 0.1, and especially 0.5 (see Fig. 6 in the Appendix). These
morphological changes in the invasion pattern suggest that the initial fingering, due to the large
viscosity difference, is secondary to the porous media heterogeneity. Specifically, in our experiment,
the less viscous fluid reduces the resistance and increases the velocity at each pore it invades,
whether by replacing the resident phase or by mixing with it. Therefore, the fingering pattern is
the result of both (1) a pore-size resistance mechanism and (2) viscosity evolution at the pore
scale. These two processes are coupled; initially, the fingering pattern follows the inner structure
and then develops due to the viscous differences among the pores. In contrast, the symmetrical
inner structure of the homogenous porous media leads to an even pore-size resistance mechanism,
and although there are viscosity differences, due to the fluid distribution within the pore structure,
the uniform pore pressure suppresses the fingering pattern. Hence, the spatially uniform pore-size
resistance mechanism damps the viscous fingering pattern for the homogeneous case, even though
the less viscous fluid invades through a point source at the cell center, which should encourage
the emergence of a single finger. As such, in the homogeneous case, the invading phase forms a
uniform front due to the uniform pore sizes, which homogenizes the applied frictional forces on
the fluid, and, as a result, the pore pressure over the cross section. As the heterogeneity increases,
the pore-size variations lead to nonuniform frictional forces and nonuniform pore pressure, leading
to velocity variation [42]. This nonuniform invasion pattern leads to spatial variations in viscosity,
which further enhances the nonuniform invasion pattern, thus the heterogeneity rate determines the
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FIG. 2. An image analysis depicting the local mixing and displacement for flow cells with heterogeneity
levels of 0.0, 0.01, and 0.5 for an applied inlet pressure of 30 mbar at three different times: 10, 30, and 90 s.
Note that blue denotes 100% glycerol and 0% DDW, while red represents 100% DDW and 0% glycerol.

invading pattern, while the viscosity change enhances the invasion pattern. This further exemplifies
the strong impact of the inner structure on the flow pattern.

B. Heterogeneity and the interplay between mixing and displacement

As stated earlier, the observed invasion pattern varies from uniform at the homogeneous case
to finger formation as the heterogeneity level increases, yet this observation is focused on the
displacement of the fluids, while the effect of pore structure on the fluids mixing is missing.
Using a calibration curve in Fig. 6, the mixing and displacement pattern among the fluids, due to
heterogeneity levels, can be observed in Fig. 2. In the homogeneous cell (o /R = 0.0), the uniform
fluid invasion forms a uniform mixing front with the resident fluid, followed by the displacing fluid.
The mixing front maintains the same initial width, with a maximal mixing level in the middle of
the front, a remnant to the point source boundary condition. However, as the heterogeneity rate
increases (o /R = 0.01, 0.1, and 0.5), the mixing front is less uniform, and a “fingerlike” pattern
emerges. The displacing front still follows the mixing front, yet at a smaller cross section within
the flow cell; thus, glycerol remains trapped from both sides of the formed finger. Focusing on the
maximum heterogeneity level of o /R = 0.5, there is a connected finger from the inlet to the outlet
within 90 s, while mixing occurs towards the edges of the cell as the finger thickens. As such, the
heterogeneity level affects not only the invading pattern but also the mixing pattern, as the main bulk
of mixing occurs after the fast finger formation, followed by the finger thickening, in contrast to the
homogeneous case, where the bulk of mixing occurs in the front of the invasion. This fingerlike
invasion pattern combines different mechanisms that yield dynamic resistance. Initially, the flow
follows the pore structure through a preferable path with the lowest resistance. Over time, this path
remains preferable not only due to the pore structure but also due to the reduced viscosity, and the
mixing is reduced to the edges of the finger. Yet this mixing with the trapped glycerol on the sides
must increase the overall fluid viscosity.

C. Discharge change in time as an indicator of spatial displacement and mixing pattern

The pore-scale heterogeneity that causes variation in resistance within the flow cell, leads to
changes in viscosity over time and space that must affect the duration required for the invading fluid
to reach complete saturation. This change in the displacement time is indicative of the invading
phase discharge, as it is basically a change of the invading phase volume occupancy in time within
the flow cell. Specifically, the discharge (Q) must increase in time since the fluid viscosity is reduced
by both the displacement and the mixing, thus reducing the cell resistance to flow. However, as
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FIG. 3. (a) Homogeneous flow cell. (b) Heterogeneous flow cell (¢ /R = 0.0 and 0.5, respectively), both
with an inlet pressure of 30 mbar. The dotted blue line represents the normalized area occupied by a mixture of
DDW and glycerol, while the dashed blue line represents the normalized area occupied solely by a minimum
of 95% DDW, which is the displacing fluid. Discharge with respect to time is marked by the solid orange line,
while (a-i). and (a-ii) mark the maximum mixed volume and displaced volume in the cell, respectively, and
(b-iii), (b-iv), and (b-v) mark the maximum mixed volume, the discharge signature for the finger formation,
and displaced volume in the cell, respectively.

the invasion pattern changes with the different heterogeneity and inlet pressures, as indicated in
the previous Sec. III B, so will the discharge increase rate. To understand the coupling between
heterogeneity and discharge, we first focus on the discharge change over time for the extreme cases
of completely homogeneous and very heterogeneous porous structures, marked by the orange line
in Figs. 3(a) and 3(b), respectively. These changes in discharge over time are coupled with the
mixing and displacement volume normalized by the flow cell volume, marked by the dotted and
dashed blue lines, respectively, in Figs. 3(a) and 3(b). For the homogeneous case in Fig. 3(a), the
discharge slope is constant until 200 s, due to the high glycerol content in the front of the cell that
moderates the resistance change. However, DDW mixing in the interface constantly reduces the
overall fluid viscosity and therefore, flow cell resistance. Furthermore, the displaced fluid behind
the mixed area further decreases the resistance to the flow, which leads to a constant increase in the
discharge. When the DDW front reaches the end of the cell, most of the cell is saturated with DDW
[point (ii) in Fig. 3(a)], which causes the resistance of the cell to decrease dramatically, and as a
result, to a rapid increase in the discharge. In contrast, for the heterogeneous cell in Fig. 3(b), the
invading phase flows in a preferable path, or “finger.” When the finger reaches the end of the cell,
the discharge is at its maximum, as the resistance within the preferable path is at its lowest due to the
viscosity drop, and due to the small cross section of the finger with a limited surface area of the solid
that further reduces the shear force. After the finger formation, the discharge drops due to mixing
towards the edges of the cell, from point iv to point v in Fig. 3(b), and this mixing phase leads to the
saturation of the entire cell. As such, the peak in Q(#) indicates a finger pattern in time, which has
an initial displacement followed by a mixing phase. Therefore, the external discharge measurement
provides a signature to the displacement and mixing mechanisms presented in the previous section.
Moreover, it is clear that the same mechanism that leads to the change in local velocity, due to the
pore structure heterogeneity and viscosity change in time, also affects the flux measurements, which
is the spatial integration of local velocities over the cross-sectional area. However, this measurement
differs in the fact that it is made over the whole flow cell on the macroscale and can be considered
a Darcy measurement. Therefore, the pore-scale mechanism that leads to the change in invasion
pattern has a clear signature at the Darcy scale, which can be measured externally, and is clearly
linked to the velocity distribution at the pore scale. The discharge flux measurements of the cell
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are distinctively tied to the heterogeneity rate. The discharge measurement averages the local pore
fluxes into a single value, representing the total average discharge in the flow cell. Nonetheless, the
discharge-time plots vary significantly for different heterogeneity rates, reflecting how pore-level
processes affect the overall medium [43,44].

D. Transitioning from front to finger invasion

As shown in the previous section, the level of heterogeneity plays a significant role in shaping
the way fluids displace and mix within a cell, primarily by influencing the velocity field. Alongside
heterogeneity, inlet pressure also exerts an impact on the scaling of the velocity field. Specifically,
the applied inlet pressure serves as an indicator of the spatial distribution of velocity and can be
externally scaled by modifying the inlet pressure value. To further investigate the influence of inlet
pressure, we conducted identical experiments across all heterogeneity configurations, using three
distinct inlet pressure values: 15, 30, and 45 mbar. These results are presented in Fig. 5 as a phase
diagram, illustrating how each of these variables (pressure and heterogeneity level) contributes
within a matrix configuration, facilitating an examination of their respective influences. As was
shown previously, the displacement within the o /R = 0.5 flow cell is faster to reach full saturation
compared to o /R = 0.0, for an inlet pressure of 30 mbar. This relative saturation time is still the case
for the inlet pressures of 15 and 45 mbar, and the displacement of the homogeneous o /R = 0.0 and
the nearly homogeneous case of o /R = 0.01 flow cells takes the longest time to be fully saturated
by the DDW, while maintaining a uniform displacement with no fingering, as reflected through the
discharge rate [Q(f)] measurement pattern. Furthermore, the single-finger formation, with its unique
“peak” pattern in the Q(f) measurements, also exists for o /R = 0.1, in addition to o /R = 0.5 where
the heterogeneity level dominates. As the inlet pressure increases, the displacement rate increases,
and the peak in the discharge rate appears earlier for the heterogeneous case, forming the connected
path between the inlet and outlet faster. Yet as the inlet pressure increases, the fingering pattern
also forms for o /R = 0.01, where the pore structure configuration is very nearly homogeneous
(recall Fig. 1). Apparently, the increase in inlet pressure broadens the narrow velocity distribution
by favoring the local viscosity variations, leading to variations in shear forces. The broadening of
the velocity distribution leads to relatively high local velocities, which leads to a local reduction in
viscosity. This local viscosity reduction shifts the invasion towards a fingering pattern, even though
the permeability along the cross section is almost uniform. In a way, higher pressure increases
the shear forces and acerbates the small differences in the pore structure, which broadens the
velocity distribution; thus transitioning the nearly uniform flow pattern towards a finger formation.
In contrast, lower pressures decrease the shear forces, which narrows the velocity distribution. For
o /R = 0.0, there is no evidence for the fingering pattern even at a high inlet pressure, as there are no
spatial velocity variations, due to the highly uniform pore structure; nonetheless, this fingering may
still occur for the limiting case of o /R = 0.0 through a local instability in the invasion, in which the
local viscosity difference will worsen. We expect that as the domain size increases, the chances for
this instability that will lead to finger formation will also increase. Fingering patterns have already
been observed in simulations of miscible fluid-fluid displacement at homogeneous porous media
[37]. However, in our experiments at o /R = 0.0, we did not observe this finger pattern for this
specific cell length. It is important to note that these simulations were performed in 2D geometry,
and initial results from COMSOL 2D simulations done in our laboratory for the homogeneous case,
while including the third dimension by the surface area of HS plates as done in [15], show that in two
dimensions the displacement pattern is controlled by a single finger. However, performing the same
simulation in a full 3D configuration recovered a similar uniform displacement pattern observed in
our experiments, marking the importance of experimental observations in this field. We believe that
the correction for the added surface area between the 2D and the 3D case is not sensitive enough
for miscible phase flow, where the shear forces scale with both pressure and heterogeneity. The
observed mixing at the front of the invading phase, together with the specific viscosity ratio of the
invading and residence fluids, seem to restrain the fingering pattern. These results are currently out
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FIG. 4. Breakthrough curves for an inlet pressure of 15, 30, and 45 mbar from left to right.

of the scope of this study and will be presented in a future study comparing the COMSOL simulation
with the experiment while accounting for the local shear forces. The fingering pattern may also
appear if the cell is made longer (and not necessarily bigger), which will allow the instability that
generates the fingers to overcome the suppressing nature of the uniform shear forces applied in the
homogeneous case.

E. The finger formation effect on the breakthrough curve tailing

As stated in the previous section, the heterogeneity level and the driving pressure lead to
the velocity spatial distribution through the shear stress, which in turn leads to the mixing and
displacement pattern of the invading miscible phase. However, in our experiments, we cannot
directly measure the velocity distribution, yet we do measure the discharge as an indicator for the
displacement pattern, which is an accessible Darcy measurement done indirectly in the laboratory
and in the field. Yet there is an additional measurement done in the laboratory and field scale that
allows us to analyze concentration changes of the fluid, originating in the pore scale and propagating
to the Darcy scale, namely, the breakthrough curve (BTC). The BTC is measured at a scale of
pore volume (PV), which is the cumulative inlet volume divided by the cell’s volume, and is a
dimensionless number that scales the time by the time it takes a single volume to be replaced.
Previous studies have related the velocity distribution with the tailing of the BTC [45—-47]. These
studies indicate that as the velocity distribution at the pore and Darcy scale increases, so does the
amount of PV required to replace the resident fluid, forming an increase in the BTC forward tailing.
This extended PV required for the replacement is due to the inclusion of the high-viscosity phase
that is removed through the mixing mechanism described in Sec. III C. This heavy forward tailing
in the BTC is commonly referred to as anomalous transport [44,48,49]. Currently, we will only
focus on the BTC tailing as an indicator of the broadening of the velocity distribution, while the
nature of the anomalous flow will be the subject of a future study. In the BTC plot, the normalized
concentration of the dye, C/Cy, is presented versus the number of PV. This will be done through the
measured volume change using the dye concentration image analysis, where C is the volume of the
injected fluid and Cj is the total cell volume. Using the PV to scale the time by the volume exchange
time allows us to compare the effect of the dispersion alone as we divide it by the average velocity.
As such, the BTC’s tailing should be indicative of the velocity field, which is the outcome of the
fluid’s displacement and mixing patterns.

In Fig. 4, three different inlet pressures are presented: 15, 30, and 45 mbar, and with each increase
of the pressure, the differences between the BTCs of various heterogeneity levels become more
pronounced. At an inlet pressure of 30 mbar in Fig. 4(a), the system can be divided into two groups:
(1) the homogeneous group of o /R = 0.0 and 0.01 and (2) the heterogeneous group of o /R = 0.1
and 0.5, which follow the fingering pattern. It is possible to distinguish the BTC curve within the
heterogeneous group (2) into two curve slopes: steep and moderate. The steep slope represents a
low PV time needed to establish the finger from the beginning until it is fully developed to the
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FIG. 5. Phase diagram illustrates how heterogeneity and inlet pressure simultaneously influence the dis-
placement (dashed blue line), the mixing (dotted blue line), and the discharge rate pattern (solid orange line).
The green shade marks uniform front invasion identified by the monotonic rise of the flux, and indicated by
the Shes < 0.06, while the red shade marks finger invasion identified by the nonmonotonic rise of the flux, and
indicated by Shey > 0.06.

inlet-outlet connection with high velocity. Once the finger is steady, the mixing slowly reduces
the resident phase volume as the viscosity increases and lowers the velocity, thus requiring more
PV; this is the moderate slope, also known as “heavy tail” for a replacement boundary condition
(as opposed to a pulse at the inlet that will form a different BTC heavy tail). The moderate slope
represents the high amount of PV that was needed to mix and then replace the remaining glycerol
from the edges of the cell. Figure 4 shows that the configuration of o /R = 0.5 requires the most
PV to reach saturation, yet in Fig. 5 the configuration of o /R = 0.5 requires the shortest time to
reach saturation, and therefore, we understand that the velocity within the formed finger is the
highest. This high velocity leads to a larger velocity polarization, and so, the velocity distribution
increases. This broadening of the velocity distribution becomes even more significant as the inlet
pressure increases, as shown at 45 mbar [Fig. 4(c)]. At this pressure, each heterogeneity level has
its own slope, portraying how the increase in the inlet pressure broadens the velocity distribution
that affects the pattern of the invading phase, even if the heterogeneity level is only slightly different
from the homogeneous configuration. This observation has already been discussed in the context of
discharge rate measurement in Fig. 5, supporting the same findings discussed here. Alternatively,
as the inlet pressure decreases to 15 mbar, the velocity distribution becomes narrower, resulting in
lower differences between heterogeneity levels, as shown in Fig. 4(a).

F. Using the Sherwood number to differentiate the phase diagram

Previous sections analyzed how the transition between the uniform front and the finger formation,
set by the change in pressure and heterogeneity configurations, leads to a change in the invasion
and mixing pattern (see Fig. 5). This pattern change is also apparent in the BTC measurements,
which points to the dominant role of velocity distribution, which is the outcome of shear stresses
induced by the pore structure and pressure difference. However, another outcome of this velocity
distribution, leading to the pattern change, is the change in the convective mass transfer rate for
the invasion pattern relative to the diffusion rate for the mixing, which are the hallmarks of the
Sherwood number. The Sherwood number is suitable in our experimental context, as the mixing
among the phases must follow the diffusion of both the water phase through the glycerol and the
glycerol through the water over their mutual interfaces, while the water advancement scales the rate
of convective mass transfer. Following this analogy, we define the convective mass transfer by the

084501-9



ELIYAHU-YAKIR, ABEZGAUZ, AND EDERY

TABLE 1. The table depicts the porosity, calculated and measured permeability, and tortuosity for each
heterogeneity.

Parameters a/R (—) 0.0 0.01 0.1 0.5
¢ (—) 0.68 0.64 0.64 0.62

kxe x 10712 (M?) 69.8 40.3 33.9 13.3
kexpt. X 10712 (M?) 44 10.02 8.38 8.04

T (—) 1 1.01 1.1 1.5

glycerol displacement (g) in our system using the Darcy relation:

k
q=———AP, (1
MglL
where k is the permeability, L is the length of the cell, and we use the dominant viscosity in our setup,
namely, (i1, as it is three orders larger than uppw. The permeability can be calculated directly by
the Kozeny-Carmen equation:

¢3
T T2AX(1 — )

where ¢ is the porosity, c is the spherical coefficient (here equal to 1 as the pillars are round), T
is the tortuosity, and A is the hydraulic radii defined as the surface, S, to volume, V (A = ‘5,). The
tortuosity can be directly calculated from the normalized standard deviation o /R, which marks the
range for the pillar center movement from a uniform grid using the relation T = 1 4+ o /R. However,
we found that there is a discrepancy between the calculated permeability depicted in (2), and the
permeability directly measured in the flow cell (kexp.). To measure the permeability, various pressure
differences were applied while measuring the flux of DDW alone and accounting for pressure loss
within the tubes using the Darcy-Weisbach equation (see Table I for details).

As the interface between the phases changes due to the torturous path, we define an effective
diffusion coefficient D¢ = IT), which scales the diffusion of water into glycerol (D = 950 um?/s
[50]) with the tortuosity, as shown in many studies [51-54]. This derivation provides the Sherwood
number calculated from the permeability and marked by the updated permeability and tortuosity:

q  RTkep AP 3)

Deir/R~ palD

)

kxc

Sh =

where R is the mean pore size. As stated earlier, the low-viscosity fluid invades through the low-
resistance pore, which further reduces the overall resistance by the viscosity change, leading to
higher velocity. Therefore, this equation considers the geometry of the flow cell, yet it does not
consider the change in the velocity distribution due to the change in viscosity as the invasion occurs.
For that, we approximate the velocity distribution variance by the pore structure variance, as the
latter leads to the shear forces that scale the velocity distribution. We then add to the Sherwood
number (3) the impact of the high-velocity values due to the DDW phase low viscosity, as marked
by one normalized standard deviation, and multiplied with the viscosity contrast (uc = Z2—222%

Jtg1+ipDW
shown in [25]):

Rq qppwo /R kexpl. AP w¢l“glo'
Shefr = + Me = - Hc ).
Desy D/w¢ nglLD Ruppw

where w is the width of the cell, marking the cross-sectional area where the velocity changes
due to the DDW invasion marked by the gppw. This calculated modified Sherwood number has
a marked transition around Sheg = 0.06, as depicted in Table II and in Fig. 5, and above this value
the invasion pattern follows a finger formation, while below this value the invasion pattern follows
a uniform front (highlighted by a red and green background, respectively, in Fig. 5). Moreover, the
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TABLE II. The table depicts the Sherwood and modified Sherwood, by calculating the flux from Eq. (1)
using the measured permeability, and applied pressure, for the Sherwood number following (3); and adding to
the Sherwood number a single normalized standard deviation for the flux as shown in Eq. (4). The table shows
a marked transition around Sh.; = 0.06, where above it there is a finger formation, and below it, there is a
uniform front, in line with Fig. 5.

Shesr Sh x 1073
P (mbar) o/R 0.0 0.01 0.1 0.5 0.0 0.01 0.1 0.5
45 0.0021 0.087 0.72 3.34 1.6 0.37 0.34 0.45
30 0.0014 0.058 0.48 223 1.1 0.25 0.27 0.29
15 0.0007 0.029 0.24 1.11 0.5 0.12 0.11 0.15

Sherwood number calculated by (3), scales very differently with the heterogeneity than the modified
Sherwood number calculated by (4), while following a similar trend with the applied pressure,
stressing the nontrivial role of the heterogeneity in modifying the velocity field distribution, marked
by the standard deviation (see Table II for details).

Furthermore, the Sherwood number marks the ratio between the diffusive mixing and the convec-
tive mass transfer. As such, the Sherwood number should scale the BTCs for various inlet pressures
that alter the flux. To test this scaling, we first replot the BTCs with respect to the inlet pressure
for each heterogeneity level (see Fig. 7, column A in the Appendix). As can be seen, although
we normalize these BTCs to a PV, they do not overlap on each other even for the homogeneous
case. However, when we multiply the PV of these BTCs with the modified Sherwood number
(Fig. 7, column B in the Appendix), the homogeneous BTCs overlap very well. As the heterogeneity
increases, their overlapping features still hold for the initial rise of the BTCs, but not the features
after the finger formation. This scaling indicates that the mixing and convective timescales, which
are the result of the inlet pressure, are also important and allow us to interpret the results through the
modified Sherwood number. Thus, using only known and measurable quantities in the experimental
setup while approximating the broadening of the velocity distribution by the added normalized
standard deviation, the observed pattern transition between the finger to the uniform front is captured
through the modified Sherwood number in a phenomenological way.

IV. SUMMARY AND DISCUSSION

This experimental investigation explores the impact of heterogeneity and inlet pressure on mixing
patterns in porous media, using a 2D model to study interactions between low- and high-viscosity
fluids. The research reveals that both inlet pressures and heterogeneity levels crucially influence
fingering patterns, leading to variations in fluid displacement and mixing behaviors at the pore
scale. These phenomena are observable at the Darcy scale through flux measurements featuring
the transition between uniform and finger formation. This transition can be captured by a modified
Sherwood number that phenomenologically links these microscale patterns to physical properties
such as velocity distribution, mixing through diffusion, and viscosity contrasts. This transition is
also apparent in the BTCs, which also point to the significant role the velocity distribution has in
initiating the finger formation, while the modified Sherwood number scales the BTCs with respect
to the inlet pressure. We summarize our findings as follows:

(1) In the homogeneous porous media, an initially nonuniform invasion due to a point source
evolves into a uniform front, contrasting with the expected single-finger pattern in viscous fingering;
however, increasing heterogeneity shifts this to a more pronounced, thinner single-finger pattern.
This indicates that the invasion pattern is primarily dictated by the media’s heterogeneity, with
variations in viscosity further enhancing this pattern, underscoring the significant influence of the
medium’s inner structure on flow dynamics.
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(2) In the homogeneous media, a uniform fluid invasion results in a consistent mixing front,
while increased heterogeneity leads to less uniform, fingerlike patterns with the displacing fluid
following a narrower path, leaving glycerol trapped on either side. This fingerlike invasion, initially
guided by pore structure, evolves over time to favor paths of lower resistance and reduced viscosity,
with mixing primarily occurring at the edges of the finger and affecting the overall fluid viscosity.

(3) The pore-scale heterogeneity in porous media affects both the viscosity and resistance within
the flow cell, influencing the time taken for the invading fluid to achieve complete saturation and
altering the rate of discharge. This discharge pattern, which follows the heterogeneity and inlet
pressure, offers a macroscale Darcy measurement indicative of the underlying pore-scale processes
and links changes in local velocity and viscosity with observable changes in fluid flow and invasion
patterns at the macroscale.

Both heterogeneity and inlet pressure significantly influence the velocity distribution for miscible
phase flow in porous media, affecting the displacement and mixing patterns of the invading fluid
phase, as indicated by the BTC analysis. The BTC analysis reveals that higher inlet pressures
enhance the velocity distribution, leading to distinct displacement patterns across varying hetero-
geneity levels, with more pronounced differences in velocity and mixing patterns observed at higher
heterogeneity and pressure levels.

(4) The marked transition from a uniform front to finger formation in miscible fluid invasion and
mixing patterns within porous media is governed by the velocity distribution, which is influenced
by pore structure and pressure differences. This pattern change is captured by a modified Sherwood
number, incorporating factors such as the convective mass transfer rate, diffusion rate, pore struc-
ture variance, and viscosity contrast, effectively linking these physical properties to the observed
transition between uniform and fingered flow patterns in a phenomenological manner, and scaling
the role of inlet pressure for the BTCs.

While our findings on the displacement and mixing mechanisms of miscible phase flow are
limited to a small porous structure, they may still prove valuable for improving the invasion initiation
in existing models of miscible multiphase flow, which are particularly important for geological and
industrial processes. By demonstrating how fingering patterns and mixing behaviors in miscible
phases are influenced by the heterogeneous structure and driving pressure, the research provides
insights for refining predictive models used in applications such as geological carbon sequestration
and hydrogen storage. It highlights the importance of considering both viscosity differences and
pore-scale heterogeneity, which are missing in 2D Hele-Shaw cell models. The study also points
to the limitations of 2D simulations in capturing the additional boundary effect on shear stress,
which will be the subject of a future study. These insights are particularly relevant for environmental
applications, such as the sequestration of supercritical CO, and its interaction with resident brine,
as it ties the pore-scale displacement and mixing with the Darcy-scale observations measured for
environmental and industrial processes.
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APPENDIX

In the Appendix, we present the raw images taken by the confocal microscope portraying the
mixing and displacement of the high viscosity phase by the low viscosity phase (Fig. 6), and the
BTC’s are divided into levels of heterogeneity where for each heterogeneity level, we present all
the applied inlet pressure before and after (part A and B in Fig. 7, respectively) scaling with the
modified Sherwood number (Sh.g). Multiplying the BTC’s by the Sh.g allows the curves to overlap
with each other.
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Time [sec]

FIG. 6. Raw data of displacement and mixing pattern variation under a given inlet pressure of 30 mbar at
10, 30, and 90 s at heterogeneity levels of 0.0, 0.01, 0.1, and 0.5.
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solid, respectively), A, before, and B, after multiplication of the PV with the modified Sherwood number (4),
for heterogeneity’s of o /R = 0.0, 0.01, 0.1, and 0.5 [(a)—(d), and (e)—(h)], respectively).
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