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Understanding gas transport in liquid-saturated porous media is crucial for reducing mass
transport-related inefficiencies in polymer-electrolyte-membrane (PEM) electrolyzers. While incompress-
ible fluid-fluid displacement in porous media has been studied extensively, transport behavior with high
compressibility effects remains poorly understood. Here, we investigate the impact of compressibility on
gas transport in porous media via experiments in patterned micromodels. Macroscopically, we find that
the displacement pattern follows the classical transition from capillary to viscous fingering as capillary
number increases, despite the compressed state of the injected gas. Microscopically (i.e., pore scale), we
find that the displacement occurs via discrete bursts in the form of Haines jumps. We demonstrate that
in the presence of compressibility, the pore throat size exerts fundamental control over the burst velocity.
Furthermore, we show that the inclusion of a thin, low-porosity region with small pore throats at the inlet
of the micromodel increases the burst velocity of gas into the bulk of the micromodel, leading to signifi-
cantly reduced gas saturation in the bulk. Our work provides a mechanistic explanation of the previously
reported performance improvement due to the addition of microporous layers in PEM electrolyzers.
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I. INTRODUCTION

Despite significant progress in renewable energy
technologies, such as solar and wind in the past decade, the
intermittency of such energy sources remains as a major
barrier to the establishment of a sustainable energy infras-
tructure [1,2]. Therefore, it is essential that the excess
energy from these renewable sources be stored during peri-
ods of high energy generation, which can then be used
during periods of low energy generation. The polymer-
electrolyte-membrane (PEM) electrolyzer is a promising
technology for storing renewable energy in the form of
hydrogen, due to its rapid system response and the capa-
bility to operate under a wide range of input power [3,4].
However, the energy efficiency of PEM electrolyzers must
improve significantly to become economically viable at
large scales [5].

To become commercially viable on a large scale, PEM
electrolyzers need to operate at high operating temper-
atures and current densities [6]. Specifically, a higher
operating temperature improves the efficiency of the elec-
trolysis and a higher current density allows for a reduction
in cost of electrolyzer stacks. A particularly challenging
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issue associated with such operating conditions is the
accumulation of oxygen gas bubbles at the anode porous
transport layer (PTL), which hinders the reactant (i.e., liq-
uid water) from reaching the catalyst sites, greatly reducing
the efficiency of PEM electrolyzers [7,8]. Hence, under-
standing gas transport through the PTL is an important first
step in designing more efficient PEM electrolyzers.

The displacement of liquid water by the oxygen gas
in the PTL can be characterized as viscously unfavorable
drainage flow, since water is more viscous than the oxygen
gas and more wetting to the titanium-based PTL substrate
[9]. Viscously unfavorable drainage flow in porous media
has been studied extensively [10–12] and this particu-
lar type of flow has been shown to exhibit unique flow
patterns that include capillary fingering and viscous fin-
gering. Thanks to these pioneering studies, we now have a
fairly good understanding of the transition between capil-
lary fingering and viscous fingering, which is controlled
by the capillary number (Ca)—a measure of the rela-
tive strength between viscous forces and capillary forces.
Capillary fingering occurs at low Ca and is character-
ized by a fractal-like displacement pattern that encom-
passes pockets of trapped viscous defending fluid [13,14].
Additionally, capillary fingering grows in an intermittent
manner that involves fast displacement events known as
“Haines jumps” [14–16]. Viscous fingering occurs at high
Ca and is characterized by a ramified displacement pattern
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[11,17,18]. However, most of the experimental studies of
drainage in porous media to date have been limited to
the incompressible limit. Experimentally, incompressible
drainage flow is achieved via using incompressible fluid
pairs [19,20] or by withdrawing a wetting liquid from a
porous medium connected to the atmosphere [14,15,21],
such that air displaces the liquid at atmospheric pressure.

In contrast with the wealth of observations in incom-
pressible fluid-fluid displacements, drainage flow with
high compressibility effects remains relatively unexplored.
Compressibility of the invading phase adds complexity
to the underlying physics of the displacement, since the
motion of compressible fluids is unsteady and impulsive.
We expect this flow regime to be highly relevant in PEM
electrolyzers operating at atmospheric conditions, since the
produced oxygen gas is highly susceptible to compression.
The anode side of PEM electrolyzers is often kept at atmo-
spheric pressure conditions for safety reasons and to reduce
the operating cost [4,22,23].

Here, we use patterned micromodels to study the impact
of compressibility on gas transport in the porous transport
layer of PEM electrolyzers. We image the invasion exper-
iments in high spatial and temporal resolutions, which
allows us to elucidate the flow behavior at the pore scale
and its impact on the macroscopic displacement pattern.
We observe the classical transition from capillary finger-
ing to viscous fingering in our micromodel, despite the
highly compressed state of the invading gas. Although
the macroscopic displacement patterns of the invading gas
closely resemble those of incompressible fluid-fluid dis-
placements, the microscopic (i.e., pore-scale) dynamics
of the invasion is strongly controlled by compressibility.
Specifically, we find that the interface velocity associated
with such bursts increases with decreasing pore throat size.
This key insight allows us to design a micromodel geom-
etry with a dual porosity distribution, which is shown
to reduce the gas saturation in the bulk of the micro-
model. Our findings support the inclusion of a microporous
layer (MPL) in PEM electrolyzer PTLs for more efficient
oxygen gas removal.

II. EXPERIMENTAL SETUP

We use micromodels to study the impact of compress-
ibility on gas transport in the PTL of PEM electrolyzers.
The micromodels are quasi-two-dimensional (2D) flow
cells patterned with cylindrical posts with uniform diam-
eter D = 100 μm and height h = 90 μm to simulate
the solid grains of the PTL [Fig. 1(a)]. The micromodel
geometry is generated using a 2D stochastic pore network
generation algorithm [24] that mimics the characteristic
pore structure of fibrous PTLs [25,26]. Specifically, the
algorithm pseudorandomly places cylindrical posts that
represent fibers of the PTL in a rectangular domain until
the network reaches the prescribed porosity φ = 0.8 and

(a) (b)

FIG. 1. Experimental setup. (a) We design and fabricate a
micromodel patterned with circular discs to simulate the structure
of the porous transport layer (PTL). (b) We perform constant-rate
injection of air into a porous micromodel filled with fluorescein-
dyed ethanol. A pressure sensor records the injection pres-
sure throughout the experiment. We image the displacement of
ethanol by air in high spatial and temporal resolution with an
optical CMOS camera.

mean pore diameter dpore = 90 μm. The micromodels are
fabricated with polydimethylsiloxane (PDMS) via a soft
photolithography technique [27]. Two PDMS slabs are
prepared for the micromodel: a patterned PDMS slab with
the generated pore network features and a flat PDMS
slab to seal the bottom of the features. The height of the
posts are measured using an optical profilometer (Bruker
Contour GT-K from Bruker Optics Inc.) and the mea-
sured heights are 0.09 mm. For the detailed fabrication
procedure, the readers are directed to Appendix A.

To perform an experiment, we first fully saturate the
flow cell with ethanol (μliq = 1.074 mPa s) that is dyed
with fluorescein (0.001 M). We use ethanol since its wet-
tability to PDMS in the presence of air is similar to that of
water to titanium in the presence of air (θ = 50◦) [8]. The
ambient ethanol is displaced by air (μgas = 0.018 mPa s)
at constant volumetric flow rate Q [Fig. 1(b)]. The viscos-
ity ratio between these two fluids is M = μliq/μgas = 59.
We characterize the relative significance of viscous forces
relative to capillary forces using the classical macroscopic
capillary number:

Ca = vμliq

γ cos θ
, (1)

where v is the imposed macroscopic displacement velocity,
γ = 22 mN/m is the interfacial tension between ethanol
and air, and θ = 50◦ is the contact angle of ethanol on
PDMS in the presence of air. The macroscopic displace-
ment velocity is defined as v = Q/Aφ, where A and φ

are the cross-sectional area and the average porosity of
the micromodel, respectively. By varying the injection
rate from 1.8 to 383 μL/min, we achieve capillary num-
bers that span over 2 orders of magnitude (1.3 × 10−6 ≤
Ca ≤ 2.5 × 10−4). We visualize the experiments with an
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optical microscope (DMI 3000 B, Leica) with a fluores-
cent light source (X-Cite Series 120 Q, Excelitas Tech-
nologies). Images are captured at 20 to 250 frames per
second (depending on the injection rate) using a com-
plementary metal-oxide-semiconductor (CMOS) camera
(C11440-22CU, Hamamatsu) with a spatial resolution of
9.4 μm/pixel. A pressure transducer (PX309-005G5V,
Omega Inc.) is used to monitor the air pressure evolution
throughout the experiment.

III. EXPERIMENTAL RESULTS

A. Transition from capillary fingering to viscous
fingering

We measure the evolution of the injection pressure
and observe that the gas pressure increases linearly over
time for all injections [Fig. 2(a)]. These pressure data are
distinct from previously reported pressure measurements
associated with viscously unfavorable drainage flow in
incompressible systems: the injection pressure in the capil-
lary fingering regime (i.e., small Ca) is known to oscillate
around a characteristic capillary pressure [14,21] and the
injection pressure in the viscous fingering regime (i.e.,
large Ca) has been observed to decrease as the invading
fluid nears the outlet [20].

To elucidate the mechanistic cause of the observed pres-
sure increase in our experiments, we quantify the volume
of the injected air in the micromodel via image analysis.
We find that the rate at which the air volume increases is
significantly lower than the prescribed volumetric injec-
tion rate (i.e., V < Vp ). The effect of compressibility is
most pronounced at low Ca, where compression-induced
pressurization of the injected air is required to overcome
the capillary entry pressure. This invasion mechanism is
manifested in the plateau regions of the cumulative vol-
ume curve, which is followed by a fast ramp-up in volume
[Fig. 2(b)]. While volume expansion due to pore invasion
is significant at the scale of the micromodel, it is negligible
compared to volume compression due to injection, such
that the pressure continues to increase [Fig. 2(a)].

Despite the highly compressed state of the injected
gas, we observe invasion patterns [Fig. 3(a)] that closely
resemble the classical capillary-number-dependent transi-
tion from capillary fingering to viscous fingering obtained
from incompressible fluid-fluid displacement experiments.
We quantify the invasion patterns at breakthrough by
measuring their fractal dimension Df in 2D via the box-
counting method [Fig. 3(b)]. At low injection rates, the
fractal dimension remains relatively constant (1.8 ≤ Df ≤
1.81) over an order of magnitude change in capillary
number (2.5 × 10−6 ≤ Ca ≤ 2.5 × 10−5). These measure-
ments are in close agreement with the well-established
Df values for capillary fingering for incompressible fluid-
fluid displacement [13,28]. As the injection rate increases,

(a)

(b)

FIG. 2. (a) Evolution of the injection pressure in the gas phase
at Ca = 2.5 × 10−6 (blue line), Ca = 5.0 × 10−5 (green line),
and Ca = 2.0 × 10−4 (red line). The open circles indicate break-
through, which is when the invading gas escapes the boundary of
the micromodel. The injection pressure increases with time in the
experiments due to the compression of the gas phase. (b) Volume
evolution of the injected air in the micromodel. We nondimen-
sionalize the total injected volume V by the pore volume Vp and
time by the characteristic time Tc = Vp/Q. The volume evolu-
tion curves fall below the theoretical volume evolution curve of
incompressible fluid injection (gray dashed line), which indicates
gas compression during injection. Additionally, gas invasion at
the low Ca (blue solid line) advances in sudden bursts, followed
by long quiescent periods. See Video 1 in Appendix B.

however, the displacement pattern becomes increasingly
ramified, a trend that is accompanied by decreasing Df
values. Specifically, we find Df → 1.76 as Ca → 2.0 ×
10−4 [Fig. 3(b)]. These measurements are also consistent
with existing Df values for the transition from capil-
lary fingering to viscous fingering in incompressible sys-
tems [28,29]. The Df measurements demonstrate that the
macroscopic invasion pattern of our system is controlled
by the relative importance between capillary forces and
viscous forces, despite the highly compressed state of the
invading gas.

We further quantify the displacement process by mea-
suring the breakthrough gas saturation Sbt, whose depen-
dence on Ca follows a similar trend to that of Df
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(a)

(b)

(c)

FIG. 3. (a) The displacement patterns of gas (black) invading
ethanol transition from capillary fingering (white background)
to viscous fingering (gray background) with increasing cap-
illary number. (b) The corresponding fractal dimension (Df )
measurements (1.81 ≤ Df ≤ 1.76) are in agreement with the
classical values that correspond to the transition between capil-
lary fingering and viscous fingering for incompressible flows. (c)
Breakthrough gas saturation (blue circles) decreases as the inva-
sion transitions from capillary fingering to viscous fingering with
increasing Ca. The decrease in saturation is accompanied by an
increase in the breakthrough gas pressure (red squares).

[Fig. 3(c)]. At a low injection rate, the breakthrough
gas saturation remains constant (Sbt ≈ 0.7) over an order
of magnitude change in capillary number (2.5 × 10−6 ≤
Ca ≤ 2.5 × 10−5). The constant Sbt over this range of Ca
is consistent with the capillary fingering regime, where
each invasion event occurs at the pore throat with the low-
est entry capillary pressure. This capillary pressure-limited
mechanism leads to an invasion sequence that is deter-
mined solely by the pore structure of the micromodel, as
described by the classical invasion percolation algorithm
[13,30]. Furthermore, this displacement process is evi-
denced by the constant breakthrough gas pressure Pbt =
0.33 kPa for 2.5 × 10−6 ≤ Ca ≤ 2.5 × 10−5, which corre-
sponds to the capillary entry pressure associated with the
last pore throat before breakthrough [Fig. 3(c)]. As the
displacement transitions from capillary fingering to vis-
cous fingering at higher injection rates, Sbt decreases with
increasing Ca. The decrease in Sbt is accompanied by an
increase in the breakthrough pressure, which reflects the
growing significance of viscous forces.

B. Local invasion velocities

Our analyses so far have demonstrated that the
macroscopic displacement of a liquid phase by a

compressed gas phase in porous media is similar to that
of incompressible systems, as indicated by the invasion
patterns, the fractal dimensions, and the trend in break-
through gas saturation and injection pressure. However,
these macroscopic observations do not reveal information
about the displacement mechanisms at the microscopic
scale (i.e., pore scale). It is well known that the macro-
scopically smooth drainage flow at low Ca results from a
series of discrete bursts at the pore scale, commonly known
as “Haines jumps” [31]. Crucially, these pore-scale jumps
occur at interfacial velocities much faster than the macro-
scopic displacement velocity [16,19,32]. To gain insight
into the pore-scale displacement process of our experi-
ments, we track interface movement by comparing the
fluid-fluid interface between two consecutive images. The
local interfacial velocities v∗ are given by the Euclidean
displacement of each interface pixel divided by the time
interval δt between consecutive images. We analyze the
maximum instantaneous interfacial velocity v∗

max as a func-
tion of time and find that in the capillary finger regime, the
evolution of the maximum interfacial velocity is charac-
terized by long periods of slow creeping flow, interspersed
with short bursts of fast Haines jumps (Fig. 4).

The discrete Haines jumps can be characterized by the
local capillary number (Ca∗) and the local Reynolds num-
ber (Re∗). Specifically, Ca∗ = μv∗

max/γ cos θ characterizes
the ratio of viscous forces to capillary forces during a
single pore throat invasion, in contrast to Ca, which is a

FIG. 4. Evolution of the maximum local interfacial veloc-
ity v∗

max at Ca = 2.5 × 10−5 (orange line) and Ca = 3.8 × 10−5

(blue line). The invasion process is characterized by long periods
of slow creeping flow (v∗

max = 0), interspersed with short bursts
of fast Haines jumps. The v∗

max of the Haines jump increases
as the invasion progresses, which corresponds to a decrease
in the pore throat diameter d (black circles) where the jump
occurs. We find the pore structure exerts fundamental control
over the v∗

max associated with interface jumps, as demonstrated
by the remarkably similar v∗

max between experiments conducted
at Ca = 2.5 × 10−5 and Ca = 3.8 × 10−5.
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macroscopic capillary number based on the imposed flow
rate on the micromodel. Additionally, Re∗ = ρv∗

maxd/μ

characterizes the ratio of inertial forces to viscous forces
during a single pore throat invasion, where ρ = 789 kg/m3

is the density of ethanol at 20 ◦C. We find the maxi-
mum local capillary number Ca∗ = 1.5 × 10−3 is almost 2
orders of magnitude larger than the macroscopic capillary
number Ca = 2.5 × 10−5, since the interfacial velocity
of the jump (v∗

max = 32 mm/s) is much larger than the
imposed displacement velocity (v = 0.31 mm/s). The large
interfacial velocity is additionally associated with signif-
icant inertial effects, as reflected by the local Reynolds
number Re∗ = 2.2.

While v∗
max of the Haines jumps is always signifi-

cantly larger than the macroscopic displacement velocity,
surprisingly, the magnitude of v∗

max increases with each
subsequent jump as the invasion progresses (Fig. 4). To
elucidate the mechanistic cause of the observed increase in
v∗

max, we refer to the classical experiments of Gauglitz and
Radke [33], who studied the dynamics of Haines jumps for
compressible-gas bubbles in constricted capillary tubes.
In particular, they demonstrated that the compressibility-
driven jump velocity is predominantly controlled by the
size of the constriction (cf. pore throat size) and that
decreasing the size of the constriction increases the veloc-
ity of the jump. We quantify the pore throat size d asso-
ciated with each burst and find that it is indeed inversely
related to the jump velocity (Fig. 4). This observation
indicates that the jump velocity in the capillary finger-
ing regime is controlled by the structure of the porous
media and independent of the imposed displacement rate,
since the invading gas encounters the same sequence of
pore throats following the invasion percolation process.
Remarkably, we find striking similarities in the interfacial
velocities observed at Ca = 2.5 × 10−5 and Ca = 3.8 ×
10−5 (Fig. 4). Our results extend the findings of Gauglitz
and Radke [33] to a porous medium: the interface veloc-
ity of compressible-gas invasion in the capillary fingering
regime is mainly controlled by the pore throat size.

C. Microporous layer promotes gas transport

Our results thus far demonstrate that at low Ca, both
the statics (i.e., invasion sequence) and the dynamics (i.e.,
interfacial jumps) of compression-driven gas invasion are
controlled by the structure of the porous media. These
observations could potentially be exploited to tailor the
effectiveness of gas transport. In fact, recent studies have
shown that the inclusion of a microporous layer in the
anode PTL of PEM electrolyzers results in lower over-
potential at high current densities due to improved mass
transport [34,35]. The MPLs reported in these studies
are thin, porous titanium coatings with smaller porosities
(approximately 0.1) and pore sizes (approximately 1 μm)

compared to the porosities (approximately 0.5) and pore
sizes (approximately 10 μm) of traditional PTLs [36–38].

Inspired by these findings, we design a heterogeneous
micromodel to study the impact of MPLs on gas transport
[Fig. 5(a)]. The geometry of the heterogeneous micro-
model is based on published microcomputed tomography
imaging data of fibrous PTLs with MPLs [26]. Specifi-
cally, the bottom third of the heterogeneous micromodel
is assigned a lower porosity (φ = 0.73) and smaller mean
pore throat size (d ≈ 35 μm) than the upper two thirds
of the micromodel (φ = 0.85, d ≈ 60 μm) to mimic the
inclusion of a MPL in the PTL. At Ca = 2.5 × 10−5, the
invading gas progresses through the MPL region of the
micromodel in a capillary-fingeringlike manner, as charac-
terized by fast interfacial jumps followed by long periods
of quiescence [Figs. 5(b)–5(c)]. The quiescent period in the
MPL is particularly prolonged, since a greater compression

(a) (b)

(c)

FIG. 5. (a) We design and fabricate a heterogeneous micro-
model to investigate the impact of MPL on gas transport. The red
dashed line separates the MPL region (φ = 0.73, d ≈ 50 μm)
from the bulk PTL region (φ = 0.85, d ≈ 120 μm). (b) The
breakthrough displacement pattern in the heterogeneous micro-
model at Ca = 2.5 × 10−5. (c) Evolution of the maximum inter-
facial velocity v∗

max for the experiment shown in (b). The invasion
in the MPL region of the micromodel (shaded blue) occurs in a
capillary-fingeringlike manner, as characterized by fast interfa-
cial jumps followed by long periods of quiescence. In particular,
the gas exits the MPL region in a powerful burst (shaded red),
leading to near instantaneous discharge through the rest of the
micromodel. In contrast to the intertmittent invasion behavior
in the MPL, the invasion process in the bulk of the micromodel
occurs in a continuous fashion. See Video 2 in Appendix B.
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(a)

(b)

FIG. 6. (a) Displacement patterns of gas invading ethanol in
the heterogeneous micromodel. The MPL region of the micro-
model (shaded blue) exerts fundamental control over the invasion
process, which results in strikingly similar displacement patterns
(a) and near-constant breakthrough gas saturation (b) in the bulk
of the micromodel (red circles), despite over 2 orders of mag-
nitude change in the capillary number. Additionally, the MPL
region of the heterogeneous micromodel exhibits the same break-
through gas saturation (blue circles) as that of the homogeneous
micromodel [Fig. 3(c)] across a wide range of capillary numbers.

of the gas phase is required to overcome the higher capil-
lary pressure associated with the smaller pore throats. As a
result, we observe a powerful burst with v∗

max = 52 mm/s
as the invading gas escapes the MPL region. Remarkably,
this burst event leads to a near instantaneous discharge
of the invading gas through the micromodel [Fig. 5(c);
Video 2 in Appendix B.

In contrast to the capillary-number-controlled transition
from capillary fingering to viscous fingering in the uni-
form micromodel [Fig. 3(a)], the displacement pattern in
the bulk of the heterogeneous micromodel (i.e., outside of
the MPL) is intentionally insensitive to Ca (Fig. 6). This
observation is confirmed quantitatively by the constant
breakthrough gas saturation in the bulk of the micromodel
(Sbulk

bt ≈ 0.5) over a 2 orders of magnitude change in Ca.
While the breakthrough gas saturation in the MPL region
of the micromodel SMPL

bt is similar to that observed in
the entire homogeneous micromodel [Fig. 6(b)], the MPL
enforces a low breakthrough gas saturation in the bulk of
the PTL. Specifically, these results demonstrate that the
small pore throats in the MPL exert a fundamental control
on gas transport in the PTL, leading to a viscous fingering-
type displacement in the PTL bulk over a wide range of Ca.
Our findings echo the recent demonstrations of pore geom-
etry control in suppressing viscous fingering in structured
porous media [39]. Here, we show that the inclusion of a
MPL in the PTL promotes viscous fingering, which results
in lower gas saturations in the PTL bulk. The reduced
gas saturation in the PTL enables more efficient reactant
delivery and, thus, better-performing PEM electrolyzers.

IV. CONCLUSIONS

We systematically investigate the impact of compress-
ibility on gas transport in porous media via experiments
in patterned micromodels. This problem is highly relevant
to the mass transport phenomenon in PEM electrolyzers.
Specifically, the anode reaction of a PEM electrolyzer pro-
duces oxygen gas bubbles, whose accumulation in the PTL
hinders liquid water from reaching the catalyst site, greatly
reducing the efficiency of the electrolyzer. Hence, a clear
understanding of gas transport through the PTL is essential
for the design of more efficient PEM electrolyzers, but the
vast majority of previous work on fluid-fluid displacement
in porous media has focused on incompressible systems.

Our experiments show that despite the highly com-
pressed state of the invading gas, the macroscopic dis-
placement patterns closely resemble the classical transition
from capillary fingering toward viscous fingering as the
capillary number increases. We support our visual obser-
vations by demonstrating the corresponding decreases in
the fractal dimensions of the displacement patterns and the
breakthrough gas saturations over two orders of magni-
tude increase in Ca (Fig. 3). We further show that within
the capillary fingering regime, the invasion mechanism at
the microscopic scale (i.e., pore scale) is dominated by
discrete bursts in the form of Haines jumps. The pore-
scale interfacial velocity is predominantly controlled by
the pore throat size where the Haines jump occurs and
the smaller pore throats are associated with higher inter-
facial velocities (Fig. 4). An important implication of our
results is that the structure of the porous media may be
tailored to exploit the dynamics of compressible gas inva-
sion in liquid-filled porous media to promote more efficient
gas transport. Indeed, we find that the inclusion of a low-
porosity region with small pore throats near the inlet of the
micromodel results in lower breakthrough gas saturations
in the bulk of the micromodel, despite over 2 orders of
magnitude change in Ca [Fig. 6(b)]. Our findings support
the inclusion of a microporous layer in the PTL of PEM
electrolyzers for improved mass transport.
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APPENDIX A: MICROMODEL FABRICATION

The generated pore networks are fabricated via soft
lithography and housed in straight microchannels. The
pore networks are printed on a 5-in. soda lime pho-
tomask using a mask writer (uPG 501, Heidelberg). The
printed photomask is post-treated with a three-step etch-
ing process that included the follow steps: (i) etching in
a 1:10 volume ratio of AZ 400K (MicroChem Corp.) to
deionized water; (ii) etching in a chromium etchant (CEP-
200, Microchrome Tech.); and (iii) etching in a positive
photoresist stripper (PRS-100, Microchrome Tech).

The micromodel fabrication begins with the application
of a photoresist (SU8-2050 from MicroChem Corp.) onto
a 4-in. silicon wafer (from WaferWorld Inc.) using a spin-
coater (Model G3P-8 from Specialty Coating Systems).
The spin coating speed of the silicon wafer is set to 500
rpm for 5 s and to 1800 rpm for 30 s. After coating, the
wafer is soft-baked on a hot plate at 65 ◦C for 5 min and
at 95 ◦C for 16 min. The baked wafer is exposed to ultra-
violet (UV) light (exposure energy of 230 mJ/cm2) using
a mask aligner (EVG620 from EVG) with the photomask
placed on top of the wafer. The wafer is subjected to a
postexposure bake on a hot plate, first at 65 ◦C for 5 min,
followed by 95 ◦C for 9 min. After the bake, the wafer is
placed inside a glass dish filled with SU8 developer (from
Microchem Corp.) and the dish is stirred on an orbital
shaker for 5 min to accelerate the etching process. The
etched wafer is washed using isopropanol and hard-baked
on a hot plate at 150 ◦C for 5 min. Finally, the heights of
the photoresist features on the wafer (masters for casting
the micromodels) are measured using an optical profilome-
ter (Bruker Contour GT-K, Bruker Optics Inc.). The cured
photoresist is used to fabricate the micromodels made of
PDMS (Sylgard 184m, Dow Corning). Two PDMS parts
are prepared for each chip: the PDMS part with the chan-
nel features and a PDMS slab to seal the bottom of the
channels. PDMS is first mixed with a curing agent with
a mass ratio of 10:1 (PDMS to the curing agent), poured
onto the master, and degassed for an hour. The PDMS slab
is prepared separately on a disposable Petri dish and also
degassed for an hour. The two PDMS parts are baked in
an oven that is maintained at 60 ◦C for an hour. After the
curing is complete, the two pieces are bonded by treating
the surfaces with plasma. The combined pieces are heated
in an oven that is maintained at 60 ◦C for 12 h.

APPENDIX B: EXPERIMENTAL VIDEOS
The videos show gas invasion experiments at Ca =

1:3 × 10−4 and Ca = 2:5 × 10−5 for the homogeneous

micromodel (Video 1) and the heterogeneous micromodel
(Video 2).

VIDEO 1. Videos of air displacing ethanol in a homoge-
neous micromodel at Ca = 1.3 × 10−4 (left) and Ca = 2.5 ×
10−5 (right).

VIDEO 2. Videos of air displacing ethanol in a heterogeneous
micromodel (to simulate the inclusion of a MPL in the PTL) at
Ca = 1.3 × 10−4 (left) and Ca = 2.5 × 10−5 (right).
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