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Complex fluid flow in porous media is ubiquitous in many natural and
industrial processes. Direct visualization of the fluid structure and flow
dynamics is critical for understanding and eventually manipulating these
processes. However, the opacity of realistic porous media makes such
visualization very challenging. Micromodels, microfluidic model porous
media systems, have been developed to address this challenge. They provide
a transparent interconnected porous network that enables the optical
visualization of the complex fluid flow occurring inside at the pore scale. In
this Review, the materials and fabrication methods to make micromodels,
the main research activities that are conducted with micromodels and their
applications in petroleum, geologic, and environmental engineering, as well
as in the food and wood industries, are discussed. The potential applications
of micromodels in other areas are also discussed and the key issues that

transport, gas or aqueous vanadium redox
species flow through porous electrodes
in fuel cells,’ and interstitial flow in bio-
logical tissues.!l As a result of the drastic
reduction in the characteristic length of
the system to the micrometer/nanometer
scale, interfacial forces play a dominant
role in governing the fluid flow physics.P!
As such, the flow behavior deviates from
what is predicted in the length scale larger
than the micrometer/nanometer scale. To
effectively study the flow mechanisms, a
direct visualization of the fluid structure
and flow dynamics inside the media is a
key; however, since real porous media are
not transparent to visible light, such visual-

should be addressed in the near future are proposed.

1. Introduction

Microfluidic model porous media, better known as micro-
models, are devices with a transparent connected porous net-
work, which enables the direct visualization of the complex fluid
flow dynamics occurring inside. Complex fluid flow in porous
media is ubiquitous in natural processes and engineering
systems. Examples include, but are not limited to, the mul-
tiphase flow in oil recovery,l'! subsurface water flow and solute
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ization is challenging. Advanced imaging
techniques, such as focused ion beam
scanning electron microscopy (FIB/SEM)
and X-ray microcomputed tomography (micro-CT), have been
used extensively to extract 2D or 3D high-resolution static
images of the inner porous structure.’l However, the long scan-
ning time (on the order of minutes or even hours) often deprives
researchers of studying the pore-scale dynamics of the flow,
although developing faster versions of these imaging approaches
is an active area of work.”! An alternative approach is to use
magnetic resonance imaging, which can provide measurements
of faster dynamics, but is often limited in spatial resolution.®l
Micromodels allow for a pore-level observation of the flow
and the fluid structure under transient conditions by inte-
grating them with a microscope and a camera.'®?®? The
micromodels are made of optically transparent materials, such
as glass and some transparent polymers, and can be fabri-
cated by a variety of nonadditive and additive manufacturing
techniques, or by packing particles such as glass beads.2>]
Depending on the fabrication method, the micromodel pos-
sesses either a 2D or 3D porous structure. A 2D micromodel
consists of single-layer microfluidic channels with an arbitrary
porous structure. Therefore, the complex flow behavior in
2D micromodels can be easily observed with an optical micro-
scope. However, the 2D micromodel is not able to capture the
physics associated with the porous connection in the third
dimension, which is sometimes a critical feature for the flow in
porous media; for example, the breakup of immiscible fluids is
reduced in 3D due to the enhanced connectivity and tortuosity
of the pore space.'” A 3D micromodel can thus better mimic
the 3D geometric features of realistic porous media, although
visualization in 3D micromodels requires a close match of
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the refractive index for both solid matrix and fluids. Moreover,
for any type of micromodel, approaches are available to tailor
the surface properties, such as the wettability to a certain fluid.
Since the development of the first micromodels in the 1950s,'!
a wide variety of 2D and 3D micromodels have been established
to study flow and transport phenomena in porous media. The
studies are based on the direct observation of the pore-scale
and/or macroscale fluid structures, the flow field visualization,
and the characterization of matrix—fluid interactions. These
studies have been greatly beneficial to the petroleum, geologic,
and environmental engineering.

In this work, we present a detailed, systematic review on
the fabrication and applications of both 2D and 3D micro-
models. We will introduce the most commonly used materials
and their properties, and the existing fabrication methods. We
also discuss some promising, well-developed microfabrication
methods that can be potentially used in the future. Moreover,
we present a detailed discussion on the applications of micro-
models, by summarizing and categorizing the research efforts
on studying flow and transport phenomena in micromodels,
with an emphasis on fundamental scientific research. We hope
this summary could benefit a large audience situated across
assorted areas involving flow and transport in porous media.
Finally, we will propose some new topics that can potentially
benefit from the micromodel technique.

2. Materials

To directly visualize the fluid flow within a micromodel, the
model porous media should be optically transparent. Available
economic options include glass, silicon, and some polymer
materials such as polydimethyl siloxane (PDMS) and polym-
ethyl methacrylate (PMMA). These materials have different
mechanical, thermal, and chemical properties, and suit dif-
ferent fabrication methods. In this section, we will discuss the
properties of each of the materials commonly used for making
micromodels.

2.1. Nonorganic Materials

Glass and silicon are two nonorganic materials that have been
widely used to fabricate micromodels. Since silicon is not
transparent for visible light, the silicon micropattern is usu-
ally bound with a glass plate, through which the internal flow
can be observed under a microscope.l'¥ The Young’s modulus
of glass is 50-90 GPa and silicon is 130-180 GPa.l'*l Because
of the high stiffness, glass- and silicon-based micromodels
can well maintain their original structure, even at high-load
conditions. This feature makes them a great candidate for the
experiments involving high fluid pressure, e.g., flow visualiza-
tion in a multiphase high-pressure flow of supercritical CO,
and water.'¥l Moreover, glass and silicon can withstand tem-
peratures as high as 550 and 1400 °C, respectively,'”! and are
compatible with many solvents.['>16 Therefore, the resultant
micromodels are best suited for performing flow experiments
under harsh thermal and/or chemical conditions, such as stud-
ying two-phase flow at reservoir conditions using crude oil.['”]
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In addition, the surface wettability of glass and/or silicon can
be easily modified by methods like silanization reaction,!'8! sur-
face coating,!'”! and layer-by-layer electrolyte deposition.l? The
ease of surface treatment aids in the investigation on the effect
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of wettability on porous media flow, which is crucial to under-
standing many petroleum and environmental engineering
processes.?!l The unique mechanical, thermal, and chemical
properties of glass and silicon require one to use etching or
laser engraving to create the porous microstructures on the
bulk material.?Zl These approaches are usually more complex,
expensive, and hazardous than those for processing soft mate-
rials. To ensure the structural integrity of the micromodels
at high pressures, special sealing/bonding processes are
also needed. The bonding methods include the field-assisted
thermal bonding,?¥! fusion bonding,?Y calcium-assisted
bonding,*’! low-temperature bonding,?® and finally the adhe-
sive bonding.*’l Another way of constructing micromodels with
truly 3D structures is by packing uniformly sized or multiply
sized glass beads within a microfluidic channel. The 3D bead-
packed micromodels maintain the superiority of glass mechan-
ical, thermal, and chemical properties, with a relatively simple
fabrication process. However, the visualization of flow in such

3D micromodels requires a close match of the refractive index
for the fluids and glass.'%28]

2.2. Polymeric Materials

Characterized by optical transparency, moderate chemical resist-
ance, and low cost of fabrication, some elastomer and thermo-
plastic materials have attracted much attention in fabricating
micromodels. There is also a great potential in production scale-
up for polymer-based micromodels. PDMS and PMMA are the
two most commonly used polymers in this regard. Both have been
extensively used to fabricate 2D micromodels.”>?l By binding
multiple-layer polymer patterns or 3D printing, 3D micromodels
have also been developed with these two materials.B’!

PDMS is an elastomer that is ideal for rapid replication of
fine structures by soft lithography micromolding, and thus has
been widely used to fabricate microfluidic devices, including
micromodels.?3%<311 Depending on the monomer—crosslinker
ratio and curing temperature, Young's modulus of the resultant
PDMS can be tuned over a wide range, from 1.3 to 3 MPa.l’2 It
is transparent in the UV-visible light spectrum with a refractive
index of around 1.41.% Notably, the good permeability of PDMS
to oxygen and carbon dioxide makes it well suited for cell-culture-
involved applications. Hydrophobic PDMS can be treated to be
hydrophilic by plasma oxidation,?¥ UV-induced graft polym-
erization of poly(acrylic acid),®® or polyelectrolyte multilayer
coating.*®l In addition, PDMS can be easily bound with glass or
PDMS, which further simplifies the construction of PDMS-based
micromodels. However, PDMS swells in contact with nonpolar
solvents (such as hydrocarbons, toluene, and dichloromethane)
and thus cannot be used for manipulations involving these sol-
vents.’”) The “aging effect,” characterized by a slow and irrevers-
ible alteration of the chemical, mechanical, and thermal proper-
ties over time, is another disadvantage of this material, which
could eventually lead to malfunctioning of the devices.3®!

PMMA is a thermoplastic material that has been used to
fabricate micromodels.??2¢3%3% The Young’s modulus of
PMMA varies in the range of 1.8-3.1 GPa,l'®* 50 the stiffness
of PMMA falls in between that of glass and PDMS. PMMA
usually maintains its structure well during ordinary flooding
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experiments. The chemical resistance of PMMA is better than
PDMS, but not comparable with glass. At room temperature,
it is resistant to most inorganic chemicals, aliphatic hydrocar-
bons, fats and oils, alkalis solutions, and diluted acids.*!! How-
ever, it can be dissolved by many common organic solvents like
ethanol, dimethyl sulfoxide (DMSO), and acetone. As a clear
resin, PMMA can be easily processed by stereolithography
to generate 3D microstructures;*? however, the resolution
of the features generated by regular additive manufacturing
methods is less than that by nonadditive manufacturing.*3! The
wetting property of PMMA surface can be treated by plasma
treatment,*! UV/ozone exposure,*! nitric acid oxidation,* or
polymer coating.[*!

3. Fabrication

The fabrication of 2D and 3D micromodels can be imple-
mented by either nonadditive manufacturing or additive manu-
facturing, with the exception of directly packing microparticles
to form the 3D model porous media. In the following, we will
discuss the procedure and characteristics of each method.

3.1. Nonadditive Manufacturing

Despite the variety of materials used for making micromodels,
almost all nonadditive manufacturing approaches involve two
main steps: (1) lithography, which transfers the predesigned
geometric pattern from a mask to a photoresist layer on the
substrate; and (2) shaping, which gives a particular shape to the
micromodel material by, for example, etching, replica molding,
and hot embossing. The most widely used lithography technique
for micromodel fabrication is photolithography, which applies
UV to facilitate the pattern formation on the photoresist. The
combination of photolithography and replica molding is more
commonly referred to as “soft lithography,”*® because it is
used to process soft elastomers, like PDMS.

3.1.1. Photolithography

We will now describe the process of photolithography. First, a
photomask is printed with a laser printer based on a computer-
aided design. To transfer the pattern of the mask to a photore-
sist layer, the layer will be spin-coated onto a substrate that can
be a silicon wafer or the micromodel material to be processed.
The thickness of the layer depends on the viscosity of the pho-
toresist and the spinning speed. Then, the substrate is placed
on a hot plate or in an oven to remove the volatile solvents in
the photoresist; this step is called “soft baking” or “prebaking.”
The photoresist layer will then be exposed to UV light through
the mask, which changes the properties of the exposed mate-
rial. Depending on the type of photoresist (positive or nega-
tive) either the exposed or nonexposed area can then be washed
away by a developer solution. For the negative photoresist, a
postexposure baking may be needed before the development to
accelerate the photoresist polymerization. Figure 1 illustrates
the procedure of photolithography.
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Figure 1. Simplified illustration of the photolithography process using positive or negative
photoresists: spin-coating a photoresist layer with controllable thickness on a substrate; UV
exposure through a mask with predesigned patterns; photoresist developing using a developer

solution. Prebake or postbake is not illustrated.

In most cases, the photoresist master mold will be used as
the patterned template for the replica molding of PDMS. Some-
times the master mold itself is directly used to bind with a
flat plate, such as a glass plate, to construct the model porous
medium.*’! Although this is not time- or cost efficient, photore-
sist has higher stiffness than PDMS and therefore less likely
to deform. Figure 2 shows several typical regular and irregular
patterns of the 2D porous structures by photolithography,
including crosshatched grid,*¥! pore body-throat network,’l
regular arrays of pillars,!? irregular interconnected chan-
nels,”® and irregular pattern inspired from the structure of a
real porous rock.P!

3.1.2. Shaping

If the micromodel is made of glass or silicon and therefore
processed by etching, the substrate on which photoresist is
deposited is actually the micromodel material. Following the

Positive Photoresist

_ Photoresist é

Substrate
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photoresist development, dry, wet, or a com-
bination of both etching techniques will be
used to remove the material not protected by
the photoresist. If the micromodel is made of
PDMS and therefore can be processed by rep-
lica molding, the substrate on which photo-
resist is deposited is usually a silicon wafer. If
the micromodel is made of the thermoplastic
PMMA, hot embossing can be used to form
the microstructure. In the following, we will
introduce etching, replica molding, and hot
embossing techniques in more details.
Etching: This refers to the removal of the
material unprotected by the photoresist layer.
If it involves the usage of liquid chemicals or
etchants to remove the material, it is called
“wet etching.” If it involves the exposure of
material to a plasma of reactive gases, such
as fluorocarbons, oxygen, chlorine, and boron trichloride, it is
called “dry etching.”??*?l As a powerful material-removal tech-
nique, etching can be used to process rigid and brittle materials
like glass and silicon, as well as soft materials like PDMS./>?
Wet etching makes use of chemical reactions between the
etchants and the material. Common etchants include buft-
ered hydrofluoric acid (BHF); a mixture of HF and hydro-
chloric acid (HCI); a mixture of hydrochloric, nitric, and acetic
acid (HNA);®% and potassium hydroxide (KOH). BHF is most
commonly used for etching glass, and HNA and KOH are
commonly used for silicon. It should be noted that ordinary
photoresists are sufficiently stable against corrosive acid etchants,
so they serve to selectively protect a micromodel pattern from
acid etching. In the case that a photoresist is insufficient (such
as a fabrication that involves deep etching in glass), a metallic
coating of Cu, Cr, and Ag can be used as the protector.’¥ Thus,
by submerging into the etchant solution, the exposed mate-
rial will react with the etchant and be etched away. The etching
rate can be adjusted through reaction time, temperature, and

Figure 2. Regular and irregular patterns of the 2D porous structures by photolithography: a) pore body-throat network, reproduced with permission,l Copy-
right 2011, Elsevier; b) regular arrays of pillars, reproduced with permission,[? Copyright 2012, Royal Society of Chemistry; c) cross-hatched grid, reproduced
with permission under a CC-BY Creative Commons license, ¥l Copyright 2017, Elsevier; d) irregular pattern representing the structure of a thin layer of real rock,
reproduced with permission,P"l Copyright 2014, Elsevier; and e) irregular interconnected channels, reproduced with permission.’2 Copyright 2007, Elsevier.
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Figure 3. The schematic illustration of a) the isotropic wet etching and anisotropic dry etching, and b) the etching and sealing processes in fabricating
2.5D glass micromodel. Adapted with permission.*®! Copyright 2017, Royal Society of Chemistry.

the compositions and concentrations of the etchant solution.
The main drawback of wet etching is due to the isotropy of
chemical reactions—the etchant can penetrate underneath the
mask, which prevents the formation of perfectly vertical walls,
as demonstrated by Figure 3.1’

A recent advance is the fabrication of “2.5D” micromodels
using HF etching, which leverages the trapezoidal channel
cross section formed during wet etching to design connected
microchannels.”® In this approach, the neighboring channels
(the pore “bodies”) are etched so that their trapezoidal cross
sections begin to overlap; controlling the amount of overlap
controls the depth of this pore “throat.” Figure 3b illustrates
this process. Therefore, these micromodels enable more geo-
metrical complexity to be incorporated in a 2D device.

Dry etching makes use of the high kinetic energy of particle
beams to destroy and remove material. Among the various types
of beams, reactive-ion beam has been widely used. The reactive-
ion etching process consists of three steps: (1) adsorption of
reactive radicals on the surface; (2) a chemical reaction between
the radicals and surface; and (3) desorption of the reaction pro-
duction in the form of volatile species or precursors.’”! In some
other dry-etching processes, high-energy particles attack the
material and cause the atoms on the surface to be evaporated
directly without any chemical reactions being involved.’® Com-
pared to wet etching, dry-etching techniques allow for better con-
trol on the etching direction, which results in straight walls;>”!
however, dry etching requires sophisticated facilities and there-
fore is more expensive than wet etching. Moreover, the rate of
dry etching on glass or silicon is below 1 jim min™, significantly
slower than the rate of wet etching, which can reach the order
of magnitude of 10 um min~.° Figure 3a illustrates the pro-
cesses of dry and wet etching. The wrinkles shown in the zoom-
in SEM image in Figure 4a implies the curved channel walls of
the glass-based micromodel by wet etching; the zoom-in SEM
image in Figure 4b clearly shows the sharp straight channel
walls of the silicon-based micromodel by dry etching.l>>¢1l

Replica Molding: This shapes polymer materials using a mold
in the negative shape of the micropattern; the mold can be, for
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example, the combination of the substrate and the photoresist
after development from the lithography process. The mold will
then be filled with the prepolymer material. The prepolymer is
then crosslinked and peeled from the mold. With the replica-
molding approach, the structure can be conveniently copied
dozens of times using the same mold. At last, the crosslinked
polymer will be bound with another polymer or glass plate to
complete the whole micromodel device. Over the past decades,
2D PDMS micromodels with a variety of single-layer porous
structures have been fabricated by combing lithography and
replica molding, or so-called “soft lithography.”*?l Figure 4c
shows the SEM image of a PDMS-based 2D micromodel with
the pillar-array pattern.?*dl By making porous structures with
variable depth or binding together multiple layers of micro-
structures, 3D micromodels have also been constructed.3%]
Besides, being used as the micromodel material directly, the
PDMS patterns have also been used as a mold to replicate Nor-
land Optical Adhesive 81 (NOA81) patterns. The NOA81 pattern
is then bound to another layer of NOAS81 to form the micro-
model.%2 The wettability of the NOA81 micromodel can be mod-
ified by exposing to high-energy UV radiation, applying chemical
vapor deposition, and soaking NOA81 samples in brine and
crude oil for several hours.l®? By doing the extra replica molding,
the possibility of damaging the original photoresist mold due to
repeated use is minimized. Therefore, this strategy could poten-
tially be more efficient since the fabrication of the photoresist
mold is time consuming. The resultant NOA81 micromodel has
been used to study the effect of wettability on controlling dis-
placement patterns for a multiphase flow in porous media.*
Laser Engraving: Micropatterns can also be directly engraved
onto a substrate using laser technology. This approach can gen-
erate micropatterns on a variety of materials, including glass,
silicon, PMMA, and PDMS. More importantly, it can be imple-
mented with two simple steps to draw the pattern and engrave
without needing to make any extra components. However, this
technique is also accompanied by several drawbacks. First,
the typical resolution of laser engraving is below 1000 dpi;?2c!
in comparison, the typical resolution of photolithography
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Figure 4. Microscopy images of micromodels fabricated by different methods. a) 2D glass micromodel by wet etching. Reproduced with permission.
Copyright 2011, Elsevier. b) 2D silicon micromodel by dry etching. Reproduced with permission.l8'l Copyright 2011, Royal Society of Chemistry.
c) 2D PDMS micromodel by soft lithography. Reproduced with permission.?*d Copyright 2004, American Geophysical Union. d) 2D glass micromodel
by laser engraving. Reproduced with permission.[??d Copyright 2013, Taylor & Francis Group, LLC. ) 3D PMMA micromodel by hot embossing.
Reproduced with permission.?%d Copyright 2012, ASME. f) 3D PDLLA 3-FAME/NVP porous structure by stereolithography. Reproduced with permis-
sion.l® Copyright 2009, American Chemical Society. g) 3D micromodel by packing glass beads. Adapted with permission.'% Copyright 2013, American
Institute of Chemical Engineers. The zoom-in images in panels (d) and (g) are from optical microscopy and confocal microscopy, respectively. All the

other images are SEM images. Panel (g) also shows the reconstructed 3D structure of the bead pack.

masks used for fabricating micromodels is one order of
magnitude higher. Second, the engraving speed decreases
with the resolution; the speed is on the order of magnitude of
1-10 m min~.122 Figure 4d shows the microscopy image of a
laser-engraved micromodel at the pore-scale.??

Hot Embossing: Thermoplastic polymers, such as PMMA,
are well known for maintaining their chemical and physical
integrity under high-pressure and high-temperature condi-
tions. This unique ability allows for various activities, such
as softening, reshaping, or even melting processes to be per-
formed on thermoplastic polymers with excellent stability over
a wide range of operational pressures and temperatures.[®?!

Small 2018, 1703575

1703575 (6 of 15)

Hot embossing imprints the desired patterns by stamping the
pattern on a thermoplastic polymer substrate during a con-
trolled high-temperature and high-pressure condition. By sof-
tening the material at high temperature, the required force to
reshape the material into the stamp become minimized. Like
replica molding, one-time fabrication of a master is required,
but once the master is generated, it can be used to transfer
desired microstructures by the hot-embossing process.
Generally, the hot-embossing technique can be broken down
into four categories, including heating, embossing, cooling,
and demolding.’”) Figure 4e shows 3D PMMA micromodel
fabricated by hot embossing.
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Besides the methods discussed above, mechanical processing,
as a well-developed microfabrication technique, can be poten-
tially used for fabricating micromodels.[ This method uses tool
bits to remove the material. Since the movement of the tool bit
can be accurately controlled, no protective layer is needed.

3.2. Additive Manufacturing

Stereolithography is a form of additive manufacturing, or 3D
printing, and has been used to construct 2D micromodels with
either constant or variable channel height for studying the dis-
placement pattern in drainage and foam flooding enhanced
oil recovery (EOR).*#%] Stereolithography is based on the
spatially controlled solidification of a liquid resin by photo-
polymerization. Liquid resin is deposited layer by layer onto
a position-controllable stage. After depositing each layer, a
computer-guided laser beam illuminates the desired pattern on
that layer following a specific path. After completing the depo-
sition and illumination of all layers, the un-crosslinked resin is
washed away to form the desired 3D porous structure.!?")
Besides stereolithography, other additive manufacturing
methods include fused deposition,®® laser sintering,®”] and
electron-beam melting.[®® All these methods involve the solidi-
fication of liquid or melted material to form the hard material
with the predesigned structure. Although additive manufacturing
has been widely used to construct 3D structures of a variety of
materials, such as resin, metal, concrete, and hydrogel, its appli-
cation in making micromodels is still in an early stage.’] With
the selection of optically transparent addible materials becoming
larger, this method can be very promising in constructing micro-
model for flow-related study. Figure 4f shows the SEM images of
a porous scaffold made of PDLLA 3-FAME/NVP (fumaric acid
monoethyl ester functionalized 3-armed poly(D,L-lactide) oli-
gomers using N-vinyl-2-pyrrolidone) resin by stereolithography;
due to the high water content, this material shows good cell

www.small-journal.com

adhesion property.[®) Adhesion of osteoblast cells (MC3TC) onto
the scaffold surface was well observed under a microscope.

3.3. Packing Particles

2D micromodels can also be constructed by randomly packing
particles, such as uniformly or multiple-sized glass beads,
between transparent parallel plates.’% This approach can also
be extended to three dimensions, which more closely mimic
the complexity of natural porous media, by densely packing
glass beads in a quartz capillary having a square or a rectan-
gular cross section. Depending on the bead size, the bead pack
is sintered at 850-900 °C for 1-10 min to solidify the medium
without destroying its original porous structure. By employing
fluorescent fluids that have the same refractive index as the
glass beads, one can visualize the 3D pore space structure and
fluid flow within it using a confocal microscope, as shown in
Figure 4g. The 3D structure of each phase can also be recon-
structed from the confocal microscopy images. To date, this
technique has been successfully applied to investigate the
configuration of trapped fluid, the mobilization of nonwetting
fluid, the breakup of nonwetting fluid, and the spatial fluctua-
tions of fluid velocities in porous media.['%-871]

Table 1 summarizes the features of the most widely used
materials with relevance to micromodels, in terms of their
optical, mechanical, thermal, and chemical properties, as well
as the most common manufacturing methods. This informa-
tion provides useful guidelines for selecting the proper mate-
rial and manufacturing method for the micromodel study.
Moreover, it is worth noting the difference of porous struc-
ture between consolidated rocks and unconsolidated soils; the
former usually have lower porosity and permeability than the
latter. This structural factor should also be considered when
designing a micromodel along with other criteria on the opera-
tional conditions.

Table 1. Summary of the properties and the manufacturing methods for the common micromodel materials.

Material Transparency!'l Young's modulus  Operational Solvent compatibility Water Wetting treatment Commonest method
[GPa] temperature advancing of fabrication
range [°C] contact angle
[0S
Glass Transparent (refractive 50-90031 <500071 Compatible to most solvents!'l 25-35 Coating (gold)['™ Lithography—etching
index =1.45-1.87%) Oxygen plasmal’ Bead packing
Silanizationl'®
Silicon Transparent to UV 130-180!"3! <1415%1  Compatible to most Solvents!'l 110 Silanizationl'® Lithography—etching
PDMS Transparent (refractive  0.0013-0.00352 40-50177) Incompatible to nonpolar 110 UV-initiated (poly (acrylic  Soft lithography
index = 1.48377)) solventst®’] acid) graft pattering)!3°!
UV-ozonel”
Plasma oxidation*72
Polyelectrolyte multilayer
coatingl36]
PMMA  Transparent (refractive 1.8-1.310 —70 to 100071 Resistant to acids, bases 60-75 Plasma treatmentl*47477] Hot embossing

index = 1.4927%)

Nonresistant to alcohols,
acetone, benzoll7¢!

(medium conc.), oil, petrol

UV/ozone exposurel*’] 3D printing
Nitric acid oxidation’]
Polymer coating!’]

Laser radiationl’]
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4. Experiments and Results

Micromodels that combine advanced microscopy technology
allow researchers to directly observe both static and dynamic con-
ditions of fluid flow within the media, not only at the macroscale
but also at the pore scale. This direct visualization is especially
valuable for studying the flow involving two or more phases in
porous media. In many cases, observations of pore-scale phe-
nomena inspire hypotheses related to the underlying mecha-
nisms and help to form qualitative and quantitative models.
These theoretical interpretations usually result in predictions at
the macroscale, which can then be compared with macroscale
experimental results to support or disprove hypotheses.

The study of multiphase flow involving two or more fluids in
porous media seeks to obtain data on two key pieces of infor-
mation: the evolution of the interfaces between the fluids and
the velocity field in each individual phase. The former can be
either pore scale or macroscale. If the micromodel is 2D and,
therefore, fluids flow in the same plane, the interface evo-
lution can be straightforwardly observed by regular optical
microscopes; sometimes dyes are added to one or more fluid
phases to improve the visualization. In contrast, if the micro-
model has a truly 3D structure in which light may be scattered
or refracted at the fluid-solid or fluid—fluid interfaces, optical
observation becomes more challenging. To overcome this
problem, researchers match the refractive index of the fluids
with that of the matrix material so that light can penetrate the
media with minimal scattering from the interfaces. To obtain
the 3D fluid structure, confocal laser scanning microscopy is
used to scan the inner cross sections of the media, and enables
the reconstruction of the 3D structure from stacks of planar
images. Figure 5 illustrates bright-field and fluorescent micros-
copy images from 2D micromodels,'3>1 as well as the con-
focal images and reconstructed 3D structure from a 3D micro-
model.l'% Moreover, information of the overall volume fraction
of each individual phase can be easily obtained with the iden-
tified interface. The fluid velocity field, on the other hand, is
most commonly studied using particle image velocimetry (PIV)
or particle-tracking velocimetry (PTV), nonintrusive optical
techniques for extracting flow characteristics by analyzing the
motion of the seeded tracer particles.’% We will discuss the
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characterization of interface evolution and velocity field in
more detail with examples in Sections 4.1 and 4.2, respectively.
Micromodels have also been used to study the flow-solid
interaction in porous media, such as with flow-induced matrix
deformation and microbial growth. In these cases, the direct
observation of the motion or evolution of the solid phase is the
key. We will discuss a few research examples in Section 4.3.

4.1. Fluid Structure and Interface Evolution
4.1.1. Macroscale Visualization

The displacement of one fluid saturating the porous medium by
another immiscible fluid is pervasive in many natural and engi-
neering processes, such as during water infiltration into soil,
EOR, and CO, sequestration. Although many applications would
prefer a stable displacement front, in many cases the displacing
phase invades along some preferential paths and generates finger-
like structures. The fingering effect due to interfacial instability
was extensively studied first in Hele-Shaw cells—thin chambers
enclosed by two parallel plates—because the diffusive displace-
ment in homogeneous porous media shares the same governing
equations with that in the simple Hele-Shaw cell.®! However, the
structural and wettability heterogeneity inherent to natural porous
media are difficult to recapitulate in a Hele-Shaw cell. Instead, the
use of micromodels enables the investigations on the effects of
wettability and heterogeneous pore structure. It has been shown
that the displacement pattern in porous media depends on not
only the viscosity ratio of the two fluids and the capillary number
Ca = uV/o (where 1, V, and o are the dynamic viscosity, character-
istic velocity, and interfacial tension, respectively),”">#2 but also the
wettability and the heterogeneity of the porous structure.['>62>83] Tt
was found that increased wettability of the invading fluid could
enhance displacement efficiency up to a critical contact angle;
beyond that critical contact angle, the trend is inversed;(?>#4 the
pore structure heterogeneity affects the invading structure due to
the nonuniform capillary pressure threshold.®* Figure 6 shows
the fingering structures in micromodels with various wettabilities
and the comparison between fingering structures in heteroge-
neous media and homogeneous media. This information provides

Figure 5. Microscopy images of the inner fluid structure in 2D and 3D micromodels. a) Optical microscopy image of ink-dyed water and fluorinert flowing
through a PDMS-based micromodel. Reproduced with permission.P'8 Copyright 2013, American Geophysical Union. b) Fluorescent microscopy image
of oil (orange)-in-water (green) emulsion and gas (dark brown located in the center of pores) flowing through a silicon-based micromodel. Reproduced
with permission.P!l Copyright 2014, Elsevier. ¢) Confocal microscopy images of water (bright) invasion into oil saturated glass-bead packing, as well
as the reconstructed 3D structure of the trapped oil blobs. Reproduced with permission.l'% Copyright 2013, American Institute of Chemical Engineers.
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Figure 6. Microscopy images of the fingering structures of two-phase flow in micromodels. a) Fingering structures formed in imbibition inside a 2D
irregular pillar micromodel with different wettability ranged from completely oil wet (left) toward completely water wet (right) at Ca = 2.9 x 10 ~2.[62%]
b) Fingering patterns formed in drainage through hydrophilic porous media with heterogeneous porous structure (left) and homogeneous porous
structure (right) at Ca = 8 X 10 . Reproduced with permission.3 Copyright 2015, American Geophysical Union.

important guidance on understanding and controlling the displace-
ment patterns for multiphase flows in porous media. Moreover,
micromodels allow for studying the effect of macroscale structural
heterogeneity in porous media, such as fractures, on the invading
pattern.l'>e5051] These studies shed light on understanding the oil
recovery in fractured reservoirs and the preferential flow in soil.

The microscopy images also enable the determination of the
volume fraction of each individual phase in the micromodel, by
assuming that the area occupation in the cross sections reflects
the real volume occupation in the porous medium. In certain
displacement processes, the variation of volume fraction is an
important indicator of the displacement efficacy, such as the
residual oil saturation in oil recovery and the residual fluid sat-
uration in CO, sequestration.[®’]

4.1.2. Pore-Scale Visualization

Pore-scale visualization can facilitate the clarification of mul-
tiphase flow mechanisms in porous media. One example is
in the study of capillary trapping, which refers to the process
wherein the nonwetting phase is trapped in the pore space, in
the form of discrete blobs, by capillary forces. Capillary trap-
ping appears in almost all porous media flow involving two
or more immiscible phases, such as enhanced oil recovery
and CO, sequestration. Depending on the application, we
may want to either minimize or maximize the capillary trap-
ping of the discrete blobs. Studies conducted in micromodels
dating back to the 1980s identified two primary capillary-
trapping phenomena: bypass trapping due to the pore-scale
heterogeneity of the flow resistance, and snap-off trapping due
to the dynamic competition between capillary forces and vis-
cous forces.#?>#¢ Figure 7a,b demonstrates these two trapping
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phenomena.l?'¢8% [n drainage, the wetting defending phase is

mainly trapped by the bypass mechanism; in imbibition, how-
ever, the nonwetting defending phase can be trapped by either
bypass or snap-off, or a combination of both mechanisms,
depending on the local topology of the pore structure, the sur-
face roughness, and the Ca.?'#%] In general, surface rough-
ness could enhance the snap-off trapping; bypass is more likely
to be dominant at smaller Ca.?¢38] Notably, using confocal
microscopy on 3D index-matching micromodels one can
directly visualize and characterize the full 3D structure of the
trapped ganglia, as shown in Figure 7c.

Other examples of identifying multiphase flow mechanisms
by pore-scale visualization include identifying the role of large
cavities, or vugs, in varying the porosity—permeability relation and
decreasing the displacement efficiency;®% recognizing osmosis
gradient as the oil mobilization mechanism in low-salinity
water flooding EOR;?™™ examining the effect of spreading
coefficient, a function of the interfacial tensions between any
two phases, on the dual-displacement efficiency in three-phase
flow in porous media, such as the tertiary gas flooding in oil
recovery;¥>%l demonstrating the effects of pore-scale fluid
dynamics and viscosity on trapped fluid configuration within
3D micromodel;'*718 and inspecting foam-oil dynamics during
foam flooding EOR 1484962385492 Thig information is of great
importance to evaluating and developing new EOR methods.

4.2. Flow Visualization
Micromodels also provide a platform that enables the direct flow
visualization inside a porous medium. The most commonly

applied method to retrieve the velocity field is micro-PIV (u-PIV)
or micro-PTV (U-PTV).Ba%e9] By seeding micrometer-sized
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Figure 7. a) Schematics and microscopy image of bypass trapping of nonwetting ganglia. Reproduced with permission.?'d Copyright 2017, American
Geophysical Union. b) Schematics and microscopy images of snap-off trapping of nonwetting ganglia. Reproduced with permission.?'d Copyright 2017,

American Geophysical Union. c) 3D renderings of nonwetting oil ganglia from confocal microscopy images. Reproduced with permissio

Copyright 2014, AIP Publishing LLC.

density-matched tracer particles into the fluid and assuming that
the particles move along the flow streams without disturbing
the flow, the particle velocity can be regarded as a faithful probe
of the flow velocity. The particle motion is then visualized by
obtaining images with short time intervals. In PIV, a high den-
sity of particles is employed, and the mean displacements of
small interrogation areas in the flow are calculated using auto-
correlation or cross-correlation techniques. Therefore, the mean
velocity in each interrogation area can be determined based
on the measured mean displacement over the imaging time
interval. In PTV, a lower density of particles is employed, ena-
bling the location of the same particles to be located in succes-
sive images. Therefore, the individual particle velocities can be

Flow Speed

@ o I T 120/

17161

determined based on the individual particle displacements over
the given time interval. Both PIV and PTV usually use fluores-
cent tracer particles and a high-resolution microscope (such as
a confocal laser scanning microscope) to visualize the particle
motion;%4 for 3D imaging, it is important to match the refrac-
tive index between the fluids and particles. The flow velocity
field obtained using p-PIV from 2D silicon-based micromodel
with an array of pillars by deep reactive ion etching and 3D glass
bead-packed micromodels is shown in Figure 8.

A few examples of using PIV to facilitate understanding
of the fluid flow in micromodels include quantifying turbu-
lent flow through 3D porous media by measuring the mean
velocity, the geometric length scale of the turbulent flow, and

(®) [ e

| V| mm/s! 0 04 06 08 1.0 12 14 16 1.8

Figure 8. a) Map of flow velocity during single-phase flow (upper panel) and flow of fluid around trapped oil blobs (lower panel; blobs shown in black)
inside a 3D glass-bead-packed micromodel. The flow velocity map was obtained by micro-PIV with T um fluorescent latex microparticles as the tracer
particles imaged by confocal microscopy. Adapted with permission.?8l Copyright 2013, American Physical Society. Color scale shows flow speeds
ranging from 0 to 12g/¢ where q is the imposed Darcy flow speed and ¢ is the porosity. b) Average velocity field of CO, captured inside a silicon-based
micromodel with regular array of pillars. The velocity field was obtained by micro-PIV with T um fluorescent particles as the tracer particles imaged by
FluoSpheres fluorescent microscopy. Reproduced with permission.[ Copyright 2015, Elsevier.
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the turbulent Reynolds number;[**%° quantifying both longi-
tudinal and transverse velocity components for single- and
multiphase flows through 3D porous media;?#93" character-
izing the dynamics of CO, drainage at reservoir conditions of
80 bar and 2440 °C;P®?l and tracking the formation and migra-
tion of interface during drainage and imbibition with two
immiscible fluids.”8l The velocity field obtained from p-PIV
is also important for validating numerical simulations of the
Aow,[302.93b]

4.3. Fluid-Solid Interaction

When phase change occurs in porous media, the solid matrix
would likely deform due to the pressure change. The deforma-
tion of the matrix will in turn influence the fluid flow in the
interstitial space. For example, during wood drying, the loss of
water sometimes induces wood cracking, collapse, or warping.
This phenomenon was studied using a glass-based micromodel
with a random structure characteristic of softwood. The experi-
ment successfully captured “Haines jumps”—abrupt bursts in
flow during the displacement of a wetting fluid by a nonwetting
fluid—as seen by monitoring the sudden liquid redistribution
during this process.’® In another example, a 3D PDMS-based
micromodel was developed to simulate and study the shrinkage
of deformable porous media during drying, which is relevant
to the food industry.?° The micromodel was fabricated by
binding several layers of PDMS patterns by plasma cleaning
and generating the perpendicular throats by laser perfora-
tion. The shrinkage profile was examined by measuring the
distances between certain select points over time during the
drying process. The shrinkage increases as the drying advances,
consistent with the behavior of common biological materials.

Dissolution of the solid matrix in subsurface porous media
flow occurs in many processes in the environmental engi-
neering and petroleum industry. For example, during carbon
sequestration, CO,-acidified formation water could change the
porosity and permeability of the carbonate reservoir, and there-
fore the storage capacity and the long-term security of the well.
In the acidizing enhanced oil recovery, acidified brine is injected
into carbonate reservoirs to increase the porosity and perme-
ability of the reservoir”’l To capture the chemical interaction
between the subsurface flow and the solid matrix, real rock-
based micromodels have been recently developed to address this
poorly understood problem. By etching flow channels in a nat-
ural calcite crystal substrate and binding with a glass, a micro-
model was fabricated and then used to investigate the carbonate
dissolution during acidic flows through the pore-scale visualiza-
tion.[”’] This study demonstrates the flow- and crystal-orienta-
tion-directed preferential dissolution and replicates the worm-
hole generation in acidizing processes. In another example, real
rock-PDMS combined micromodel has also been developed for
real-time tracking of subsurface reactive transport.[%!

As an opposite process of the matrix dissolution, formation
of minerals and the subsequent precipitation to the solid matrix
may also occur in subsurface porous media, such as the biomin-
eralization. The growth of biofilm and the resultant CaCOj; pre-
cipitation in porous media have been studied in a silicon-based
micromodel covered with a thin layer of silicon dioxide created
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by thermal oxidation.®! The results implied that biomineraliza-
tion could enhance the complexity of the flow paths, and likely
affect the extent of transverse mixing, which may further influ-
ence the mineral precipitation.’”! In another example, the cou-
pling of brucite dissolution and carbonate mineral precipitation
was studied in an unsaturated glass micromodel under evapo-
rative conditions; the results shed light on understanding the
mineral-fluid reactions in Earth's shallow subsurface.[1%%]

The study on the transport of particles, hard or soft, with flow
through porous media is another example that significantly
benefits from the micromodel technique. For example, flow
of colloidal particle suspensions was carefully examined in
PDMS-based micromodels with controllable surface roughness,
particle-throat ratio, flow rate, and fluid salinity.'!l Pore-scale
observations identified the distinct mechanisms of particle dep-
osition on smooth and rough surfaces. The particle deposition
at the pore scale through various identified mechanisms results
in different colloid transport behaviors at the macroscale. This
study validated and expanded the conventional filtration theory,
which is important for understanding the relevant engineering
processes, such as bioremediation. Moreover, micromodels
have been used to study the transport of microgels through
porous media, which sheds light on understanding gel treat-
ments for EOR.'?Z]

PDMS-based micromodels have also been used to investigate
the interaction between the microbial extracellular polymeric
substances at the water—air interface and the matrix, which
mimics the porous soil. The stabilization of the polymeric skin
at the interface was recognized as the mechanism responsible
for the alteration of moisture at the pore scale. This study helps
our understanding on the influence of microbial activities on
controlling soil moisture at the macroscale, which is critical for
seedling survival and plant growth.['%3]

4.4. From Micro- to Nanofluidic Model Porous Media

The emerging unconventional oil and gas reservoirs, such as
shale and tight gas sands, feature ultrasmall pore sizes on the
order of 1-100 nm.[' Under such a small length scale, con-
tinuous assumptions and Darcy’s law fail in describing the
fluid flow behavior in the porous media. Instead, other flow
mechanisms such as flow slippage start appearing. Thoroughly
understanding the physics of flow behaviors in such nanopo-
rous media is critical for enhancing the oil and gas production
in these unconventional reservoirs. Moreover, flow in nanopo-
rous media exists in many other natural and industrial systems
such as water flow in plants and in synthesis of advanced mate-
rials.'%] To address this poorly understood problem, nanoflu-
idic model porous media have been developed for studying the
fluid flow and phase behavior in nanoscale pores. Fluidic net-
works containing channels with at least one dimension at the
nanometer scale have been developed to study multiphase flow
processes such as drying and imbibition.['%l Packed beds con-
sisting of nanometer-sized silica particles have been developed
to investigate capillary condensation.'’”] Given the difficulty
of direct visualization at the pore scale in these nanoporous
media, 1D nanochannels represent another important model
system for studying phase behaviors in nanopores such as
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gas slippage, capillary filling, and imbibition.['%l Readers that
are interested in learning more about the nanofluidic model
porous media may refer to ref. [104] for an excellent review on
this topic.

5. Conclusions and Outlook

Micromodel, microfluidic model porous medium, provide a
powerful experimental platform that enables the direct visu-
alization of the flow dynamics and fluid—solid interactions
inside the medium at the pore scale. Since their development
in the 1950s, they have been widely appreciated for studying
multiphase flow in many engineering and natural processes,
such as enhanced oil recovery, carbon sequestration, and water
infiltration. Most existing micromodels consist of single-layer
microfluidic channels with an arbitrary porous pattern. Mostly
made of glass, silicon, and transparent polymers, like PDMS
and PMMA, these 2D micromodels can be readily character-
ized using an optical microscope. Glass and silicon have excel-
lent mechanical, thermal, and chemical properties suitable for
a wide range of studies; however, the material processing—
etching or laser engraving—is relatively complicated. PDMS,
as another widely used micromodel material, is ideal for rep-
licating fine structures by molding; however, the low stiffness
and weak thermal and chemical resistance limit its applica-
tions. To better capture the physics associated with the porous
connection in the third dimension, several types of 3D micro-
models have also been developed, mostly by using multiheight
molds, binding multilayer 2D porous patterns, 3D printing, or
packing particles. To allow the light to penetrate deep into the
medium, the refractive index of the fluids must match that of
the solid matrix. Laser scanning microscopy can be then used
to capture high-resolution images at specific depths; 3D struc-
ture of a thick-layer micromodel can also be reconstructed
from a stack of images. Moreover, the recent advances in addi-
tive manufacturing provide another promising technique for
making micromodels. Additive manufacturing has been used
to fabricate 2D micromodels for studying displacement pat-
terns of multiphase flow and to fabricate 3D porous polymeric
scaffolds for visualizing the flow field in the interstitial space.
In Sections 3 and 4 of this review, we discuss in detail the prop-
erties and fabrication methods for the materials that are com-
monly used to construct micromodels.

It is noteworthy that the achieved porous structures of
3D micromodels are very limited; fabrication of 3D micromodels
with arbitrary porous structure is still an unsolved problem.
Although this could be potentially addressed by 3D printing
technology, high-resolution printing is still very challenging.
Moreover, the options of the optically transparent printable
materials, especially those with relatively strong mechanical
properties, seem very limited. Therefore, how to fabricate
3D micromodels with high-resolution, realistic porous structures
deserves more research efforts.

Micromodels are particularly useful in studying mul-
tiphase flow in porous media by disclosing the fluid structure
at both the pore scale and the macroscale, as well as the flow
velocity field. In many cases, our understanding on the flow
mechanisms comes from the pore-scale phenomena. The
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interpretation of the pore-scale phenomena usually results in
predictions at the macroscale, which can then be compared
with macroscale experimental results. In Section 4 of this
review, we summarize some classical and contemporary studies
using micromodels about investigating the flow mechanisms,
and applying U-PIV to characterize and quantify single- and
multiphase flow in porous media. Moreover, many real pro-
cesses involve the interaction between the fluid and the solid
phases, such as the drying, the transport of particle suspen-
sions, and the growth and transport of active matters. We also
discuss examples using micromodels to study these problems.

Although micromodels have been so far mainly used to
address problems in the petroleum, geologic, and environ-
mental engineering, they have attracted research attentions
in other areas, such as the food and wood industries. More
importantly, we would anticipate a wide application of poly-
meric micromodels in biomedical engineering, given the rapid
advances in hydrogel synthesis and microfabrication, such as
3D printing and microfluidics technology. The unique mechan-
ical and chemical properties of many biodegradable polymers,
especially hydrogels, allow the resultant model porous media
to mimic the realistic tissues in many ways. By using confocal
microscopy one can directly visualize and characterize a variety
of dynamic processes, including fluid flow, molecular diffusion,
and cell migration, inside the porous media. The application
of polymer- or hydrogel-based micromodels could significantly
promote our understanding on the interstitial flow and trans-
port processes in biological tissues, and therefore benefit many
relevant medical and healthcare technology.
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