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We developed a novel method for fabrication of glass
micromodels with varying depth (2.5-D) with no additional
complexity over the 2-D micromodels’ fabrication. Compared to a
2-D micromodel, the 2.5-D micromodel can better represent the
3-D features of multi-phase flow in real porous media, as demon-
strated in this paper with three different examples. Physically real-
istic capillary snap-off and the formation of isolated residual oil
droplets were realized, which is not possible in 2-D micromodels.
Droplet size variation during an emulsion flooding was investigated
on the 2.5-D micromodel, showing that the droplet size decreases
sharply at the inlet, with little change in size downstream of the
micromodel. Displacement of light oil with ultra-low interfacial
tension (IFT) surfactant was conducted in the 2.5-D micromodel,
where we were able to visualize the generation and flowing of a
microemulsion phase, which agrees with, and explains observa-
tions in experiments of more complex porous media.

Introduction

Flow, especially multi-phase flow, in porous media with
micron-scale pores and throats has long been an important
interest in many areas of science and engineering.! Oil-water
separation processes,” waste water treatment,’ transport of
oil-soluble pollutants in soil and underground water," and
generation of foam and emulsion for chemical and food pro-
duction,>® are all important applications involving multi-
phase flow. In hydrocarbon recovery from subsurface reser-
voirs, waterfloods,” conformance control®® and enhanced oil
recovery'®™* are all multi-phase processes.

Investigation of multi-phase flow in realistic porous mate-
rial samples, such as membrane devices and oil-
displacement coreflood devices, is common.””™’ In those
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studies, macro-scale data, such as pressure drop, outlet fluid
properties, and saturation profiles, are often measured.'®"
However, direct visualization and quantitative description of
micron-scale behaviour of multi-phase fluids is still difficult,
due to the complex 3-D geometry of real porous media (e.g.
subsurface rocks).

Microfluidics provide a tool, which can be used to study
and visualize multi-phase flow at the micron-scale, i.e. surro-
gates for pore bodies and throats. Recently, microfluidics
have been used to study some fundamental flow phenomena
in porous media including single phase flow of Newtonian>’
and non-Newtonian®' fluids, multi-phase flow,>*>* mecha-
nisms of droplet formation®*"/coalescence,*®*® and cross-
interface mass-transport.*® In addition, some single-channel
geometries with varying cross-section size along the channel
have been designed to study non-wetting phase trapping at
pore-throat structures,'® emulsion flow in parallel channels,*'
and other geometries relevant to enhanced oil recovery®” and
reservoir engineering'® research.

Naturally-occurring 3-D porous media are complicated net-
works of pores and throats. While single-pore or single-
channel flow studies are useful, they are not sufficient for
fully understanding flow behaviour in porous media. Conse-
quently, 2-D “micromodels”, a simplified pore-throat network
system on 2-D microchips, are often used to study flow in po-
rous media. “2-D” here indicates the micromodel has varying
size in horizontal dimensions but has uniform depth in the
vertical dimension. In recent years, many common fluidic
phenomena in porous media have been investigated by using
2-D micromodels, especially for enhanced oil recovery appli-
cations, such as particle retention,” water flooding,”** foam
flooding,**** surfactant flooding,*® and polymer flooding.*”

These micromodels are limited by their 2-D geometry, i.e.
their absence of varying depth. For example, in multi-phase
flow “capillary snap-off™*® is an important mechanism for oil
and bubble break-up; it only occurs if the size of throats are
smaller than that of pore bodies in the two dimensions per-
pendicular to the flow direction (the pressure at the “neck”
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must be larger than that of the droplet front). This limitation
of micromodels is well documented and it has been noted*
that “studying snap-off in 2-D porous media is inherently
problematic”. In addition, if pores are designed continuous
(connecting with each other through throats) in a 2-D micro-
model, the grains must be non-continuous (isolated from
each other), while both grains and pores are continuous in
natural-occurring 3-D porous media. This may have consider-
able significant effect on wetting-fluid imbibition. 3-D fea-
tures in the micromodel geometry are therefore required for
studying many physics in porous media, especially those re-
lated to multi-phase flow (e.g. two phase displacement, emul-
sion flow, foam flow, three-phase flow, etc.), where capillary
effects are significant.

A few attempts have been made to fabricate microfluidic
chips and even some micromodels with 3-D features in the
geometry using 3-D printing.***° Unfortunately, the resolu-
tion (tens of microns) and material limit (fusible) of current
3-D printing technology make it impossible to build a 3-D
micromodel as a simplified model of realistic micron-scale
porous media.*>*!

In this communication, we introduce a novel and simple
approach to fabricate “2.5-D” (depth-variable) micromodels,
with no additional complexity in the fabrication procedure.
The depth ratio of throat to pore body is easily controlled.
We performed common multi-phase flow experiments on the
2.5-D micromodel, where we produced phenomena that has
never been correctly observed (or were mistakenly presented)
on a 2-D micromodel. We believe that 2.5-D micromodels
could be a more advanced platform for a better understand-
ing and optimization of current fluidic theories/models in po-
rous media.

Fabrication and characterization of
2.5-D glass micromodels

Glass has long been used as a preferred material for micro-
fluidic devices, because of its superior transparency, high
hardness and ease to modify its surface wettability.*>** The
most widely applied method to fabricate glass microfluidic
chips follows a standard lithography process and hydro-
fluoric (HF) acid etching."* Horizontal dimensions of the
microchannels are determined by the 2-D blueprint design
(CAD), and the depth is obtained by HF-etching speed and
time. The etched glass piece was bonded to a cover glass
piece mostly by heating at 500-700 °C for hours. A sketch of
the standard 2-D micromodel fabrication is shown in Fig. 1a.

Due to isotropic etching of HF, the cross-section of the
channel is not strictly rectangular but somewhat trapezoidal.
This is generally considered a disadvantage of HF etching be-
cause it makes the cross-section shape “non-ideal”. In most
previous 2-D micromodel studies, researchers either accepted
the imperfection,* or attempted to avoid it by applying more
complex/expensive technology, such as laser.*®

Here we propose a novel approach that utilizes, rather
than ignores or avoids, the isotropic HF etching and the
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Fig. 1 a) Typical HF etching procedures to fabricate glass micromodel,
where trapezoidal cross-section is formed due to the isotropic etching
of HF. b) Fabrication of 2.5-D micromodel, where we obtain a
shallower throat by making use of the isotropic etching of HF by con-
trolling the distance between pores and the etching depth. c) Micro-
scopic image of the 2.5-D micromodel. Grains, pore bodies, and
barrier-like throats between neighbouring pore bodies. The formation
of grains shape is illustrated in ESIj d) Relationship between throat
depth and vertical etching depth on the pore body. The blue triangles
are data measured from profilometer, and the orange dot line is the
data calculated from eqgn (1).

resulting trapezoidal cross-section, followed by controlled
fabrication of the micromodels with important 3-D features.
As shown in Fig. 1b, if two neighbouring “pores” in the
2-D blueprint are designed close enough that the maximum
horizontal etching distance (at the top) is larger than half of
the minimum distance between two designed “pore edges”,
the glass wall between the two pores would form a “channel”
at the upper side of pores after HF etching. Thus, we can cre-
ate neighbouring pores connected by a throat, which is not
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only horizontally narrower than the pore body (like previous
2-D micromodels), but also vertically shallower than the pore
body. A microscopic image of a 2.5-D micromodel is shown
in Fig. 1c. The micromodel consists of repeating pore-grain
systems with every pore connected to four other pores. No-
ticeably, there is a barrier geometry (the throat) between two
pore bodies where the depth is considerably smaller than the
pore body.

Importantly, the depth difference between the pore body
and the throat can be easily controlled by adjusting the maxi-
mum etching depth and the distance between pore bodies on
the 2-D blueprint. A larger maximum etching depth can bring
a smaller depth difference, while a larger distance between
two pores on 2-D blue print can make the throat much
shallower or even disappear. A theoretical equation is derived
to predict the throat depth's (Hroae) relationship with maxi-
mum vertical etching depth (Hpe.) and the minimum hori-
zontal distance between the edges of two pores on the 2-D
blueprint (L), as shown in eqn (1):

throat — pore 4 (1)

Fig. 1d shows the plot between Hpore and the Hiproar, when
L is fixed at 40 pm, comparing data measured with a
profilometer and that calculated by eqn (1). It shows that the
data measured from the profilometer is predicted well by eqn
(1) although with some minor positive bias.

Noticeably, according to eqn (1), as the throat size is only
determined by neighbouring two pores on the blueprint, it is
possible to create pores with unequal and anisotropic sizes
and throats with different depths and widths, although we
only demonstrate homogenous micromodels with isotropic
pores in this work for simple validation. More discussion and
illustration about the 3D structure is shown in ESLT

Multi-phase flow experiments on 2.5
D glass micromodels

The 2.5-D micromodel can be used to study a broader range
of physics than the 2-D model, especially those that involve
capillary forces in multi-phase flow. We performed several ex-
periments of multi-phase flow in a water-wet 2.5-D glass
micromodel. From those experiments, some important phe-
nomena were observed and analysed, the first using micro-
models to our knowledge. Geometric parameters of the
micromodel that we used for all the flow experiments shown
in this paper are listed in Table 1.

Wetting phase imbibition

In water-wet hydrocarbon reservoirs (such as sandstone reser-
voirs) after oil phase is displaced by water (herein referred to
as a waterflood), un-recovered oil is often classified by two
types: residual oil, which is isolated oil droplets trapped by
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Table 1 Geometric parameters of the 2.5-D glass micromodel applied in
this paper

Geometric parameters Length
Porous media length 2.4 cm
Total pore volume 7 ul
Pore body depth 20.3 pm
Throat width 23 um
Throat depth 3.2 pm

capillary forces in pore bodies, and unswept oil, which is oil
that occupies a continuous region uninvaded by the water
phase. If a reservoir is a relatively homogeneous porous me-
dium, and if the oil is less viscous than the water phase, the
residual oil (isolated oil droplets in pore bodies) is typically
the majority of unrecovered oil.*® This classic imbibition the-
ory is presented by Dong et al.*” and Muggeridge et al.," as
shown in Fig. 2a. In this section, waterflood experiments
were performed on both a 2-D micromodel and a 2.5-D
micromodel, with oil viscosity less than water.

The 2-D micromodel is identical in geometry to the 2.5-D
micromodel (as listed in Table 1), except that the depth is
uniformly 23 um both at the pore bodies and at the throats.
In both experiments, n-octane was used as the oil (non-wet-
ting) phase and was pre-saturated into the micromodel be-
fore waterflood. Dyed water (coloured blue) was used as the
aqueous (wetting) phase. The interfacial tension (IFT) be-
tween the two phases is 50.6 mN m™". Viscosity of water is
1.0 cP, and the viscosity of octane is 0.52 cP. In the experi-
ment, the water flow rate was 7 ul h™ (~2 ft per day along
the porous medium).

Fig. 2b and c show the 2-D and 2.5-D micromodel after
waterflood, respectively. It is clearly shown in the 2-D micro-
model, a pore body is either occupied completely by water, or
by continuous oil phase. No isolated oil droplet trapped in a
pore body, as described in realistic porous media, was ob-
served. The result is similar to previous 2-D micromodel ob-
servations on waterfloods from other researchers."®*’ H
ever, in the 2.5-D micromodel, almost every pore body traps
an isolated oil droplet, with water phase occupying the
throats and pore edges. It is exactly what the theory describes
as shown in Fig. 2a, for realistic 3-D porous media. In sum-
mary, the formation of residual oil in real porous media
matches our observation in 2.5-D micromodel well, but does
not match the observation in 2-D micromodel. Thus, we
claim that this 2.5-D model is more advanced in capturing
and mimicking the multi-phase fluidic phenomena in 3-D po-
rous media, than a traditional 2-D micromodel with uniform
depth.

The transient process of water imbibition into the oil-satu-
rated, water-wet 2.5-D micromodel is shown in Fig. 2d-g and
Movie SAF In the imbibition process, water phase did not
displace the oil phase as a piston flow, but rather along pore
body edges and the throats. Water's invasion along those
high specific area region (throats and edges) was clearly in-
duced by capillary force at the oil-water-glass contact line,

OowW-
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Fig. 2 Validation of 2.5-D micromodel with waterflood experiments.
(a) Classical theory on waterflood in water-wet porous media de-
scribed in ref. 10, where isolated oil droplets could be formed in pores
due to capillary snap-off after flooding. (b) Microscopic image of post-
waterflood 2-D micromodel, where the pores are either completely
occupied by water, or occupied by a continuous oil phase, with no iso-
lated residual oil droplet observed. (c) Microscopic image of post-
waterflood 2.5-D micromodel, where most pores are occupied by iso-
lated oil droplets. (d)-(g) Water imbibition into oil-saturated 2.5-D
micromodel at different times. It can be observed that the water only
flows along the throats and the edges of the channel, without
displacing the oil in the pore bodies, and isolated oil droplets are thus
trapped in the pore body. The flow direction is from left to right.

which prefer routs with larger curvature when water is the
wetting phase. Connections between oil phase in
neighbouring pore bodies “snap off” due to the 2.5-D feature
at the throats, thus the water phase isolates the oil phase
from a continuous phase into dispersed oil droplets trapped
in the pore. As a comparison, the waterflood in the 2D micro-
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model is shown in Movie SB.f In the 2-D case, although the
preferential flow of the wetting fluid along the grain edges
could also be observed (as in our experiment and by Zhao
et al.”>®), grain edges are isolated, without efficient connec-
tions to conduct water from one grain to the next (which is
the role of throats in the 2.5-D micromodel). Thus, snap-off
does not happen simultaneously.

In summary, the waterflood experiment on micromodels
showed that the 2.5-D geometry successfully introduced nec-
essary 3-D features into the micromodel. Capillary snap-off of
oil at the throat, and the formation of isolated trapped oil
droplets, were successfully realized on the 2.5-D micromodel,
which could not be observed from the 2-D micromodel, nei-
ther in previous studies or our own experiments. 2.5-D micro-
model is thus promising for research on multi-phase flow in
porous media.

Emulsion flooding

Emulsion and foam fluidics in porous media is a growing re-
search area for both enhanced oil recovery and in the chemi-
cal/food industry. A long-standing question is how the size of
non-wetting phase droplets/bubbles varies spatially in the po-
rous medium. It has been shown that varying the droplet size
alone may lead to 10* times difference in emulsion apparent
viscosity.”® As explained in the introduction section, capillary
snap-off is believed to be the dominant droplet/bubble break-
up mechanism but it is very difficult to investigate using a
2-D micromodel.>* We show that snap-off in emulsion
flooding (similar to foam flooding in most aspects) can be
easily observed and studied on 2.5-D micromodels. To our
knowledge, this is the first published successful emulsion
flooding experiment using a micromodel platform.

Octane was used as the oil phase in the experiment, and
1000 ppm silica nanoparticle (5 nm in diameter) and 500
ppm Tween 80 (surfactant) were added into dyed water as
emulsion-stabilizer. Oil and aqueous phases are co-injected
both at 7 ul h™" flow rate. A video at the inlet demonstrating
oil droplet break-up can be viewed in Movie SC,f where dif-
ferent droplet break-up mechanisms can be observed: cut-off
by continuous phase's shearing, pinch-off by neighbouring
droplets and capillary snap-off.

The microscopic images of emulsion flow at the inlet and
2 cm downstream are shown in Fig. 3a and b. We can observe
from those images that the oil phase intensely breaks-up in
the very short distance close to the inlet, leading to a rapid
decrease in droplet size at this region. However, the droplet
size downstream is not much different from that at 1 mm
from the inlet. Thus, we can conclude that, in the case that
the oil-water interface is well stabilized and the matrix is
homogeneous, dispersed phase droplet/bubble size becomes
stable at a very short distance from the inlet. The stable drop-
let size is of the same scale of the throats, as shown in
Fig. 3c, indicating that snap-off is the dominant droplet
break-up mechanism. The droplet size evolution along the
matrix is plotted as shown in Fig. 3d.

Lab Chip, 2017, 17, 640-646 | 643
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Fig. 3 Emulsion flooding in a 2.5-D micromodel. a) Microscopic image
at the inlet of the 2.5-D micromodel. It can be observed that the
injected large droplets breakup over very short distances. b)
Microscopic image at 2 cm downstream of the inlet, where it can be
observed that the droplet size is similar to those close to the inlet after
break-up. c) A zoom-in of (b) where we can see that most droplets'
size is in similar scale to the throat size. d) Droplet size change along
the porous medium, from the beginning to the outlet, with standard
deviation marked as the red vertical error bars.

Ultra-low IFT surfactant flooding

Enhanced oil recovery by injecting ultra-low IFT surfactants
(surfactant flooding) is reported to recover more than 90% of
oil in a light-oil reservoir.”> Among all three types of ultra-low
IFT systems (10°-10* mN m™), bi-continuous micro-
emulsion can be generated and is reported to have the best
oil displacement efficiency.”® The fluidic properties and be-
haviours of the microemulsion phase is an important prob-
lem for understanding this process. However, although 2-D
micromodels have been applied to study the surfactant
flooding process, there are no published studies of a flowing
microemulsion phase in a micromodel (although it has been
frequently studied by coreflood (real 3-D) experiments®?).
Howe et al.”* recently reported microemulsion phase as a re-
sidual phase in a 2-D micromodel, but no evidence about the
flowing microemulsion phase was presented.

An ultra-low IFT system, identical to that of Liang,>” was
used to perform a surfactant flooding experiment on our 2.5
D micromodel. The IFT is 8.5 x 10 mN m™?, calculated from
Huh Equation.*® 1t is a “Type-III” system, where the micro-
emulsion forms an independent phase rather than dissolved
in oil or aqueous phase. The micromodel was pre-saturated
with oil, and surfactant solution was then flooded at 15 pl
h™'. Microscopic images from upstream to downstream are
shown in Fig. 4a-c. A stable water-oil front can be clearly ob-
served, as shown in Fig. 4c, while microemulsion is not ob-
served at the water-oil front.

However, several millimetres behind the front, residual oil
droplets can be observed in Fig. 4b, and flowing micro-
emulsion can be observed co-flowing with aqueous phase fur-
ther upstream, as shown in Fig. 4a. Fig. 4d and e show the
process of residual oil (white liquid attached on grains) grad-

644 | Lab Chip, 2017, 17, 640-646

View Article Online

Lab on a Chip
Microemulsion Residual Oil Surfactant Solution
sodlio0ese
000000
000000 o
,,,,, SIS 026:0;

Microemulsion Surfactant Solution

Fig. 4 Surfactant flooding process in 2.5-D micromodel. (a)-(c):
Microscopic images of the flooding micromodel from upstream to
downstream, where we can visualize a distinct water-oil two phase
front at the oil-water contact line in (c), residual oil following the front
in (b), and microemulsion phase in far upstream in (a). (d)-(g): Zoom-in
images of a fixed region in surfactant flooding with a 4 min time inter-
val to capture. Microemulsion can be observed generated from resid-
ual oil in (d) and (e), and then co-flowing with water phase like a belt
in (f), and the whole region was finally with neither residual oil nor
microemulsion as shown in (g).

ually being dissolved into microemulsion phase (light-blue
liquid coming from residual oil which has a clear interface
between both aqueous phase and oil phase) and then co-
flowing with the aqueous phase (blue liquid). Fig. 4f and g
show how the microemulsion phase gradually disappears
during the surfactant flooding. Almost all oil, both in oil
phase and in microemulsion phase, were finally successfully
recovered, as shown in Fig. 4g.

The shifting process from oil phase to microemulsion
phase, and the co-flowing of microemulsion phase along with
the aqueous phase, which has never been observed on 2-D
micromodels, can now be observed. We attribute it to much
better ability of 2.5-D micromodel in trapping residual oil
due to the more significant and realistic pore-throat geome-
try: it affects the flow field and generates “dead zones” (low
velocity zones) at the pore edges, where oil is more likely to
be trapped.

From this experiment, we find two major conclusions rele-
vant to surfactant enhanced oil recovery. 1) There is a micro-
emulsion zone during surfactant flooding, which is upstream
of the water-oil front but not closely following the front,
which agrees with the observations in coreflood experi-
ments;>® 2) the microemulsion is generated from the residual
oil in the swept region, and then co-flows along with aqueous
phase without further trapping. This leads to an almost

This journal is © The Royal Society of Chemistry 2017
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100% water region without oil left behind, which agrees with
most surfactant EOR coreflood data.”> We plan further inves-
tigation expanding on these novel results.

Conclusions

We developed a novel 2.5-D micromodel fabrication tech-
nique on glass microchips, with no more complexity in fab-
rication than traditional 2-D micromodels. Variation in
depth was included in the 2.5-D micromodel in order to
better mimic real 3-D porous media. Phenomena that occur
in 3-D micron-scale porous media, such as capillary snap-off
and formation of isolated residual oil droplet in water-wet
media, were successfully realized on 2.5-D micromodel
(overcoming 2-D micromodels’ inability to capture the phys-
ics). The work demonstrates that 2.5-D micromodels could
be a more advanced tool to investigate multi-phase flow in
porous media.

We observed for the first time a successful oil-water
emulsion-flood on a micromodel. The experiment showed
that large droplets break into throat-sized smaller droplets in
very short distances from the inlet of the porous medium,
and then approximately maintain the size constant down-
stream until the outlet.

In another experiment, ultra-low IFT surfactant was
flooded in the 2.5-D micromodel; evaluation of flowing
microemulsion phase was observed and described on a
micromodel for the first time. The experiment on a 2.5-D
micromodel can explain the phenomena observed from ex-
periments on real 3-D, macro-scale porous media.

We gratefully acknowledge support from the sponsors of
the Nanoparticles for Subsurface Engineering Industrial Affil-
iates Project at the University of Texas at Austin.
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