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Abstract. About one-third of the crude oil is trapped inside the pores of the carbonate and sandstone after the
primary and secondary oil recovery, various methods have been used for the flooding of the trapped crude oil.
Due to the opaque nature of the sandstone and shale, the visualization of the fluid flow inside the porous struc-
ture conventionally involved the use of very sophisticated equipment like X-ray computed microtomography. In
this approach, a low-cost method for the mimic of porous structure for the enhanced oil recovery is proposed
using the polymethyl methacrylate (PMMA)-based microfluidic devices with the laser ablated microstructures,
where the microstructure is the replica of a real rock fracture. Since the PMMA is optically clear in the visible
range, the detailed fluid flow inside the porous structure could be obtained for a better understanding of the
liquid front propagation and rheology in the pore-scale. The effect of water flooding is also tested with the pro-
posed microfluidic devices under various flooding rates for the demonstration of oil recovery enhancement with
the proposed technology.

1 Introduction

During the process of crude oil production, after the geolog-
ical survey and drilling of wells, the recovery of oil is usually
classified as three stages: the primary, secondary and ter-
tiary. In the primary stage, the oil could be driven by the
reservoir pressure or use the artificial lifting to bring the
oil to the surface, less than 30% of the total reserves are
obtained in this stage. In the secondary stage, the fluid
(i.e. water) or gas is injected for the forced displacement
of oil, another 10–20% of the oil is recovered after this stage.
In the tertiary stage, various thermal, chemical, and solvent
methods are used for the further pushing of the oil trapped
in the porous media in the rock to the production well. The
tertiary stage is usually called the Enhanced Oil Recovery
(EOR) process, after which a further 5–35% of the total
oil reserve is expected to be recovered.

For the chemical or solvent flooding in EOR process, the
displacing fluid is applied to displace the oil trapped inside
the porous media. The main working principle of chemical
or solvent flooding is to lower the mobility ratio for a better
displacing of trapped oil and increase the capillary number
for more efficiently displacing with the fluid flood. The cur-
rent EOR methods include flooding with surfactants [1, 2],
polymers [3, 4], foams [5, 6], microorganisms [7, 8] and even

with supercritical gas such as N2 [9] and CO2 [10, 11]. How-
ever, the study of the surfactant or chemical flooding for the
EOR is based on the past experience and the flooding
result, the porous rock with trapped oil is still a ‘‘black
box’’ during the flooding process. Although some attempts
have been made for the visualization of the flow inside the
porous media using synchrotron-based X-ray computed
microtomography [12, 13] or confocal microscope [14],
besides the danger of radiation, these methods all require
expensive and highly sophisticated instruments.

The concept of microfluidics can be traced back to the
early 90’s [15] aiming at handling the fluid in the micro or
nanoscale, which is in same range of the porous media in
the rock. Currently, microfluidic has been widely used in
the chemical [16] and biological fields [17], the fabrication
and characterization technologies of the microfluidic chips
have been studied extensively. As an aspect of microfluidic
applications in energy frontier [18], the microfluidics could
be used for the mimic of porous media in shale or sandstone.
Besides reconstruction of porous media, microfluidic devices
provide a more precise control and observation of fluid flow
in micro or nano scale. The accumulated studies in
microfluidics could provide sufficient technologies for the
actuate replica of porous microstructures from sandstone
or shales onto microfluidic chips with various polymer [19,
20], glass [21, 22], or silicon [23] materials with controlled
surface properties [24, 25].* Corresponding author: fanyq@mail.buct.edu.cn
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For the observation and study of multiphase flow in
pore-scale, micromodels have been widely used for decades,
the emerging trend of using microfluidic-based micromodels
have found more and more applications in the EOR process
simulation and study. Various mimic EOR processes have
been conducted in the polymer, glass or silicon-based
microfluidic devices, using foams [26, 27], chemical [28] and
polymer [29] flooding; the wettability and hydrodynamic
cavitation generation study of the multiphase flow inside
the microfluidic devices has also been conducted [30, 31].

Various microfabrication methods have been used in the
fabrication of microfluidic devices for EOR process study,
including optical lithography, chemical etching, plasma
etching and stereo lithography. These fabrication methods
usually involved a complicated fabrication procedures with
highly sophisticated instruments, which formed a technical
barrier for the researchers in energy fields to be benefit from
microfluidics technology. In this research, the CO2 laser is
being used for a low-cost and rapid prototyping of microflu-
idic devices for EOR process, comparing with other micro-
fabrication methods, the CO2 laser ablation is a one-step
fabrication procedure, the polymer material on the laser
focused point is melting down and evaporated, and the
microstructure is formed directly with laser scan. With
the wide applications of CO2 laser instrument in industry,
the cost of CO2 laser instruments is significantly lower than
the sophisticated microfabrication instruments used in opti-
cal lithography or etching process.

Polymethyl methacrylate (PMMA) is a widely used
thermal plastic material in daily life and frequently being
used as an alternative to glass, PMMA is optically clear
in visual range and low-cost, the PMMA is relatively easy
for processing and handling. Various microfabrication
methods for the PMMA-based microfluidics have been
reported using photolithography [32], hot-embossing [33],
injection molding [34] and laser ablation [35]. However,
using PMMA-based microfluidic device in EOR process
study is rarely reported in the previous study.

In this study, in order to lower the barrier of visualiza-
tion and cost in EOR process, the PMMA was chosen as the
bulk material for the microfluidic devices with laser ablated
microstructures to mimic the porous media inside the sand-

stone. PMMA is optically clear in the visual range, the
flooding process of the crude oil trapped inside the porous
media can be observed directly. The fabrication and mate-
rial cost for each microfluidic chip using the proposed
method is lower than $5, which may significantly lowered
the cost to achieve the visualization of EOR process.
For the demonstration of the proposed technique, the
PMMA-based microfluidic devices were fabricated, water
flooding with various rates were performed with the fabri-
cated microfluidic chips and the results were carefully
analyzed.

2 Fabrication

2.1 Instruments, materials, and software

The CO2 laser was used for the direct laser ablation (en-
grave) of microstructures on the surface of PMMA, the
CO2 laser system (HTE-1206) is sourced from Hantone
CNC Equipment, China, with the wavelength of 10.6 lm,
the output power could be adjusted from 0 to 80 W, and
laser scan speed could be adjusted from 0 to 400 mm s�1

(shown in Fig. 1). The laser head is controlled with
two stepping motors which can move in X and Y directions,
the scan route of the laser head was planned based on the
true image of the sandstone with software. The syringe
pump (11 Elite syringe pump) used in this research is from
Harvard Apparatus, USA. The hotplate (Cimarec+) is from
Thermo Fisher Scientific, USA. The camera used for taking

Fig. 1. Schematic of the laser ablation system.

Fig. 2. Schematic of the fabrication process for PMMA-based microfluidic chips.
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images of the flooding is Canon 500D, with EF-S 18–55 mm
lens. The heat press (Model 4386) used for the chip bonding
is from Carver, Inc. USA.

Crude oil and sandstone slice image used in this study
were origin from Sulige field, Inner Mongolia, China. The
casted PMMA sheet (1.3 mm thick) is sourced from Good-
fellow Cambridge Limited, United Kingdom. MATLAB
(The MathWorks, Inc.) was used for the image processing
and analysis, the automated image processing program
was developed for the real-time continues analysis of the
crude oil flooding in the microfluidic devices.

2.2 Chip fabrication and bonding

The fabrication process of the PMMA-based microfluidic
device is shown in Figure 2. The CO2 laser was used for
the direct ablation of microstructures on the surface of
PMMA substrate (Fig. 2a), the power was set at 28 W
while the scan speed was set at 30 mm s�1. The pattern
of laser ablated microstructures are sourced from a true slice
image from sandstone, the original image was converted
into a binary pattern and used for laser engraving. The
external dimension of the PMMA substrate is 25.4 mm
by 76.2 mm.

After laser ablation, the PMMA substrate was cleaned
with DI water and ethanol, then bonded with another layer
of PMMA (cover plate) with the same dimension (Fig. 2b)
to seal the microstructures. The cover plate has two laser
fabricated through holes for inlet and outlet ports. The
bonding was achieved using thermal compression bonding
method, the temperature was set at 95 �C with a pressure
of 0.5 MPa for 15 min. During the thermal compression pro-
cess, the molecule chain of polymers will loose and entangle
with each other at the contacted area and form a bonding
after cooling, maximum bonding strength was achieved
after natural cooling (Fig. 2c). The pipes (outer diame-
ter 1.19 mm, Silastic Laboratory Tubing, Dow Corning

Corporation, USA) for inlet and outlet ports were then
connected to the inlet and outlet ports to finish the fabrica-
tion process of the microfluidic chip for EOR research.

Fig. 3. The replica of the true sandstone image on PMMA substrate. (a) The image of the sandstone slide and after converted to a
grayscale image. (b) Numerical simulation to find the dead end. (c) Convert image to binary and remove or open up the dead end.
(d) The image after crude oil fulfillment.

Fig. 4. Flow chart for the fully automated image processing
during water flooding.
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3 Result and discussion

Before sending to laser ablation, the true image of the sand-
stone slice needs serval amendments. The processes are
shown in Figure 3, the image obtained under themicroscope
will first be converted to a grayscale image (Fig. 3a), then
further converted to a binary image with only black and
white region. A numerical simulation was conducted to
identify the ‘‘dead end’’ from the binary image (Fig. 3b,
with COMSOL Multiphysics, COMSOL Inc.), these ‘‘dead
end’’ could be chosen by users to keep the originally state
or to manually open up the ‘‘dead end’’. Since the transport
in dead-end pore is not possible in the conventional pres-
sure-driven flow [36], the water flooding process in EOR
cannot reach these dead-end pores, in order to enhance
the fluid flow inside the pore structure, the dead-end pore
is manually open up with the image processing in this
study. The black region will later be etched with laser abla-
tion in the fabrication process (Fig. 3c). The fabricated
microfluidic chip after crude oil fulfillment is shown in
Figure 3d.

After microfluidic chip fabrication, the flooding test was
performed for the demonstration of the proposed technol-
ogy using the microfluidic chip as the visualization tool

for the study of EOR process. The cured oil was injected
into the microfluidic chip with a speed of 1 lL/min to fulfill
the microstructures inside the chip. After 10 min for stabi-
lization, the ion water (NaCl, 5000 ppm at 45 �C) was used
for the flooding of crude oil inside the chip, with the inten-
tion to mimic the EOR process in the sandstone. The water
flooding was carefully monitored with camera and the
images could be automate analyzed for the displacing rate
with our program running in MATLAB.

The detailed flow chart of the fully automated image
processing is shown in Figure 4, the images taken with
DSLR camera were transferred to the program, and the
edges of the microstructures were identified. After that,
the image was converted into a grayscale image and then
further converted to a binary image. Finally, the program
counted the black pixels and compared the amount of black
pixels in the original binary image after crude oil fulfillment
to obtain the displacing rate. Simply put, the image pro-
cessing process is calculating when and how many black
pixels is turning to white during the water flooding. For
the pixel counting percentage variation measurement, five
images were taken on the same spot with a time interval
of 0.2 s, the pixel counting result shows percentage varia-
tion measurement is around 4.5%.

Fig. 5. Images of the microfluidic chip and corresponding binary images during the flooding process.
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A sequence of images were provided in Figure 5 during
the water flooding process. The images were taken every
2 min with a water flooding speed of 2 lL/min with the
temperature of 45 �C. The corresponding binary images
and the calculated displacing rates are also shown in Fig-
ure 5. Result indicates that about 44.2% of the crude oil
was being pushed out (displaced) after 10 minutes’ water
flooding. The detailed information of the water flooding
result using the PMMA-based microfluidic chips is plot in
Figures 6 and 7, the water flooding is conducted with flood-
ing speed of 0.5, 1, 2, 4, and 8 lL/min, the displacing rate is

monitored in real-time continuously for 60 min. Several con-
clusions can be made based on this line chart. Firstly, the
speed of displacing is rapid at the first 10–15 min, then
slowing down after 20 min and finally reached a saturation
after about 60 min. Secondly, the flooding speed has a pos-
itive correlation of the displacing rate, which indicates the
high water flooding speed pushed out more crude oil at
the same period. Thirdly, the maximum displacing rate
can be reached is around 64%, still left a lot of room for fur-
ther improvement in the future study, the employment of

Fig. 6. Displacing rate of crude oil with water flooding under
various flooding speeds. Fig. 7. Oil recovering rate versus PV injected under various

flooding rates.

Fig. 8. SEM images of the laser ablated microstructures on PMMA substrate.
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surfactant or foam might be the study directions. The
above experimental procedure is repeated for three times,
result in a percentage variation around 6.2%, which the
variation is sourced from the flooding pressure fluctuate,
and some random error from the experimental process
and image processing.

The SEM images of the laser ablated microstructures
are shown in Figure 8, which were magnified with 200,
500 and 1000 times (taken by S-4700, Hitachi High-Tech-
nologies Corporation, Japan). Figure 8a shows a channel-
like structure on the surface of PMMA, and Figures 8b
and 8c are the enlarged images on the same spot. The por-
ous structure on the surface of laser ablated area is caused
by the rapid phase change of polymer material since CO2
laser ablation is a purely thermal process, the polymer
material will rapidly soften, melting down, decompose and
vaporize, resulting in a porous structure on the laser ablated
area. With the laser power of 28 W and scan speed of
30 mm s�1, the mean depth of the laser ablated microstruc-
ture on the surface of PMMA is around 250 lm, with a fluc-
tuation around 30 lm, which is caused by the nonuniform
moving speed of focused laser spot on PMMA sourced from
the mechanical constrains of laser ablation instrument. The
porous structure on the surface of laser ablated area is con-
sidered to be a vivid imitation of the porous structure in
sandstone in this study.

4 Conclusion

The visualization of the water flooding process in the
PMMA-based microfluidic devices is achieved in this study,
which could mimic the porous sandstone. The microfluidic
devices were fabricated using laser ablation based on the
true slice image of sandstone and thermally bonded to seal
the fabricated microstructure. The flooding process was
carefully analyzed using a custom-made automated image
processing program which continuously monitored the
trapped crude oil displacement. This study indicates that
the use of laser-ablated PMMA microfluidic devices could
effectively mimic the microstructures in the sandstone,
which is helpful for a better understanding of the fluid pro-
rogation inside the sandstone. The PMMA-based microflu-
idic devices provided a simple and low-cost visualization
tool for the study of EOR process.

For future study of polymer microfluidics in EOR, var-
ious surface treatments should be carefully studied to pro-
vide a more flexible choice of surface wettability based on
different sandstone conditions. Surfactant and foam flood-
ing should also be studied using polymer microfluidics for
the mimic of EOR process. Besides polymer materials, other
materials like ceramic or silicon should also be considered to
be used in the fabrication of microfluidic devices with a
transparent material for the sealing of microstructure, since
the physical and chemical property of ceramic and silicon
are much more similar to the sandstone or shale.
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