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Microfluidics, a rapidly advancing field, finds wide applications in various domains, including
enhanced oil recovery. This study delineates the methodology for fabricating a microchip with
channels having a width of 50 um, designed to simulate and visualize fluid flow in porous media.
The microfluidic device was constructed using NOA81, a UV-curable polymer. Upon curing, it
forms a robust and transparent microchip structure suitable for precise fluid control and analysis
in microfluidic applications. Flood experiments conducted on the microchip revealed that the
introduction of a 0.5 wt% polymer gel into the model's channels resulted in a reduction of water
permeability by a factor of 106 and 25 at the shock front and after injection pressure stabilized,
respectively. In contrast, oil permeability was reduced by at least 40 times.

KEYWORDS: microfiuidics, microchip, oil permeability, polymer gel, enhanced oil recovery.
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Mukpocprirouduka — 6yn epmypri cananapda, COHbIH iwiHOe MyHal anydbl apmmbipyda KeHi-
HeH KordaHblnnamblH KapKblHObI 0aMbin Kerne xamkaH cana. byn 3epmmey keyekmi opmadarbi
cylibiK afbIHbIH MOOeribOeyae XoHe gu3yanulayusinayra apHanraH eHi 50 MKM apHanapb! 6ap
Mukpoyunmi xacay adicmemeciH curiammadobl. Mukpogriroudmik KypbiiFbl CyUbIK WbiHbI Heai3ei
cybcmpam mamepuaribi pemiHoe Kbi3Mem ememiH 30/b-26/1b NPOoUECiH KorndaHa ombIphbI Xa-
canfaH. byn macin cylibiK wbiHbIHBIH bipeceli KacuemmepiH natidanaHadbl, o1 KamalFfaH Kke3oe
Mukpogboudmi KondaHraHOa cylbiKkmbiKmbl 081 bakbinay xxeHe manday ywiH eme Konalsbl 6epik
JXKeHe Merndip MUKpoModerb KypbiibiMbIH Kypaldsl. Mukpogmoudmi qun — Mukpo OeHeelide cy3y
npouecmepiH susyanusauusnayra xapamobl, bepik xeHe Mendip KypbinbiMObl Kypali Ombipbir,
yrnbmpakyreiH coynemeH xapbikmaHry ke3iHoe kamabirn KanamsiH NOA81 kemezimeH xacanambiH
nonumep. Cy3y mexipubenepi kepcemkeHoel, KoHueHmpauyusicel 0,5 canmak.% eenb-rnonumepni
KeweHOi Moderb apHanapbiHOa cy bolbiHwa emkiseiwmieiHiH 106 ece makcumandbi memeHoeyiHe
oKernodi XoHe KbICbIM mypakmaHraHHaH KeliH 25 ece asalidbl. MyHal 6olibiHwa emkizaiwumiei kKem
OezeHde 40 ece memeHOeO.

TYUIH CO3LEP: mMukpoghmoud, MUKkpoyumn, MyHatliemkizaiwmik, nonumepni 2ens, mMyHall
bepeiwmikmiH apmyebil.
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Mukpogrirouduka — bbicmpo pa3susaroujasics obrnacms, WUPOKO MPUMEHsIeMasi 8 Pa3fiuYHbIX
obnacmsix, eKrnroYas nosbiwieHue Heghmeomadadyu nnacmos. B amom uccnedosaHuu onuckieaem-
cs1 MemoQ9or1oaus U320moe/ieHUs MUKpoYuna ¢ KaHamnamu wupuHol 50 Mkm, npedHasHa4yeHHO20
01 ModenuposaHus U 8u3dyanu3ayuu rnomoka xudkocmu 8 nopucmsix cpedax. Mukpocproud-
HbIl yun 6kl uszomosrieH ¢ ucrosnb3oeaHuem NOA8T — nonumep, komopsbili 3ameepdesaem npu
06ny4eHuUU yrbmpaghuonemosbiM c8emom, 0bpa3sys MPOYHYHO U NPo3paqHyr cmpyKmypy, nooxo-
Oawyto O susyanusayuu uabmpayUOHHbIX MPOUECcco8 Ha MUKPOyposHe. DurbmpayuoHHbIe
9KCrepuUMeHmbI foKasarsnu, Ymo 3aKadyka 2enernoiuMepHoU KOMMo3uyuu ¢ KoHueHmpauyued 0,5
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8ec.% 8 KaHarbl MoOenu fpuserna K MakcuMalsibHOMY YMEHbUWEeHUIo NpoHuyaemMocmu o eode 6
106 pas, u 8 25 pa3 nocne cmabunu3ayuu dasneHuss HazHemaHus. [NpoHuyaemocmes Mo Hechmu
bbina cHUXeHa o kpatHel mepe 8 40 pas.

KITFOYEBBIE CJIIOBA: mukpognouduka, MUKpoMooers, MpoHuyaemMocms rno Hegpmu, ro-
numMepHbll 2efb, yeenudyeHue 00bbI4U Heghmu.

fluid volumes, typically within the range of 10 to 107® L [1, 2]. This feat
is accomplished through the intricate design of channels, with dimensions
typically spanning from tens to hundreds of micrometres [3, 4]. The inherent versatility
of microfluidic technology has led to its adoption in various industries, including medical
diagnostics and the oil and gas sector, demonstrating its significant utility and adaptability.

Microfluidics serves as a valuable research area within Enhanced Oil Recovery (EOR),
enabling the examination of fluid flow behaviors within the pores [5-7]. For example,
by conducting microfluidic experiments utilizing glass micromodels, the authors of [8,
9] demonstrated the effect of wettability, crude oil composition, flooding mechanisms,
and brine salinity on the recovery of oil. Of note, is that flooding procedures involving
surfactants manifested superior effectiveness compared to regular water flooding.

Furthermore, the authors of [10] explored the application of silicon dioxide (Si02)
nanoparticles in suspension, with concentrations ranging from 0.1 to 2 wt%, to amplify oil
recovery in a porous medium emulated through a microfluidic chip. The outcomes of this
research show a direct correlation between nanoparticle concentration and the efficiency
of oil recovery, with a remarkable enhancement of 16% observed at a nanoparticle
concentration of 0.5 wt%.

Additionally, microfluidics was used for the visualization of oil flow through porous
media filled with gel. The primary mechanism for oil permeability increase involves oil
initially moving through the centers of pores, leading to displacement of some gel. As oil
flooding continues, pathways in the pores broaden and multiply, with the gel dehydrating
due to oil phase pressure [11].

In this study, microfluidic chips were used to observe the blockage of microchannels
by polymer gels and to quantify the decrease in permeability for water and oil. The
findings from this research can inform the design of gel treatments and support further
investigations.

Materials and methods

Fluids

A 75 g/ NaCl solution prepared with water was used to saturate the model. The same
fluid was used for preparation of the polymer solution, as well as the pre- and post-flush
injections, i.e., brine injections before and after gel treatment.

A gas-free light crude oil (38° API) was used in the experiment.

The polymer solution contained 0.5 wt% of very-high-molecular-weight and
5%-hydrolysis-degree hydrolyzed polyacrylamide (HPAM). Gellation was triggered by
0.05 wt% of chromium (III) acetate hydroxide.

Materials used to fabricate the microchip

Poly(dimethylsiloxane) (PDMS).

ntroduction. Microfluidics enables the manipulation and processing of tiny
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Novel polymer Norland Optical Adhesive NOAS81 produced by Norland Products Inc.

Silicon wafer with microchip layout.

Methodology of microchip fabrication and characterization

The fabrication of the microchip involves the following main steps:

1. Design the layout of the microchip in AutoCAD software.

2. Print the layout of the microchip on an emulsion mask.

4. Apply photoresist (KMPR1010, Kayaku AM) coating to the surface of a wafer.

5. UV-etch the layout of the microchip on the photoresist using the mask.

6. Develop the photoresist in a developer (AZ-300, Microchemicals).

7. Etch the silicon wafer.

8. Measure the depths of the channels in the produced silicon microchip using a
Dektak IIA profilometer.

9. Transfer the pattern of the microchip from silicon to PDMS polymer using replica
molding.

10. Transfer the pattern of the microchip from PDMS to NOAS]1 using replica
molding, and then expose NOAS81 to UV light for 1 min 20 sec for partial curing.

11. Cover the partially cured microchip pattern in NOA81 with a thin layer of partially
cured NOASI1 prepared on a cover glass. Then, expose the fully enclosed microchip
pattern to UV light for the complete and final curing of the adhesive (1 minute duration).

All the steps listed above to produce microchips are shown in more detail in Figure I
and Figure 2.

Measurements by the profilometer showed that within the pattern the depths of the
channels in the silicon microchip are 11-12 um, whereas the depths of the inlet and outlet
channels are 20-23 pm. The widths of the channels are 50 pm.

Photoresist

C Expose photoresist

K[/Z Photomask

A Silicon wafer ’

Desired pattern

o e

Develop and etch

Figure 1— Steps of silicon microchip fabrication
a) Preparation of the silicon wafer including surface cleansing and conditioning; b) Application of a
photoresist coating onto the surface of the silicon wafer; c) Photolithographic exposure of the silicon
wafer coated with photoresist material using a precision photomask; d) Pattern development and
etching following photolithographic exposure
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Measuring the depth of Pouring liquid polymer Aging at drying oven
channels
f
Transfer the microchip onto a cover glass Exposing it to UV light Filling the matrix with optical adhesive

Figure 2 — Steps of fabrication of NOA microchip
a) measuring the depths of the channels on the silicon microchip; b) pouring liquid PDMS polymer
onto the silicon microchip; c) solidification of PDMS in an oven; d) NOA molding over the PDMS;
e) partial curing of the NOA microchip; f) coat and partially cure a thin layer of NOA on a cover glass,
and cover the NOA microchip with the cover glass and then fully cure the NOA

Figure 3 shows a photo of an NOA micromodel saturated with brine. The photo
was taken using a Levenhuk D320L Base 2-Microscope with a 3-megapixel resolution
digital camera. For visual clarity, brine was dyed to enhance its detectability. By using
dyed brine, we were able to differentiate the brine from injected oil and gel and visually
measure their respective quantities.

v { 1% ek %8

Figure 3 — Brine saturated NOA microchip. Chanel size — 50 ym

Methodology of conducting a flooding experiment on an NOA microchip

A flooding experiment consisted of the following steps:

1-Reduce the amount of air present in the microchip using a syringe.

2-Inject brine to fully saturate the microchip.

3-Inject oil in two steps:

Step 1 — Inject oil at room temperature overnight to ensure irreducible saturation of
brine is established in the channels of the microchip.

Step 2 — Inject oil at 40 °C until the injection pressure stabilizes. 40 °C was chosen,
reflecting the typical temperature in the oil fields of interest.

4-Pre-flush with brine: Inject brine at 40 °C to measure the injection pressure of the
brine at oil’s residual saturation.
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5-Mix polymer solution with the gelling agent at room temperature, and then inject the
solution into the microchip. Although the required temperature condition of the experiment
is 40 °C, to avoid rapid gelation and the associated viscosity increase during the injection,
we conducted this step at room temperature. Usually, it takes several hours for the solution
to gel at 40 °C.

6-Age the microchip at 40 °C for 24 hr. This period allows gel to consistently develop
in the microchip, gaining desired strength. In practice, gel always needs time to develop
so that it becomes an effective barrier or plugging agent in the pores.

7-Post-flush with brine: Inject brine following the gel treatment to measure the residual
resistance factor (RRF) to brine. Residual resistance factor is defined as the ratio between
brine’s permeability prior to gel injection and that after gel injection. It describes the
reduction in brine’s permeability due to gel plugging.

8-Inject oil (oil post-flush) to measure, after gel plugging and brine post-flush, the
residual resistance factor to oil.

Results and Discussion

First, the viscosity of the polymer solution was measured using a rotational viscometer.
Figure 4 shows that, at room temperature (18.3 °C) and a low angular velocity of 6 rotations
per minute (RPM), the polymer solution has a relatively high viscosity of 156 cp. Gelation
of the polymer solution significantly reduced its ability to flow. Figure 5 illustrates the
strengths of the gels after aging the solutions at room temperature and at 40 °C for 24
hours. Higher aging temperature resulted in increased gel strength.

100
oy
=
= N
g
= — _—Q——.______

—
=3
10
0 100 200 300 400 500 600
Rotations per minute (RPM)

Figure 4 — Viscosity of 0.5% very high molecular weight HPAM in 75 g/L NaCl brine at 18.3 °C

a) Aged at room temperature b) Agedat40°C

Figure 5 — Solution of 0.5 wt% HPAM and 0.05 wt% of chromium (lll) acetate hydroxide in 75 g/L NaCl
after aging for 24 hours at room temperature (a) and 40 °C (b)
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After the initial brine saturation, oil was injected into the microfluidic chip at a
constant rate of 0.12 pL/min. After room-temperature oil injection overnight, the injection
of oil at 40 °C reached a stabilized injection pressure of 7.3 kPa after 40 min. Figure 6
shows photos of oil-saturated channels and the residual brine saturation. The oil appears

red because it has been dyed with red oil dye.
b i

g

Figure 6 — Photos of oil-saturated microchip

In the subsequent injection of brine under the same temperature and flow rate of 0.5 and
0.12 pL/min for 150 and 135 min, respectively, the injection pressure stabilized to 1.6 kPa.
Figure 7 displays photos of the channels after this brine injection, with residual oils in red.

b2

Figure 7 — Images of microchip after brine flooding

Then, polymer solution blended with gelling agent was injected into the microchip
at room temperature. Figure 8 illustrates the change in the injection pressure over time.
It reveals that the injection pressure stabilized to 61 kPa over 150 minutes. Figure 9
presents photos of the channels captured during injection. After this polymer injection,
the microchip was aged for 24 hours at 40 °C. A comparison between Figures 9 and 10
provides a visual distinction between fresh and matures gels in the channels.

300
L
250
200

150

100

Injection pressure, kPa

50 -

0

0 20 40 60 80 100 120 140 160
Time, min
Figure 8 — Injection pressure of the polymer solution with gelling agent: 0.5 wt% HPAM and 0.05 wt%

of chromium (lll) acetate hydroxide, both prepared in 75 g/L NaCl solution. Injection conditions are:
0.12 yL/min and 22.5 °C
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a)
b)

Figure 9 — Photos of the microchip (a) before and (b) during polymer injection

Figure 10 — Photos of microchip after gelation

After aging and gel formation, the model underwent a brine post-flush at a rate of 0.12
uL/min at the temperature of 40 °C. As illustrated in Figure 11, initial post-flush pressure
was very high, 170 kPa; after nine hours of injection, post-flush pressure stabilized to
39 kPa. This implies that the permeability reduction to brine at the injection front can
be as high as 100 (170/1.6) and a permeability reduction to brine after sufficient brine
throughput is 24 (39/1.6). Figure 12 shows the distribution of brine and gel inside of the
channels observed during the post-flush.

In the subsequent oil injection test, conducted under the same rate and temperature
conditions, the microchip developed a leak at 296 kPa (Fig. 13). This accident shows that
the microchips fabricated using the method described in this paper may not be reliable
for testing at pressures greater than 290 kPa. Nevertheless, based on data collected prior
to the development of the leak, we can infer that the reduction in the permeability of oil,
after gel treatment of the microchip and brine post-flush, is at least 40 (296/7.3).
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Figure 11 — Injection pressure versus time during brine post-flush after gel treatment. Flow rate is
0.12pL/min. Temperature is 40 °C

Figure 12 — A section of the microchip 35 min after the start of post-flush (compare to Fig.10)

Injection pressure, kPa

0 50 100 150 200 250 300
Time, min

Figure 13 - Injection pressure versus time during oil post-flush after gel treatment and brine post-
flush. Flow rate is 0.12 yL/min. Temperature is 40 °C
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Table 1 summarizes the results of this study. They indicate that gels in the microchip
induced a 106-fold reduction in the permeability to brine at the beginning of brine post-
flush (shock front) and a 24-fold reduction after a sufficient volume of brine was injected
through. At the same time there is a risk of reducing permeability to oil at least in 40 times.
This indicates that a special care should be taken when injecting the gelant into production
wells in order to avoid damaging oil bearing zones. We believe that the results presented
here can contribute to enhancing future research methods utilizing microfluidics to study
the performance and mechanisms of polymer-augmented improved/enhanced oil recovery.

Table 1— Measured permeability reduction of brine and oil by the very-high-molecular-weight polymer
gel in NOA microchips with 50 pmwide channels

Pre-flush Post-flush RRF
Brine RRE
oil Brine maximal / oil Maximal Stabilized ®
stabilized
More
73kPa | 1.6kpa | 170KPa/39 | 206 106 24 TS TET
kPa kPa 40%

*Precise determination was not possible due to development of a leak in the microchip at 296 kPa.

Conclusion

In conclusion, this study demonstrates that microfluidics a quick and cost-effective
method for assessing permeability changes following the exposure of porous media to
polymer gel, emphasizing the importance of integrating image-based analysis alongside
pressure data in the discussion of results.

Micro-scale model experiments have revealed that the gel-polymer compound reduces
oil permeability inside of microchannels of 50 um width channels due to the obstruction
of filtration channels. Specifically, the permeability of the micro-model for oil decreased
by a factor of at least 40, while that for water decreased by a factor of 106 and 24 at the
shock front and after sufficient throughput of brine, respectively. Taking into account these
observations the injection of polymer gelant into the production well is not recommended
unless the oil producing intervals are effectively isolated, otherwise a significant reduction
of oil permeability can occur. €@
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