
986  |   	﻿�  Energy Sci Eng. 2020;8:986–998.wileyonlinelibrary.com/journal/ese3

1  |   INTRODUCTION

Oil and gas still supply most of the world's energy, and ex-
traction of the remaining trapped oil is significant to meet the 
demand of near-future energy.1,2 Due to the reservoir hetero-
geneity and high oil viscosity, it is reported that the normal 
water flooding can only produce about 30% of the original 
oil generally.3 The nonuniform fluid displacements in porous 
media are commonly observed in water flooding, so that the 
water cut will continue to rise until it reaches a high value.4 

Various enhanced oil recovery (EOR) techniques have been 
applied to overcome this challenging problem and signifi-
cantly increase hydrocarbon recovery, including polymer 
flooding,5-7 foam displacement,8,9 gas injection,10 and so on. 
Among these techniques, the polymer flooding is considered 
as one of the most promising technologies. Water-soluble 
polymers such as xanthan gums and hydrolyzed polyacryl-
amides (HPAM) have been successfully implemented,5-7 and 
the oil production can be improved by increasing the sweep 
volume of reservoir and the displacement efficiency of oil. 
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Abstract
Micro-gel particle suspensions (MGPS) have been proposed for enhanced oil recov-
ery (EOR) in reservoirs with harsh conditions in recent years, yet the mechanisms are 
still not clear because of the complex property of MGPS and the complex geometry 
of rocks. In this paper, the micro-gel particle-based flooding has been studied by our 
microfluidic experiments on both bi-permeability micromodels and reservoir-on-a-
chip. A method for reservoir-on-a-chip design has been proposed based on QSGS 
(quartet structure generation set) to ensure that the flow geometry on chip owns the 
most important statistical features of real rock microstructures. In the micromodel 
experiments with heterogeneous microstructures, even if the MGPS has the same 
macroscopic rheology as the hydrolyzed polyacrylamides (HPAM) solution for 
flooding, MGPS may lead to significant fluctuations of pressure field caused by the 
nonuniform concentration distribution of particles. In the reservoir-on-a-chip experi-
ments, clustered oil trapped in the swept pores can be recovered by MGPS because of 
pressure fluctuation, which hardly happens in the HPAM flooding. Compared with 
the water flooding, the HPAM solution flooding leads to approximately 17% incre-
mental oil recovery, while the MGPS results in approximately 49.8% incremental oil 
recovery in the laboratory.
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The high viscous property provides a good way for mobility 
control, yet the injection capacity reduction, shear degrada-
tion (in high temperature and high salinity), and dilution ef-
fect limit their applications. In recent years, the particle-type 
polymers, such as preformed particle gel (PPG),4,11 colloidal 
dispersed gels (CDG),12,13 polymer microsphere,14,15 have 
been developed as a smart agent for sweep improvement and 
profile modification. In our study, we classify the particles at 
micron and nanometer size as the micro-gel particles which 
can transport easier in the deep formation. The micro-gel par-
ticle is a network of aggregated colloidal particles with soft 
solid-like mechanical properties.16,17 The micro-gel particle 
suspension is a kind of viscoelastic fluid, and the micro-gel 
particles are cross-linked as a porous interconnected network 
structure at microscale.18 The fact is that micro-gel particle 
suspension is not always effective for all kinds of oilfields in 
practice19,20 due to unclearness of its transport mechanism. 
Understanding the transport mechanism of micro-gel parti-
cle suspension in porous media is crucial for gel treatments 
during enhanced oil recovery.

Numerous studies have been conducted to evaluate trans-
port of different kinds of micro-gel particle suspension in po-
rous media at core scale. Smith et al21 compared micro-gel 
particle suspension with water-solute polymer in core-flood-
ing experiments. The micro-gel particle suspension showed a 
similar injectivity as the water-solute polymer but a stronger 
impact on permeability reduction of rocks. Almohsin et al20 
conducted core-flooding experiments which showed that the 
flow resistance increased with the micro-gel particle concen-
tration. Imqam et al4 studied the factors for the micro-gel par-
ticle transport behaviors and found that the micro-gel particle 
injection was more sensitive to the micro-gel particle strength 
than the micro-gel particle size and that the micro-gel par-
ticles could go deep into sandstones. Sand-packed experi-
ments13,14,22 were conducted and showed that the micro-gel 
particles easily entered the in-depth formations and effec-
tively plugged high-permeability channels to improve effects 
of profile control. Up to now, the most popular explanation 
of micro-gel particle transport mechanisms is blocking the 
fluid channeling paths and diverting the displacing fluid from 
the higher-permeability layer to the lower-permeability layer 
(so-called diversion effect), which causes the higher pressure 
to push the micro-gel particle to deform and pass through the 
pore throats. However, those core scale experiments hardly 
provided any direct evidence of micro-gel particle suspen-
sion transport behavior because of difficulties of visualizing 
dynamic multiphase flows in cores.

With developments of microchips, microfluidics or mi-
cromodel provides a powerful tool to study pore-scale flow 
and EOR mechanism.23,24 Compared with the core-flooding 
experiments, microfluidics has significant advantages in vi-
sualization, controllability, and repeatability. Using this mi-
crofluidic technology, a few studies have been conducted on 

gel particle transport process. Bai et al11 used etched glass 
micromodels with structured geometries to study transport 
process of PPG particles through throat channels. They re-
ported the PPG propagation patterns of behavior and showed 
that the particle transport behaviors depended on the gel 
strength, threshold pressure, and throat structure. Yao et al15 
conducted experiments using packed quartz sands in between 
two transparent plates to observe micro-gel particle transport 
behaviors, such as capture-plugging, superposition-plugging, 
and bridge-plugging, all of which actually produced resis-
tance to water flow. Since the sand-packed model is far from 
representing real rock features including pore distribution 
and formation, a 3D-printed milli-fluidic device with struc-
tured pore-throat geometries was fabricated by O'Connell et 
al.25 They found that the cooperative size sorting mechanism 
of millimeter hydro-gel particles caused the particles to ulti-
mately sort themselves by size through the pore space when 
particle size was comparable with channel diameter. As re-
ported, the visual experiments on microchips have provided a 
powerful tool to study the particle transport behavior, which 
strongly depends on the particle properties and the pore ge-
ometries. The challenges for further studies come from how 
to characterize the particle properties correctly17 and how to 
make the micromodel geometries closer to the real rocks.

Even though the flow in a 2D microchip is not exactly 
the same as that in 3D rocks, some appropriate features of 
real rocks can still be represented by microfluidic systems 
fabricated with different geometries.26 More importantly, vi-
sualized microfluidics experimental results can be compared 
with numerical simulation results directly,27,28 which could 
make up disadvantages of microfluidics in 3D geometry. 
Based on number of pores, we can divide the microfluidic 
experiments roughly into three types: microchannel chip25,29 
(one to several pores); micromodel9,30 (dozens to hundreds 
of pores); and reservoir-on-a-chip31-33 (thousands of pores). 
Microchannel chips and micromodels are generally artificial 
geometries to represent special pore features. For actual geo-
logical features, some chips with complex geometries were 
designed based on scanned images of a sliced real rock34 or 
a pore-network model.31 Such image-based geometries made 
the chips appear more realistic, yet the similarity of pore 
connectivity was not seriously proved with real rocks, which 
actually influences significantly the permeability, phase dis-
tribution, and interaction of fluids.

In this paper, we present our microfluidic experimental 
framework to study the micro-gel particle-based EOR mech-
anisms. We use structured bi-permeability geometry to study 
the transport mechanism of micro-gel particle suspension 
in heterogeneous porous media. Subsequently, we propose 
a strategy to generate equivalent geometries based on sta-
tistical information of real core/reservoir structures by the 
QSGS method35,36 on a chip, namely so-called reservoir-on-
a-chip. The reservoir-on-a-chip experiments were conducted 
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to evaluate the displacement performance of micro-gel par-
ticle suspension. The experimental results can improve un-
derstandings of transport behaviors and EOR mechanism of 
micro-gel particle suspension in cores or reservoirs.

2  |   EXPERIMENTAL METHODS

The experimental elements and methods are introduced as 
follows.

2.1  |  Fluids preparation

Decane (molecular weight  =  142.28  g/mol, viscos-
ity = 0.80 mPa·s, density = 0.73 g/mL) was selected as the 
oleic phase in our experiments, and it was transparent to 
be dyed by Nile red fluorescence with 100 ppm concentra-
tion. Deionized (DI) water (viscosity  =  0.91  mPa·s, den-
sity  =  0.997  g/mL, resistivity  =  18 MΩ·cm) was used as 
water phase in water flooding or solvent. Hydrolyzed poly-
acrylamide (HPAM, molecular weight = 24×106 g/mol) was 
obtained from Sangon Biotechnology.

Inverse micro-emulsion polymerization techniques were 
used to make highly concentrated micro-gel particle suspen-
sion (original suspension, about 20 wt% particle content), 
and micro-gel particles with fluorescence were realized 
by Technical Institute of Physics and Chemistry, Chinese 
Academy of Sciences. The particle size distribution of mi-
cro-gel particle suspension was measured by Mastersizer 
3000 particle size analyzer (Malvern) instrument. The parti-
cle size distribution and morphology of the micro-gel parti-
cles are shown in Figure 1. The mean particle size is 7.64 μm, 
and the main particle size range is 3.55-24.1 μm.

A cryo-scanning electron microscope (FEI Helios NanoLab 
G3UC) was used to study the structural features of the micro-gel 
particles. Cryo-scanning electron micrographs of the micro-gel 
particles at various magnifications are presented in Figure 2. 
The particles appeared to be roughly spherical with an average 
diameter of 5 μm, and under higher magnification, the internal 
structure of polymer network can be observed (Figure 2B).

2.2  |  Rheology property

The experimental temperature was controlled at a constant 
20°C. A cone-plate measuring system with a diameter of 
60 mm was used in this measurement. In order to make the 
HPAM solution and the micro-gel particle suspension with the 
similar macroscopic rheology property, the HPAM solution 
concentration was set as 200 mg/L and the highly concentrated 
micro-gel particle suspension was diluted at 3 vol% by DI water. 
The shear stress and the apparent viscosity of micro-gel particle 

suspension and HPAM solution were measured by Haake Mars 
III Rheometer (Thermo Scientific), as shown in Figure 3.

2.3  |  Microchip design

The microchips used in this study were fabricated with the 
silicon material. The wettability is neutral for water (contact 
angle = 93.28 ± 1.82 °, Figure S1). After the design patterns 
were created, they were imported into AutoCAD using LISP 
(list procession language).31 The inlet and outlet ports and 
buffer regions, which located at the entrance and exit of the 
porous structures, were added in AutoCAD for introducing 
fluid into and out of the porous media region. The final porous 
structures were transferred to a silicon wafer using micro-fabri-
cation techniques,34,37 including standard photolithography and 
inductively coupled plasma-deep reactive ion etching (ICP-
DRIE). The prepared silicon wafer was bonded anodically to a 
Pyrex glass wafer (contact angle = 54.20 ± 1.09°, Figure S2), 
the whole microchip in situ wettability was checked, and it was 
about neutral (Figure S3). The upstream and downstream of the 
Pyrex glass wafer were drilled with 2 mm diameter holes for the 
inlet and outlet of the microchip. The design of porous struc-
tures is very crucial for experiments, which will be introduced 
below in details.

2.3.1  |  Bi-permeability micromodel design

The first goal of this work is to study the heterogeneity ef-
fect between reservoir layers. To purify this effect, we de-
signed an artificial bi-permeability regular porous structure 
in micromodel as shown in Figure 4. The porous structure 
(8000 μm length × 6000 μm width × 60 μm depth) contains 

F I G U R E  1   Particle size distribution of micro-gel particle 
suspension
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a high-permeable porous layer and a low-permeable porous 
layer, and the ends are connected to five equally distributed 
micro-channels (250 μm width for each), respectively. The 
high-permeable layer is composed of cylindrical pillars with 
a radius of 300 μm aligned at a distance of 120 μm, while 
the cylindrical pillars in the low-permeable layer have a ra-
dius of 150 μm aligned at a distance of 60 μm. The pore size 
is much larger than the micro-gel particle size. Both layers 
have the same porosity (45.45%), and the total volume is 
1.31 μL. The permeability ratio of high-permeable layer and 
low-permeable layer was estimated at 16:9 with the hydrau-
lic radii of the pore throats.38 This simple design may help to 
better understand how the fluid channeling occurs and how 
to overcome it using the additives, such as polymer solutions 
or gel particles.

2.3.2  |  Reservoir-on-a-chip design

The structured geometries in microfluidics work well for 
mechanism studies as they can purify the transport and inter-
action process. However, they still suffer much from industry 
society since the geometrical characteristics are far from the 

real reservoirs, and therefore, the quantitative studies of EOR 
performance on microchips using structured geometries are 
not credible. For this reason, we propose a new strategy for 
reservoir-on-a-chip (ROC) design in this work. The concept 
of ROC was first proposed by Gunda et al31 to extend the 
traditional concept of lab-on-a-chip to reservoir engineering, 
and they used the pore-network model to abstract geometri-
cal features of reservoir.

The crucial soul of ROC is to design appropriate porous 
structures that can reflect the most important information for 
transport of the concerned reservoir. For the (low-permeable) 
tight oil reservoirs in Changqing of China, we believe that 
two factors must be considered very carefully: the pore size 
distribution for microscale interaction of mechanics and the 
hierarchical pore structures for fluid flow in the unconven-
tional reservoirs. Therefore, we propose a multi-step road 
map to design a porous structure on a ROC as illustrated in 
Figure 5.

First, microstructure characterization of cores from the 
concerned reservoir: Numerous and sufficient cores, low-per-
meable or extra-low-permeable sandstones from Changqing 
oilfield in China, were scanned by SEM, micro-CT, nano-CT, 
or FIB-SEM. Please note that the resolution of scanning 
should be higher than the critical resolution and the critical 
sample size need to satisfy the representative element volume 
(REV) condition rigidly during scanning.39

Second, statistical information abstraction: After the pore 
structures reconstructed from the scanning data, by the image 
analysis software Fiji40 in our work, the statistical informa-
tion of reservoir geometries was abstracted, including pore 
distribution, connectivity, porosity, and so on. Based on our 
previous experience on multiphase displacement in rocks,41-

43 we believe that the pore size plays a key role on the oil 
development in tight reservoirs with micro/nano pores. The 
maximal ball algorithm44,45 was used to calculate the local 
pore size in the porous microstructures in this work.

Third, microstructure regeneration design for ROC: 
After the statistical information of reservoir geometries was 
abstracted from numerous samples, it was used for chip de-
signs. We did not do mapping, yet we generated equivalent 
microstructures that could involve the most important and 

F I G U R E  2   A, Cryo-SEM micrograph 
of micro-gel particle suspension and B, 
internal structure of the micro-gel particle, 
respectively

(A) (B)

F I G U R E  3   The shear stress and the apparent viscosity of micro-
gel particle suspension and HPAM solution with the increase in shear 
rate
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as much as possible statistical information of the real res-
ervoir. To this effort, the QSGS algorithm35,36,46 was used 
to generate the geometry of the porous microstructures of 
ROC. As mentioned above, the two-dimensional porous 
structures on chips can never be the same as the three-di-
mensional ones of real rocks exactly, but the most import-
ant statistical information of geometries for transport and 
displacement process, such as the pore size distribution for 
tight reservoirs, has been embedded in the 2D designs for 
ROC.

Another important issue for chip design is on the hierar-
chical/multiscale pores/grains. Figure 6 illustrates that pores 
between large grains were filled with small grains to form 
small pores. Considering the formation features of pores in 
the reservoir rock specimen, two-step generation method 
based on QSGS was used in our work. In the first step, the 
large-size grains were either generated by QSGS or extracted 
from the large grain geometry database which was obtained 
from the CT-scanned image. The large grains, with the same 
number density as the real rock, were placed in the goal re-
gion stochastically of the microchip space. In the second step, 
the small-size grains were generated by QSGS in the remain-
ing area until the goal pore size distribution was reached. 
Check the final pore size distribution of the geometry gener-
ated by QSGS until the geometry features get close enough to 
the ones of real reservoir rock.

After these characterization-statistics-regeneration 
steps, the reservoir-on-a-chip design is finally finished. 
One example based on the low-permeable tight sandstone 
oil reservoir in Changqing of China is shown in Figure 7. 
The mean pore size and the depth of the chip is designed 
as 39.5 μm, and he pore number is larger than 2.8 × 105. 
The total pore volume of the chip V is 0.84  μL, and the 
porosity ρ is 44.39%. The hierarchical characteristics can 
be clearly seen in the right subfigure in Figure 7. The de-
sign embedded the most important statistical information 

of target reservoir and can be used to study the micro-gel 
particle-based EOR mechanism in this reservoir. The next 
fabrication procession of ROC and bi-permeability micro-
chip is the same as shown in Section 2.3.

2.4  |  Experimental setup and procedure

The experimental setup of our microfluidic experiments is 
shown in Figure 8. The microchip is placed under an optical 
microscope (Nikon SMZ18) with a fluorescence module (ex-
citation filter with bandpass wavelength λex = 460-500 nm 
and receiving filter with bandpass wavelength λem = 510 nm), 
and the system is fitted with the Nile red dissolved in decane, 
whose fluorescent peak excitation wavelengths λex = 493 nm 
and emission wavelengths λem = 510 nm.47 The resolution of 
the microchip imaging was set as 1.92 μm per pixel to achieve 
micron-scale to centimeter-scale image. The flow inlet was 
connected to the stiffness syringe (Hamilton), which was 
mounted on the syringe pump (Longer) that allowed precise 
control of the injection flow rate. The experiments were con-
ducted in normal temperature and pressure, regardless of the 
influence of temperature and salinity in the formation, and 
Q = 1 μL/min was chosen as the fluid injection flow rate for 
the water, HPAM, and micro-gel particle suspension flood-
ing. The macroscopic capillary number48,49 Ca=�oilvin∕� 
is 1.75  ×  10−6 (Bi-permeability) and 2.73  ×  10−6 (ROC), 
where γ  =  46.60  ±  0.25  mN/m is the interfacial tension 
between water and decane, the characteristic injection ve-
locity vin = QL/V is 1.02 × 10−4 m/s (Bi-permeability) and 
1.59 × 10−4 m/s (ROC).

The pore space in the entire system needs to be satu-
rated with oil before each displacing experiment. The mi-
crochip was cleaned by 50 pore volumes (PV) of cleaning 
solution (DI water: NH4OH: H2O2 (volume ratio) = 5:1:1) 
and 50 PV of DI water sequentially. Then, the microchip 

F I G U R E  4   Schematic of the 
heterogeneous structured micromodel. A, 
Macroscopic image of the microchip; B, 
local image of grains and pores distribution
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was flooded with N2 (1 bar) to dry the microchip and the 
vacuum treated for 12 hours. Finally, the fluorescent dyed 
oil was injected into the microchip with a relatively large 
flow rate (about 100  μL/min for 5  minutes) until all the 
pores were filled with oil. When the pressure difference 
is stable between the inlet and outlet, the switch changes 
to DI water, HPAM solution or micro-gel particle suspen-
sion syringe to start the displacing experiments. After the 
experiments, the Fiji software40 was used for segmentation 
and processing of the images. Image stacks were converted 
to 8-bit and thresholded to binary pictures using the Otsu 
method.50 Finally, the volume of oil and other fluids in the 
displacing procession was calculated.

3  |   RESULTS AND DISCUSSION

3.1  |  Bi-permeability micromodel 
experiments: transport mechanisms

Water flooding, HPAM solution flooding, and micro-gel 
particle suspension flooding experiments were conducted on 
the bi-permeability micromodel, respectively. Some impor-
tant snapshots of water flooding, HPAM solution flooding, 
and micro-gel particle suspension flooding are compared in 
Figure 9, and the developments of displacement frontiers for 
high-permeable layer and low-permeable layer are shown in 
Figure 10.

F I G U R E  5   The flow map of reservoir-on-a-chip design

F I G U R E  6   Micro-CT images to show 
the formation of the pores by different size 
grains. Dark represents pores and other 
colors are rock grains
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Fluid channeling was clearly shown in the water flooding 
experiment, shown in Figure 9(A). Water breaks through the 
high-permeable layer very fast and displacement frontier of 
low-permeable layer stops very early. Meanwhile, the water 
displacement frontier development curves for high-perme-
able layer and low-permeable layer are significantly different 
as shown in Figure 10 (see the black solid lines and open 
symbols). However, the HPAM solution and the micro-gel 
particle suspension, with the similar macroscopic rheology 
property (as shown in Figure 3), can overcome the fluid 
channeling phenomena well. But, the displacement perfor-
mances are different, as shown in Figure 9(B,C). The flow 
field fluctuation is strong in micro-gel particle suspension 
flooding which may even cause the alternate displacement 
process, as shown in Figure 10 (see the red solid lines and 
solid symbols), while the HPAM solution flooding is quite 
stable, as shown in Figure 10 (see the blue dash lines and 
open symbols).

In order to show how the flow/pressure fluctuations are 
generated and developed, micro-gel particle suspension 
flooding was conducted in the same condition at the micro-
scopic view, and the fluorescent micro-gel particles could be 
identified so that a local view of fluctuation phenomena may 
help to understand the micro-gel particle suspension flood-
ing experiments, as shown in Figure 11. At the beginning, 
the micro-gel particle suspension would go into the high-per-
meable layer because of its smaller flow resistance. When 
the suspension flowed in the porous layer, it was observed 
that the gel particles lagged behind the water because of vis-
cous dissipation. The result was that the particle concentra-
tion became lower at the position closer to the displacement 
frontier, and the suspension fluid in the high-permeable layer 
became denser and denser. Since the viscosity of micro-gel 
suspension increases dramatically with the particle concen-
tration, as shown in Figure 12, the resistance of the high-per-
meable layer increase consequently. When the resistance 

F I G U R E  7   Schematic of Reservoir-
on-a-Chip design. A, Overall image of the 
microchip; B, local image of grains and 
pores distribution. The mean pore size was 
39.5 μm, and pore number was larger than 
2.8 × 105

F I G U R E  8   Image of the overall 
experimental setup
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of the high-permeable layer reaches to higher than that of 
the low-permeable layer, the flow priority switches to the 
low-permeable layer so that the oil in the low-permeable 
layer will be displaced. The flow path may switch more when 
the resistance contrast changes between high- and low-per-
meable layers, which results in the flow or pressure fluctua-
tion to enhance the oil recovery.

In the bi-permeability micromodel experiments, the 
high-permeable layer and the low-permeable layer are 
parallel. The pressure drops of the high-permeable and 
low-permeable layer have the same value. Darcy's law of 
high-permeable layer in Equation (1) and low-permeable 
layer in Equation (2) can be combined. The displacement 
frontier velocity ratio (uf_H/uf_L) can be determined by the 
mobility ratio ((μf_L kr_H)/(μf_H kr_L)) of the displacing fluid 
in high-permeable layer and low-permeable layer, shown in 
Equation (3).

where the subscript H and L represent the high-permeable layer 
and the low-permeable layer, respectively. The uf_H and uf_L 
are velocities of displacing fluid in high-permeable layer and 
low-permeable layer, respectively. The kH/kL is the intrinsic per-
meability ratio. μf is displacing fluid viscosity, and kr is relative 
permeability of displacing fluid phase.

As the two-phase Darcy's law is phenomenological, the 
precise dependencies for key parameters, for example, kr, 
have no clear physical meaning. kr can be determined on 

(1)uf _H =−
kHkr_H∇P

�f _H

(2)uf _L =−
kLkr_L∇P

�f _L

(3)
uf _H

uf _L

=
kH

kL

kr_H

kr_L

�f _L

�f _H

=
16

9

�f _L

/

kr_L

�f _H

/

kr_H

F I G U R E  9   Snapshots of water 
flooding (A), HPAM solution flooding 
(B) and micro-gel particle suspension 
flooding (C), at 60, 120, 180, 220 s. The 
flow direction is from left to right. The scale 
bar represents 1000 μm. The blue phase is 
water, the cyan phase is HPAM solution, 
and green phase is micro-gel particle 
suspension

F I G U R E  1 0   Displacement frontier development of water 
flooding experiments (black solid line and open symbols), HPAM 
solution flooding experiments (blue dash line and open symbols) and 
micro-gel particle suspension flooding experiments (red solid line and 
solid symbols) in high-permeable (square symbols) and low-permeable 
layer (circle symbols) region. KH and KL represent high-permeable 
layer and low-permeable layer separately
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system history and flow rate for the same pair of fluids 
and porous media.51 In our study, the similar rheology 
properties of displacing fluid and the same porous struc-
ture were used on the same experimental conditions, and 
we thought that the relative permeability should obey the 
same curve between HPAM solution and micro-gel parti-
cle suspension. For the HPAM flooding experiments, the 
concentration of the HPAM was constant, so that the dis-
placing front velocity ratio (uf_H/uf_L) could be determined 
by the relative permeability ratio (kr_H/kr_L), which could 
not cause the fluid field fluctuation in the HPAM solution 
flooding. However, the nonuniform concentration of mi-
cro-gel particle in suspension was observed in the experi-
ments, as shown in Figures 11 and 12. Lower concentration 
of micro-gel particle suspension leads to lower viscosity, 
for example, dilution 10 times of micro-gel particle sus-
pension concentration results in a nearly 100-fold decrease 
in viscosity. Therefore, the concentration of micro-gel par-
ticle suspension influences fluid mobility in high-perme-
able layer and low-permeable layer. Nonuniform micro-gel 
particle concentration distribution in heterogeneous po-
rous media will cause the mobility contrast in different 

F I G U R E  1 1   Original microscopic 
image of local fluctuation phenomena 
during injection of micro-gel particle 
suspension, at 20, 40, 60, 80, 100, 120 s, 
respectively. The flow direction of each 
picture is from left to right. The scale 
bar represents 500 μm. The dark phase is 
water, the green phase is micro-gel particle 
suspension, and yellow phase is oil

F I G U R E  1 2   The viscosity of the micro-gel particle suspension 
is very sensitive to the changes in its concentration. The highly 
concentrated micro-gel particle suspension (original suspension) was 
diluted to 3 vol% (black line and solid squares) and 0.3 vol% (red line 
and solid circles) by DI water, and they were measured by Haake Mars 
III Rheometer (Thermo Scientific)
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permeable layer changing frequently and induced the fluid 
field fluctuation finally.

3.2  |  Reservoir-on-a-chip experiments: EOR 
performances

The micromodel experiments on bi-permeability-layer 
chip clearly show that the flow field fluctuation may be 
strong in micro-gel particle suspension flooding due to the 
nonuniform concentration distribution of micro-gel par-
ticles. However, such structured geometries are far from 
the complex geometries in real rocks and hard to evaluate 
the EOR performances. Therefore, experiments based on 
reservoir-on-a-chip have been conducted to quantify this 
effect for EOR.

By visualizing the two-phase distribution, the snap-
shots in both the global view and the local view are shown 
in Figure 13 for HPAM flooding and micro-gel suspension 
flooding. At the beginning stage (0.157-1.57 PV), some 
clustered oil is trapped by both HPAM solution and mi-
cro-gel suspension flooding. As the flooding going on, the 
clustered oil becomes stable and hardly recovered for a 
long time by the HPAM solution flooding, but still can be 
sliced and recovered by the micro-gel particle suspension 
flooding continuously. In the micro-gel suspension flood-
ing, the fluctuation effect is strong in the swept residual 
oil area.

3.2.1  |  Displacement efficiency & 
sweep efficiency

Two important performance parameters are used to evaluate 
EOR methods: one is the sweep efficiency, and the other is 
the micro-displacement efficiency.52 The total oil recovery 
ER can be calculated by Equation (4). The sweep efficiency 
Ev is defined as Equation (5), with the ratio of swept pore 
volume Vsw and total pore volume Vtotal. The micro-displace-
ment efficiency Em is defined as Equation (6), with the ratio 
of recovered oil saturation in the swept volume So-Sor and 
swept volume oil saturation So.

In order to calculate the displacement efficiency and the 
sweep efficiency, the residual oil is classified in this work 
into two types: (a) nonswept oil defined as the residual oil 
with the volume larger than 1% PV, and (b) residual oil in the 
swept region defined as the residual oil with the volume <1% 
PV. The decomposition process of the residual oil image is 
demonstrated in Figure 14.

The sweep efficiency and the displacement efficiency 
curves of HPAM solution flooding and micro-gel particle 

(4)ER =EvEm

(5)Ev=Vsw

/

Vtotal

(6)Em=
(

So−Sor

)/

So

F I G U R E  1 3   The snapshots in the 
global view and the local view of reservoir-
on-a-chip experiments at 0.157 PV, 1.57 
PV, 15.7 PV, and 125 PV. A, HPAM 
solution flooding experiment. HPAM 
solution: cyan, oil: red; B, micro-gel particle 
suspension flooding experiment. Micro-gel 
particle suspension: green, oil: red. The flow 
direction of each picture is from left to right. 
Global view shows the porous media region 
(6 × 8 mm) of ROC, local view region is 
selected randomly from the porous media 
(2 × 2 mm)
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suspension flooding are compared in Figure 15. At the be-
ginning stage (0-1.57 PV), the HPAM solution can sweep 
the relative larger area, as shown in Figure 15(A), but the 
micro-gel particle suspension can reach the same level 
after a while (>15.7 PV). This result is consistent with 
the pictures in Figure 13. The displacement efficiency of 
micro-gel suspension flooding increases fast after 15.7 PV 
injection, as shown in Figure 15(B), which means that the 
clustered oil trapped in swept region is recovered, as shown 
in Figure 13.

3.2.2  |  Oil recovery curve

The recovery rate is a very important parameter to evaluate 
the performance of recovery methods. Figure 16 compares the 
recovery curves of the three concerned methods by our ROC 
experiments. The water flooding reached a 40.63% oil recovery 
on the chip reservoir. The HPAM flooding increased the oil 
recovery significantly, and 57.66% oil can be recovered. The 
recovery curve of HPAM flooding was similar with the water 
flooding, which rose quickly at the beginning stage and got sta-
ble very soon. It was surprising to find that the micro-gel parti-
cle suspension flooding raised the recovery rate up to 89.85%. 
Even though the displacing performance of micro-gel suspen-
sion flooding was lower than the other two methods at the be-
ginning stage, its EOR performance lasted for a long time. This 
means that the flow/pressure field fluctuation in the micro-gel 
particle suspension flooding may displace more oil out, which 
is not able to be recovered by other methods, and improve the 
displacement efficiency continuously.

4  |   CONCLUSIONS

This paper presents a strategy to design microchips with the 
most important statistical information of concerned reservoir 
geometries. Taking the tight sandstone reservoir in Changqing 
of China as an example, we demonstrate the multi-step road 

F I G U R E  1 4   The schematic picture of 
separating residual oil as nonswept oil and 
residual oil in the swept region

F I G U R E  1 5   A, Sweep efficiency and B, displacement 
efficiency curves by the reservoir-on-a-chip experiments

F I G U R E  1 6   Oil recovery curve during the reservoir-on-a-chip 
experiments
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map for reservoir-on-a-chip designs. Especially for such a 
low-permeable sandstone reservoir, the pore size distribu-
tion and hierarchical grain size feature play the key roles on 
microscale transport and displacement interactions, and they 
were embedded seriously in the designs. On the microfluidic 
visualization platform, flooding experiments have been con-
ducted on structured micromodel for EOR mechanism study 
or on reservoir-on-a-chip for EOR performance evaluation, 
using micro-gel particle suspension compared with water and 
polymer solution. Based on measurements and analysis, we 
draw the following conclusions:

•	 The flooding experiments on bi-permeability micromodels 
show that both micro-gel particle suspension and HPAM 
solution can overcome the fluid channeling and displace 
the oil in the low-permeable layer out. Different with the 
viscous effect of HPAM solution, the EOR mechanism of 
micro-gel suspension is caused by flow priority switch 
between low- and high-permeability layers, which can be 
ascribed to the particle concentration automatic redistri-
bution during flow in porous structures. The switch does 
not only cause the alternate displacement process but also 
induce strong fluid field fluctuation.

•	 The flooding experiments on ROC with hierarchical po-
rous structures show that the clustered oil trapped in the 
swept pores can hardly be moved by water and HPAM 
solution, but can be recovered by micro-gel particle sus-
pension gradually due mainly to the fluid field fluctuation, 
which actually increases the displacement efficiency for a 
long time and enhances the oil recovery significantly.

•	 The flooding experiments on ROC make it possible to 
quantify the oil recovery rate for the concerned reservoir in 
laboratory. The recovery curves show that both the water 
flooding and the HPAM flooding recoveries rise quickly 
at the beginning stage and get stable very soon, while the 
micro-gel particle suspension flooding recovers oil slower 
than the other two methods but gets the best recovery fi-
nally. The water flooding reached a stable 40.63% oil re-
covery on the chip reservoir. The HPAM flooding increased 
the oil recovery significantly and 57.66% oil can be recov-
ered. The micro-gel particle suspension flooding raised the 
recovery rate surprisingly up to 89.85% on the chip. These 
results indicate that micro-gel particle suspension flooding 
is very promising for EOR in industrial applications.
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