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a b s t r a c t

Knowledge of migration and retention mechanisms of elastic gel particles (EGPs) in pore-throats is
essential for the effective application of EGPs as a smart sweep improvement and profile control agent for
enhanced oil recovery (EOR). The matching coefficient (defined as the ratio of particle size to pore-throat
size) is used to investigate its influence on migration, retention and profile control performance of EGPs.
A 1-D continuous pore-throat visualization model (PTVM), a 2-D heterogeneous PTVM and a 3-D het-
erogeneous core model were constructed and used to investigate pore-scale migration, retention and
controlling mechanism of migration and retention characteristics on EGPs profile control. The results of
the 1-D continuous PTVM indicated that while the matching coefficient was in the optimal range (i.e.,
0.20e0.32), the EGPs could not only smoothly migrate to the deeper pore-throats, but also form stable
retention in the pores to resist the erosion of injected water, which was conducive to the effective in-
depth profile control. The results of the 2-D heterogeneous PTVM verified that the sweep efficiency in
low-permeability regions could be significantly improved by in-depth migration and stable retention of
EGPs in the pore-throats with an optimal matching coefficient (0.29), which was much better than that in
cases with a smaller matching coefficient (0.17) or an excessive matching coefficient (0.39). Moreover, the
NMR displacement experiments of 3-D heterogeneous cores were carried out to simulate the EGPs
profile control in actual reservoir porous media. Saturation images and T2 spectrum curves of crude oil
showed that EOR in the low-permeability layer was highest (56.1%) using EGPs profile control with an
optimal matching coefficient, attributing to the in-depth migration and stable retention of EGPs.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Water injection has been extensively applied in oilfields for
enhanced oil recovery (EOR) because of its low cost and easy
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operation (You et al., 2019; Zhou et al., 2020; Wang et al., 2021).
However, almost all reservoirs are heterogeneous, which means
that there are oil layers with different permeabilities in the reser-
voir or dominant channels exist in the same oil layer. With
continuous erosion by injected water, the heterogeneity of a
reservoir can becomemore severe (Goudarzi et al., 2013; Liu, 1995).
The serious heterogeneity of reservoirs results in the invalid
displacement of injected water along the high permeability layers
or the dominant channels, and hence oil-bearing areas with low
permeability can remain unswept (Bai et al., 2007). This leads to
low efficiency water injection, high purification costs of production
water and higher potential environmental pressures. It has been
estimated that about 70% of the crude oil underground in typical
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Table 1
Main ion content and salinity of the formation brine collected from the Changqing
oilfield.

Ions Naþ and Kþ Ca2þ and Mg2þ SO4
2- Cl�

Concentration, mg/L 2101.1 599.73 258.31 3966.79
Total salinity, mg/L 6925.93
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oil-bearing geology cannot be displaced out due to the poor sweep
efficiency of water injection (Liu et al., 2010; Sang et al., 2014).

Profile control is a widely applied technique used to expand the
swept volume of injected water to improve oil recovery (Liu et al.,
2010). By blocking water channels, the subsequent injected water
is diverted to the previously unswept low permeability zones with
high remaining oil saturation. Injection of chemical profile control
agents, such as polymers, cross-linked polymer gels, foams, elastic
gel particles, etc., is widely applied in oilfields for profile control
treatment (Kabir, 2001; Wang et al., 2008; Liu et al., 2016, 2017;
Zhang and Seright, 2007). Injection of elastic gel particles (EGPs),
such as preformed particle gel (PPG), polyacrylamide microsphere
(PEM) and dispersed particle gel (DPG), is a cutting-edge technique
for profile control (Wu and Bai, 2008; Liu et al., 2016; Long et al.,
2018; Tang et al., 2018). The EGPs profile control agent has drawn
great attention in recent years due to its excellent properties, such
as controllable particle sizes, a wide range of particle sizes (nano-
meter to millimeter), controllable particle strength, excellent shear
resistance and easy injection for in-depth profile control (Feng
et al., 2020; You et al., 2014; Elsharafi and Bai, 2017).

An EGP-based system is a discontinuous phase, and the migra-
tion and retention of particles in porous media of reservoirs is
complex (Yao et al., 2014; Zhu et al., 2021; Lei et al., 2021; Cui et al.,
2021). The retention and migration behaviors of particles have
extreme impact on the profile control effect of an EGP-based sys-
tem (Yao et al., 2014; Zhu et al., 2021; Lei et al., 2021). The elasticity
of the particles enables them to pass through pore-throats within
the porous media under the injection pressure, representing
migration of particles. They can also be captured by pore-throats,
representing retention. However, if most particles migrate
through the pore-throats and cannot form sufficient retention in
the pores, the profile control capability of the EGPs system will be
weak. Therefore, the balance between migration and retention is
conducive to the in-depth profile control performance of the EGPs
system. The necessary condition for the EGPs system to achieve
effective in-depth profile control is that the particles can both
migrate through, and form a certain amount of retention in pore-
throats (Zhao and Bai, 2022).

The shape and strength of particles, especially the ratio of par-
ticle size to pore-throat size, determine themigration and retention
behavior of particles in porous reservoir media (Dai et al., 2017; Ren
et al., 2016). Although some researchers have studied the injection
and plugging properties of EGPs in porous media, and the matching
relationships between particle properties and porous media prop-
erties, few studies have visualized pore-scale migration and
retention mechanisms of particles. Imqam et al. (2015, 2017)
designed tubes with different inner diameters to simulate the
dominant channels in a reservoir and using these they investigated
the impact of particle strength, the ratio of particle size to opening
diameter and the injection rate on the injectivity and plugging ef-
ficiency of PPG. Using their experimental data, they developed two
empirical equations to quantitatively predict the resistance factor
and the stable injection pressure as functions of the above three
factors. Yao et al. (2012, 2015) studied the compatibility of pore-
scale elastic PEM as a profile control agent using sand-pack
models. They introduced a matching factor between particle size
and pore-throat diameter of the sand-pack model to characterize
their matching relationship between the PEM and the porous
media. The results indicated that the optimal matching factor lay
within the range 1.35e1.55. Yang et al. (2017) investigated the
matchingmechanism between PEMwith different storagemodulus
and porous media using a long sand-pack model. They concluded
that there were five passing through patterns, and established a
comprehensive correlation equation linking matching factors to
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passing through patterns for different storage modulus. Dai et al.
(2017, 2018) studied the matching relationship between particle
size of DPG and permeability of porous media using a series of core
flooding experiments. They optimized the matching factor
depending on both the injection pressure of DPG and the plugging
rate to porous media, and their results showed that the optimal
range of the matching factor was between 0.21 and 0.29.

The former studies on the migration and retention of EGPs in
reservoir pore-throats exist certain deficiencies. Firstly, experi-
mental models such as conduit models are too ideal to simulate
actual reservoir porous media (Imqam et al., 2015, 2017). Secondly,
most studies were carried out using non-visual models, such as the
sand-pack model (Yao et al., 2012, 2015; Yang et al., 2017; Dai et al.,
2017, 2018). Although the injection pressure curves during the
flooding process can indirectly reflect the migration and retention
law of particles, the data obtained by this method exhibits de-
viations and hysteresis, which cannot be accurately analyzed. In
addition, the retention and migration behavior of the particles is
invisible, resulting in some important processes and information
being hidden.

In this work, a one-dimensional continuous pore-throat visu-
alization model (PTVM), a two-dimensional heterogeneous PTVM
and a three-dimensional heterogeneous core model were devel-
oped in order to avoid the deficiencies of simple idealized models
and sand-pack models. The migration and retention characteristics
of EGPs in pore-throats were visually analyzed using a one-
dimensional continuous pore-throat model and the matching
relationship between the particles and the pore-throats was opti-
mized based on the migration and retention results. Using
displacement experiments with the two-dimensional heteroge-
neous pore-throat model, the influence of the matching relation-
ship on the in-depth profile control of EGPs was visually analyzed.
Finally, using a nuclear magnetic resonance (NMR) displacement
experiment with the three-dimensional heterogeneous coremodel,
which could simulate the actual porous medium of a reservoir, the
influence of migration and retention of EGPs on oil recovery from
different sized pores were analyzed. The aim of this work was to
elucidate the migration and retention characteristics of EGPs in
pore-throats, to identify the mechanisms of migration and reten-
tion and to examine their influence on EOR using profile control by
EGPs.
2. Experimental section

2.1. Materials

Non-ionic polyacrylamide (PAM) with a weight-average mo-
lecular weight of 1.0 � 107 g/mol, and polyethylene imine (PEI) as
the crosslinking agent, were provided by Anjarl Oilfield Technical
Services Co., Ltd., China. Crude oil and formation brine were
collected from the Changqing Oilfield (Shanxi, China). The viscosity
of the crude oil was 3.13 mPa s at 90�C and its density was 818 kg/
m3. The density of the formation brine was 1020 kg/m3, and the
results of an analysis of the main ion components are provided in
Table 1.
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2.2. Methods

2.2.1. Preparation of EGPs
The EGPs was prepared using a high-speed shearing method

with a colloid mill from bulk gel. The detailed procedure was re-
ported by Liu et al. (2016). Briefly, the first step was preparation of
the bulk gel. Next, a mixture of bulk gel and brine was placed into
the colloid mill, then the EGPs suspension was obtained by high-
speed shearing using the mill. During the preparation process,
the size distribution of the EGPs could be controlled by adjusting
the shearing time and rotation rate of the mill. In this work, a PEI
crosslinked PAM gel was chosen as the bulk gel because of its
excellent temperature resistance, salinity tolerance and
environmental-friendly characteristics (Jia et al., 2010). The bulk gel
was prepared with 0.4 wt% PAM and 0.6 wt% PEI at 90�C for 12 h.
Fig. 2. Experimental setup for the one-dimensional continuous PTVM flooding.
2.2.2. Visual characterization of migration and retention behaviors
of EGPs in pore-throats

In order to observe the migration and retention behaviors of
EGPs in pore-throats directly and accurately, a one-dimensional
continuous PTVM was designed and manufactured. Polymethyl
methacrylate (PMMA) was used to prepare themodel because of its
simple manufacture and high transmittance (Wu et al., 2017). A
micromodel was fabricated on a plate of PMMA by precise milling
and then sealing with another PMMA plate. A schematic diagram of
the one-dimensional continuous PTVM (main view and top view) is
displayed in Fig. 1. The micromodel consisted of 21 identical pore-
throat structures. The geometric parameters of the pores applied
in this work were 1000 mm in length, 300 mm in length and 300 mm
in height, and the geometric parameters of the throats were 500
mm in length, 100 mm in length and 100 mm in height.

Fig. 2 presents a schematic of the experimental setup. The inlet
for the EGPs dispersion or brine water was connected to a syringe
(10 mL, Hamilton, Germany) driven by syringe pumps (Harvard
Apparatus, PHD2000, USA). The micromodel was placed under an
inverted microscope (Leica, DM i8, Germany), which was equipped
with a high-speed camera of up to 200,000 frames per second
(Photron, SA-Z, Japan). In the process of EGPs injection and water
flooding, the migration and retention of particles at different pore-
throat positions were recorded by the camera.

The migration and retention of EGPs in pore-throats under
different matching degrees were systematically assessed as the
matching relationship between particles and pore-throats is a key
Fig. 1. Schematic diagram of the one
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factor affecting the migration and retention behaviors of EGPs in
the porous media of a reservoir. The matching coefficient (4) is
defined as:

4¼ dparticle
dpore�throat

(1)

where 4 is the matching coefficient; dparticle is the average size of
EGPs, mm; and dpore-throat is the mean diameter of pore-throats of
the micromodel, mm.

The average particle diameter was measured using a laser par-
ticle size analyzer (Bettersize2000; Bettersize instruments Ltd.,
Dandong, China) and the average diameter of pore-throats in the
micromodel was calculated using Eqs. (2)-(4):

dpore�throat ¼
�
dpore �

P
lpore

�þ ðdthroat �
P

lthroatÞ
lpore�throat

(2)

dpore ¼1:128apore (3)

dthroat ¼1:128athroat (4)

where dpore is the equivalent diameter of a pore, mm; dthroat is the
equivalent diameter of a throat, mm; lpore is the length of pores in
-dimensional continuous PTVM.
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the micromodel, mm; lthroat is the length of throats in the micro-
model, mm; apore is the geometric width of a pore, mm; and athroat is
the geometric width of a throat, mm.

2.2.3. Displacement experiment using a two-dimensional
heterogeneous PTVM

In order to visually study the influence of matching degree on
the profile control performance of EGPs in heterogeneous porous
media, a two-dimensional heterogeneous PTVM was designed and
fabricated (Mohammadi et al., 2014; Romero-Zeron and Kantzas,
2005). As shown in Fig. 3, a 40 mm � 40 mm chip was manufac-
tured using glass acid etching. The average size of pore-throats
could be controlled by the adjusting the etching time. The model
consisted of a high-permeability region in the diagonal direction
and two low-permeability regions on the upper and lower sides.
The average pore-throat diameters in the high permeability and
low permeability regions were about 400 mm and 70 mm,
respectively.

In the preparation stage of the experiment, the chip was fully
saturated with crude oil, and in order to simulate the initial
reservoir environment, the saturated chip was aged for 2 weeks at
90�C to ensure that the surface of all pore-throats was lipophilic.
Experiments were conducted using the following procedure: (1)
Brine water flooding using 0.005 mL/min until oil production was
negligible; (2) Injection of EGPs suspension with a specific solid
concentration; (3) Subsequent water flooding. Photographic im-
ages of remaining oil in the chip were then obtained. The experi-
ment was conducted at 90�C. The oil saturation in the images was
estimated using a grayscale recognition method. The binarization
method were used to distinguish the oil in the image, and the
number of black pixels representing crude oil were counted. The
difference in the number of black pixels after different experi-
mental procedure is used to calculate the oil recovery. The above
process was realized in Python.

2.2.4. NMR displacement experiment using a three-dimensional
heterogeneous core model

Heterogeneous cores are often used to simulate actual porous
media of reservoirs (Liu et al., 2019). However, most previous core
flooding experiments could only indirectly analyze the migration
and retention behavior of particles through pressure curves and
explain the mechanisms of EOR by profile control through hypo-
thetical models. With the advancement of technology, the
hydrogen signal of crude oil in core flooding can be received and
inversed in real time using online NMR technology so as to obtain
the flow behavior and profile control mechanism more directly.
Fig. 3. Schematic diagram of displacement experime
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A schematic diagram of the online low-field NMR core
displacement experimental system (Niumag, LF-NMR, China) is
shown in Fig. 4. Fluorine oil, without a nuclear magnetic signal, was
used as the medium in the confining pressure system and tem-
perature control system and the core holder was made of non-
magnetic material to eliminate noise from the experimental set-
up. The NMR displacement experiments using the three-
dimensional heterogeneous core were conducted according the
following procedures: (1) The heterogeneous core was saturated
with crude oil by the pressurized method in a vacuum, created
using a vacuum-pressurized saturation device, and the core was
saturated with oil and aged at 90�C for two weeks to simulate the
environment of an actual reservoir; (2) The NMR base signal was
measured using a standard sample; (3) The heterogeneous corewas
put into the core holder, and an initial T2 spectra and crude oil
distribution image of the heterogeneous core were obtained by
NMR scanning and base signal inversion; (4) Non-signalized heavy
water was injected to displace the oil until the water-cut reached
98%; (5) 1.0 PV (PV represents pore volume of the high permeability
layer) of the EGPs suspension slug, prepared using heavywater, was
injected; (6) Subsequent non-signalized heavy water flooding was
applied until the water-cut reached 98% again.

Cylindrical heterogeneous cores (100mm� 425mm)were used
in the online low-field NMR core displacement experiment. The
heterogeneous core was composed of two semi-cylindrical cores
with different porosities and permeabilities cemented in the cross
section, as shown in Fig. 5. The two semi-cylindrical cores were
bonded to form a complete heterogeneous cylindrical core by
curing for 24 h in the mold using quartz sand to fill the gap and
epoxy resin as cementing agent. The high permeability semi-
cylindrical core had a permeability of about 1.1 mm2 and a
porosity of 27%, and the low permeability semi-cylindrical core had
a permeability of 0.2 mm2 and a porosity of 22%. The average pore-
throats sizes of the cores were calculated using the Carman-Kozeny
equation (Dai et al., 2017).

3. Results and discussion

3.1. Basic physical properties of the EGPs

The prepared EGPs suspension was homogeneous and stable,
with a density of about 1.0 g/cm3, a viscosity of less than 5.0 mPa s
and a pH value of about 7. Fig. 6 shows the particle size distributions
of typical EGPs suspensions used in this study. It can be seen that
the particle size distribution curves exhibit prominent single peaks.
This indicates that the particles sizes of the prepared EGPs
nt using two-dimensional heterogeneous PTVM.



Fig. 4. Schematic diagram of online low-field NMR core displacement experiment.

Fig. 5. Images of cylindrical heterogeneous cores.
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suspension were relatively uniform. The average particle sizes of
the EGPs suspensions prepared using different shearing parameters
i.e., 1500 rpm, 1000 rpm and 600 rpm for 5 min, were about 35 mm,
70 mm, and 156 mm, respectively.

Considering that the viscoelasticity of EGPs is difficult to directly
measure, its viscoelasticity can be indirectly reflected bymeasuring
the viscoelasticity of the bulk gel (i.e., the raw material used to
prepare the EGPs). Fig. 7 shows the storage moduli (G’) and loss
moduli (G00), measured in the frequency range 0.1 rad/s to 100 rad/s,
of the bulk gel used to prepare the EGPs for this study. It can be seen
that the storagemodulus of the bulk gel was apparently higher than
the loss modulus. The high elasticity of the bulk gel means that the
prepared particles had high elasticity, which suggests that the EGPs
Fig. 6. Particle size distributions of typical EGPs suspensions.
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had good deformation-recovery properties and the deformation-
recovery characteristics of the EGPs were conducive to its migra-
tion and retention in pore-throats.
3.2. Migration and retention behaviors of EGPs in the 1-D
continuous pore-throat micromodel

During the injection of EGPs suspension and subsequent water
flooding, particles migrated and were retained in the continuous
pore-throats of the model along the injection direction. In order to
obtain the migration and retention characteristics of the EGPs, the
final states of particles in each pore-throat after EGPs suspension
injection and subsequent water flooding were recorded photo-
graphically. The migration and retention behaviors of the EGPs
were obviously different due to the different matching coefficients
(4Þ. When the particle size was too small, the EGPs could not form
stable retention in the pore-throats, resulting in ineffective plug-
ging. Conversely, when the particle size was oversized, it was
difficult for the EGPs to migrate through the pore-throats, resulting
in a short effective profile control distance.

To describe this process more fully, we introduce the concept of
filling degree (FD), which was obtained by binary processing and
image analysis of the pore-throat images, to quantitatively char-
acterize the migration and retention of EGPs at different pore-
throat positions. Here FD in a pore is defined as the volume ratio
of EGPs to the pore. High value of FD in a pore means that the EGPs
could migrate into the pore and form stable retention, which is
conducive to effective in-depth profile control of EGPs.

Using this concept, experiments were performed in order to find
an optimized value of the matching coefficient. EGPs with different
particle sizes were used to study the influence of the matching
coefficient on the migration and retention of particles, and the
experimental matching coefficient was varied within the range
0.07e0.52.

Experimental results from three matching coefficients are now
given in more detail as they typify the range of results obtained:

Matching coefficient ¼ 0.13 (i.e., dparticle ¼ 35.3 mm, dpore-
throat ¼ 253.2 mm) (1)

This was a typical case while the average size of the EGPs was
much smaller than that of the pore-throats. After injection of the
EGPs suspension and subsequent water flooding, the FD of particles
in each pore of the micromodel was recorded and plotted (Fig. 8a).
Images of EGPs migration and retention in the head (first pore-
throat), middle (eleventh pore-throat) and tail (twenty-first pore-
throat) of the micromodel are shown in Fig. 8b and c.

With the small matching coefficient, it can be seen from the



Fig. 7. Storage modulus and loss modulus of the bulk gel used to prepare the EGPs.
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results that most of the particles in the injected EGPs suspension
directly passed through the pore-throats to enter the more distant
pore-throat structures. Only a small number of particles with larger
sizes were retained and formed accumulations in the contractions
of the pore-throats. Due to the low proportion of larger particles in
the EGPs suspension with a small average particle size, the accu-
mulations occurred mostly near the injection point. Moreover,
during the subsequent water flooding process, weak accumulations
of a small number of particles were destroyed by the deformation
and slippage of particles under the action of the injection pressure.
Hence most of the particles were washed out of the model by the
subsequently injected water, resulting in few particles remaining in
pore-throats. The above phenomena can be seen to be detrimental
to the profile control performance of EGPs.

Matching coefficient ¼ 0.23 (i.e., dparticle ¼ 61.4 mm, dpore-
throat ¼ 263.2 mm) (2)

This result typified the case for moderate particle sizes. The FD
of EGPs in each pore at different stages was recorded and can be
seen in Fig. 9a. Images of EGPs migration and retention in the head
(first pore-throat), middle (eleventh pore-throat) and tail (twenty-
first pore-throat) of the micromodel are shown in Fig. 9b and c.

It can be seen from Fig. 9a that after EGPs suspension injection,
all pores of the micromodel were with high FDs. Even after sub-
sequent water flooding, the FDs of all pores remained high. Massive
particles still detained in the pores after subsequent water flooding.
Only close to the injection head, where there was the most serious
erosion by injected water, was there a certain reduction of FD, as
shown in Fig. 9b and c. Obviously, under a matching coefficient of
0.23, the particles could smoothly migrate through the depth of the
continuous pore-throat model, and could also be retained in the
pores stably during the subsequent water flooding process, which
is conducive to effective in-depth profile control using EGPs.

Matching coefficient ¼ 0.36 (i.e., dparticle ¼ 95.8 mm, dpore-
throat ¼ 263.2 mm) (3)

This is a typical case of an excessivematching coefficient. The FD
of each pore after EGPs suspension injection and subsequent water
flooding is presented in Fig. 10a, and images of EGPs migration and
retention are shown in Fig. 10b and c.
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As can be seen in Fig. 10b, the pore-throat near the injection
head was blocked by a single particle, or by the bridging of two
particles, as the average diameter of the EGPs was similar to that of
the pore-throats. A blockage caused by a single particle, or by the
bridging of two particles, was significantly stronger than that
caused by the bridging of several particles and made it difficult for
particles in the injection head to migrate deeper into the model. As
a result, the continuous injection of EGPs caused a sudden increase
in injection pressure which exceeded the threshold of the model,
resulting in the EGPs injection being terminated. This result in-
dicates that there will be a poor injectivity of EGPs suspension
when the matching coefficient is excessive.

It can be seen from Fig. 10c that a few particles with smaller sizes
were displaced to deeper pore-throats during the subsequent water
flooding process, and the number of particles in the middle and tail
side of the model increased slightly. However, the strong blockage at
the injection head still prevented most particles from in-depth
migration. Fig. 10a shows the FDs of particles in all pores of the
model after EGPs injection and subsequent water flooding. It can be
seen that although the FDs of the pores near the injection head was
high, the pores in the middle and tail part of the model experienced
low FDs, which is consistent with the results shown in Fig. 10b and c.
In summary, the in-depth migration and injectivity of EGPs is poor
under a situation of excessive matching coefficient, which will result
in short profile control distances in field applications.

In order to optimize the matching coefficient range, more ex-
periments with different matching coefficients were conducted
and the average FD after EGPs injection and the remaining ratio
(RR) of EGPs in the pores after subsequent water flooding were
recorded. Here RR is defined as the ratio of the residual amount of
particles in the pores after subsequent water flooding to the initial
amount of particles after EGPs injection, which could reflect the
stability of particle accumulation in the continuous pore-throat
model against erosion by subsequently injected water.

The results of average FDs and RRs of a series of experimental
groups with different matching coefficients are shown in Fig. 11.

It can be seen from Fig. 11 that the results were distributed in
three typical regions:

Region I: Here the matching coefficient was smaller than 0.18,
and both the average FD and RR of EGPs in the pores were lower
than 50%, which indicated that the EGPs could not form enough
retention and stable accumulation in the pores.

Region II: When the matching coefficient range was between
0.20 and 0.32, both the FD of pores after EGPs injection and the RR
of EGPs after subsequent water flooding were higher than 50%,
which indicated that EGPs could migrate and fill most pores during
the injection process and form stable accumulations in the pores
which could resist erosion by subsequently injected water. There-
fore, in the matching coefficient range between 0.20 and 0.32, the
EGPs could migrate to the in-depth pore-throats during the injec-
tion process and form stable retention in pores during subsequent
water flooding, which is conducive to the in-depth profile control of
EGPs.

Region III: This region showed that when the matching coeffi-
cient was larger than 0.36, although the RR of EGPs after subse-
quent flooding was high, the FD of pores after EGPs injection was
lower than 50%. This indicated that although the oversized EGPs
could form stable accumulations and strong blockages in the pore-
throats, it was difficult for them to be injected and migrate through
the continuous pore-throats. This will result in poor injectability of
EGPs in an oilfield application.



Fig. 8. Filling degrees and images of EGPs in pores with matching coefficient of 0.13: (a) filling degree in each pore of the micromodel, (b) images of typical pores after EGPs
injection, and (c) images of typical pores after subsequent water flooding.

Fig. 9. Filling degrees and images of EGPs in pores with matching coefficient of 0.23: (a) filling degree in each pore of the micromodel, (b) images of typical pores after EGPs
injection, and (c) images of typical pores after subsequent water flooding.
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3.3. Profile control performance of EGPs in the 2-D heterogeneous
pore-throat visualization model

As mentioned above, the matching coefficient directly affects
the migration and retention characteristics of EGPs in pore-throats,
thereby affecting the profile control effect and determining the
final performance of EOR by EGPs. To visually investigate the in-
fluence of matching degree on profile control performance of EGPs,
a visual simulation experiment using a two-dimensional hetero-
geneous PTVM was conducted.

The initial water flooding, EGPs suspension injection and sub-
sequent water flooding processes were carried out for three
experimental groups with typical matching coefficients, i.e., 0.17,
0.29 and 0.39. The remaining oil distribution within the heteroge-
neous PTVM after different stages were photographed. Fig. 12a
shows the initial oil saturation in the model. Fig. 12b shows the
injected water breakthrough along the high-permeability region
after initial water flooding, and crude oil in the upper and lower
regions with low permeability was not effectively recovered. After
injection with EGPs of different matching coefficients followed by
subsequent water flooding, the remaining oil distributions in the
2380
model are shown in Fig. 12c-e.
It can be seen from Fig. 12c that the remaining oil in the low-

permeability regions was swept very little after EGPs injection
and subsequent water flooding while the matching coefficient was
small (4 ¼ 0.17), indicating that profile control and EOR perfor-
mance would be poor. This was because the undersized EGPs was
unable to form effective and stable plugging in the pore-throats of
the breakthrough channels with high permeability, and the sub-
sequent injection water was hard to be diverted towards the low-
permeability regions with high remaining oil saturation. In this
case, most of the subsequent injected water still preferred to flow
along the high-permeability region, resulting in the oil in the low-
permeability regions remaining unswept.

When thematching coefficient was too large (4¼ 0.39), only the
remaining oil near the injection end (left part) could be displaced
after EGPs injection and subsequent water flooding, and large
amounts of oil in the central andoutlet parts of the low-permeability
regions remained unswept (Fig. 12e). This was because a large
number of oversized particles were retained and plugged in the
pore-throats of the injection end, and so particles found it difficult to
migrate deeply into the high-permeability channels resulting in a



Fig. 10. Filling degrees and images of EGPs in pores with matching coefficient of 0.36: (a) filling degree in each pore of the micromodel, (b) images of typical pores after EGPs
injection, and (c) images of typical pores after subsequent water flooding.

Fig. 11. Filling degree and remaining ratio of EGPs in pores with different matching
coefficients.
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short distance of profile control. At the beginning of the subsequent
water flooding, the injected water was diverted to the low-
permeability regions and displaced the remaining oil there as the
EGPs caused blockages at the injection end of the high-permeability
channels. Nevertheless, as the subsequent water flooding pro-
gressed, the injected water flowed back to the high-permeability
channels because of the short migration and profile control dis-
tance of theEGPs, resulting in the oil in the central andoutlet parts of
low-permeability regions still remaining unswept.

When the matching coefficient was optimal (4 ¼ 0.29), most of
the remaining oil in the low-permeability regions was swept and
displaced after EGPs injection and subsequent water flooding
(Fig. 12d). This benefited from the in-depth migration and stable
retention of EGPs in the pore-throats of the high-permeability
channels, so that the injected water was continuously diverted
towards the low-permeability regions to displace the remaining oil
during the subsequent water flooding process. Therefore, the pro-
file control and EOR performance was best for this case.

In order to quantitatively analyze the influence of the matching
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coefficient on the performance of profile control and EOR by EGPs,
the black pixels representing residual oil were extracted from the
collected images and the proportions of remaining oil in different
regions were estimated, using image processing, after final subse-
quent water flooding. The results are presented in Table 2.

It can be seen that the proportion of remaining oil was highest
when the matching coefficient was small. In this case more than
55% of the crude oil in the low-permeability regions could not be
displaced even after the final subsequent water flooding. When the
matching coefficient was too large, although the oil recovery
slightly increased compared with the case of small matching co-
efficient, there was still about 40% of the crude oil left in the low-
permeability regions. When the experiment was conducted with
an optimal matching coefficient, most of the crude oil in the model
was displaced out, and the remaining oil in the low-permeability
regions decreased to less than 20% with only a few marginal
areas being unswept after subsequent water flooding.

Based on the above discussion it can be seen that the matching
relationship between EGPs and pore-throats plays a key role in the
performance of profile control and EOR. The final oil recovery from
low-permeability regions in the heterogeneous pore-throat model
could be increased bymore than 35% due to the in-depth migration
and stable retention of EGPs in pore-throats under an optimal
matching coefficient condition.

3.4. Profile control performance of EGPs in the 3-D heterogeneous
core model

Displacement experiments using 3-D heterogeneous cores were
carried out to investigate the profile control characteristics of EGPs
in actual reservoir porous media. Three typical matching coefficient
experimental groups were used to analyze the influence of the
matching degree between EGPs and pore-throats on oil displace-
ment efficiency within oil layers with different permeabilities using
an online low-field NMR core displacement experimental system.
Distribution images and T2 spectra of crude oil after initial satura-
tion by crude oil, initial water flooding, EGPs suspension injection
and subsequent water flooding were obtained.

Fig. 13(I) shows the saturation distribution images of crude oil in
core after different process stages for the case while the matching
coefficient was small (4 ¼ 0.14). It can be seen that after initial oil
saturation, both the high-permeability layer and low-permeability



Fig. 12. Images of remaining oil distribution within the heterogeneous PTVM after different stages: (a) original state after initial oil saturation, (b) after initial water flooding, (c)
final state for the case with 4 ¼ 0.17, (d) final state for the case with 4 ¼ 0.29, and (e) final state for the case with 4 ¼ 0.39.

Table 2
Proportions of remaining oil in different regions after final subsequent water flooding.

Residual Region Region Region

Low permeability zone (Upper) High permeability zone Low permeability zone (Lower)

4 ¼ 0.17 55.14% 12.40% 59.06%
4 ¼ 0.29 14.08% 2.59% 21.05%
4 ¼ 0.39 37.56% 11.57% 41.40%
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layer had high oil saturation (Fig. 13(I)a). After initial water flood-
ing, the oil saturation in the high-permeability layer significantly
reduced (Fig. 13(I)b). Meanwhile, an obvious water breakthrough
channel was formed in the high-permeability layer, resulting in oil
in other regions not being swept, which was consistent with the
development process of most water-flooded reservoirs. It can be
seen from Fig. 13(I)c that the injection of EGPs had little effect on
the oil saturation in the core. With the subsequent water flooding,
only a small amount of oil in the high-permeability layer was dis-
placed due to the weak flow control effect of the injected EGPs.
However, the remaining oil in the low-permeability layer was not
well swept (Fig. 13(I)d). These results indicate that the EGPs could
not form effective plugging in the high-permeability layer when
there was a small matching coefficient, which led to poor profile
control performance and failure of water diversion to the low-
permeability layer with high remaining oil saturation.

Fig. 13 (III) shows the results when the matching coefficient was
large (4 ¼ 0.39). As can be seen in Fig. 13 (III)a and Fig. 13 (III)b, the
NMR images of crude oil in the heterogeneous core after initial oil
saturation and initial water flooding were similar to those for the
small matching coefficient (Fig. 13I). A water breakthrough channel
was formed in the high-permeability layer, and oil in the low-
permeability layer was barely displaced by injected water. How-
ever, the oil recovery after EGPs injection and subsequent water
flooding was slightly better than the case with the small matching
coefficient. It can be seen from Fig. 13 (III)c and Fig. 13(III)d that
some oil in the front half of the low-permeability layer was
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displaced after EGPs injection and subsequent water flooding,
while the oil in the rear half remained unswept. This result was
because the oversized EGPs could not migrate through the pore-
throats, resulting in strong plugging near the injection end and a
short profile control distance. Although the injected water was
diverted to the low-permeability layer to displace the remaining oil
due to the plugging by EGPs in the high-permeability layer in the
early period of the subsequent water flooding, the injected water
flow returned to the formed water breakthrough channel after
exceeding the limited migration distance of the EGPs, which led to
poor recovery of oil in the rear half of the low-permeability layer.

Fig. 13(II) shows the saturation distributions of crude oil for the
case with a moderate matching coefficient (4 ¼ 0.26). The satura-
tion distributions of crude oil were similar to the above two cases
after initial oil saturation and initial water flooding (Fig. 13(II)a and
Fig. 13(II)b). However, it is obvious that the remaining oil in the core
was almost displaced after EGPs injection and subsequent water
flooding, and only a small amount of residual oil could not be
recovered (Fig. 13(II)c and Fig. 13(II)d). This excellent result
benefited from the effective in-depth profile control performance
of EGPs which was contributed to the deep migration and stable
retention of particles with suitable sizes. The subsequently injected
water mainly flowed through the low-permeability layer due to the
effective in-depth profile control of the EGPs, resulting in the
highest potential for efficient EOR.

In order to quantitatively describe the oil recoveries from the
high and low permeability layers in the three-dimensional



Fig. 13. Saturation distribution images of crude oil in core after different stages: (I) for
the case with 4 ¼ 0.14, (II) for the case with 4 ¼ 0.26, (III) for the case with 4 ¼ 0.39, (a)
after initial oil saturation, (b) after initial water flooding, (c) after EGPs injection, and
(d) after subsequent water flooding.

Fig. 14. T2 spectrum curves and oil recoveries after different stages: (a) T2 spectrum curve
spectrum curves for the case with 4 ¼ 0.39, and (d) oil recoveries of the high- and low-pe
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heterogeneous porousmedia under differentmatching coefficients,
the T2 spectra at different stages within the above three experi-
mental groups were analyzed (Fig. 14). According to the NMR
theorem, different relaxation time reflects different quantities of
crude oil in pores with different sizes, and the integral area rep-
resents the amount of accumulated crude oil. It can be seen from
the T2 spectrum curves and integral areas that when the matching
coefficient was small, only oil in high-permeability layer was
recovered markedly in the whole displacement process. The oil
recovery in the low-permeability layer could only be slightly
improved with an EOR of 12.4% by EGPs injection and subsequent
water flooding processes due to the poor profile control perfor-
mance of EGPs for this case (Fig. 14a and d). When the matching
coefficient was too large, part of the crude oil in the small-sized
pores of the low-permeability layer was recovered, and the EOR
for the low-permeability layer by EGPs injection and subsequent
water flooding processes was 22.4% (Fig. 14c and d). Although the
EOR in this case was better than that for the case with a small
matching coefficient, it was not the highest due to the short profile
control distance of the EGPs. In the case of a moderate matching
coefficient, due to the in-depth profile control effect of the EGPs,
s for the case with 4 ¼ 0.14, (b) T2 spectrum curves for the case with 4 ¼ 0.26, (c) T2
rmeability layer.



Fig. 15. Schematic illustration of migration and retention mechanism influencing profile control of EGPs: (a) water breakthrough channels formed in high-permeability regions, (b)
migration and retention of EGPs with a small 4, (c) breakthrough flow of subsequent injected water with a small 4, (d) migration and retention of EGPs with an optimal 4, (e) fluid
diversion of subsequent injected water with an optimal 4, (f) migration and retention of EGPs with an excessive 4, and (g) detour flow of subsequent injected water with an
excessive 4.
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most of the crude oil in the small-sized pores of the low-
permeability layer was recovered (Fig. 14b and d). In this case, the
EOR for the low-permeability layer was the highest (56.1%) by EGPs
injection and subsequent water flooding.

3.5. Migration and retention mechanism influencing profile control
of EGPs

Based on the above results, the mechanismwhich influences the
migration and retention characteristics of the profile control of
EGPs is summarized in Fig. 15. A water breakthrough channel is
formed in high-permeability regions during long-term water
flooding, resulting in ineffective flooding of injected water and
leaving large amounts of oil unswept in low-permeability regions
(Fig. 15a). The above phenomenon is a common problem faced by
water flooding development in oilfields. Profile control treatment
by EGPs is frequently applied to improve water flooding efficiency.
However, significant differences exist in the performance by EGPs
due to the differences in particle migration and retention charac-
teristics influenced by the matching coefficient.

As shown in Fig. 15b, if the matching coefficient is too small
(4 < 0.20), although undersized EGPs can migrate deeply through
the pore-throats, it is difficult to form stable retention in the pores.
The subsequently injected water will wash away the particles
making profile control ineffective. The injected water is then not
diverted to low-permeability regions with high remaining oil
saturation, resulting in poor EOR by EGPs injection (Fig. 15c).

If the matching coefficient is too large (4 > 0.32), although the
oversized EGPs can form blockages in the high-permeability water
breakthrough channel near the injection end (Fig. 15f), the particles
find it difficult to migrate to the in-depth pore-throats, resulting in
a short profile control distance. During the subsequent water
flooding process, the injected water detours back to the water
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breakthrough channel due to the short profile control distance,
which leads to only a small amount of remaining oil in low-
permeability regions being swept (Fig. 15g). The EOR by EGPs in-
jection is not high in this case.

As shown in Fig. 15d, only if the matching coefficient is within
the optimized range (0.20� 4 � 0.32), can the EGPs with moderate
sizes migrate deeply and form stable retention in the pore-throats
of water breakthrough channels in high-permeability regions. The
subsequently injected water is diverted to low-permeability re-
gions to displace the remaining oil due to the effective plugging by
the EGPs of the high-permeability water breakthrough channels,
which contributes to the excellent performance of EOR by EGPs
injection, as shown in Fig. 15e.
4. Conclusions

In this work, the pore-scale migration, retention and controlling
mechanism of migration and retention characteristics on EOR by
profile control using EGPs were investigated. The matching coeffi-
cient was used to investigate its influence on migration, retention
and profile control performance of EGPs. A 1-D continuous PTVM, a
2-D heterogeneous PTVM and a 3-D heterogeneous core model
were constructed and used to elucidated the migration and
retention characteristics of EGPs in pore-throats, identified the
mechanisms of migration and retention, and examined their in-
fluence on EOR by EGPs profile control. The major conclusions are
summarized as follows:

(1) While the matching coefficient was in the optimal range (i.e.,
0.20e0.32), the EGPs could not only smoothly migrate to the
deeper pore-throats, but also form stable retention in the
pores to resist the erosion of injected water, which was
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conducive to the effective in-depth profile control by the
EGPs.

(2) Marked differences existed between EOR performances us-
ing EGPs profile control with different matching coefficients.
The EOR with an optimal matching coefficient was much
higher than that in cases with a smaller matching coefficient
or an excessive matching coefficient. The EOR in the low-
permeability layer of 3-D heterogeneous core model were
12.4%, 56.1% and 22.4% with matching coefficients of 0.14,
0.26 and 0.39, respectively.

(3) The sweep efficiency in low-permeability regions could be
significantly improved by in-depth migration and stable
retention of EGPs in the pore-throats with an optimal
matching coefficient, which was much better than that in
cases with a smaller matching coefficient or an excessive
matching coefficient.

(4) If the matching coefficient is too small, the subsequently
injected water will wash away the particles along the water
breakthrough channels due to unstable retention of EGPs in
the pores, making profile control ineffective.

(5) If the matching coefficient is too large, the subsequently
injected water detours back to the water breakthrough
channels due to poor deep migration ability of EGPs in the
pore-throats, making profile control distance short.
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