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a b s t r a c t

Deformable gel particles (DGPs) possess the capability of deep profile control and flooding. However, the
deep migration behavior and plugging mechanism along their path remain unclear. Breakage, an inev-
itable phenomenon during particle migration, significantly impacts the deep plugging effect. Due to the
complexity of the process, few studies have been conducted on this subject. In this paper, we conducted
DGP flow experiments using a physical model of a multi-point sandpack under various injection rates
and particle sizes. Particle size and concentration tests were performed at each measurement point to
investigate the transportation behavior of particles in the deep part of the reservoir. The residual
resistance coefficient and concentration changes along the porous media were combined to analyze the
plugging performance of DGPs. Furthermore, the particle breakage along their path was revealed by
analyzing the changes in particle size along the way. A mathematical model of breakage and concen-
tration changes along the path was established. The results showed that the passage after breakage is a
significant migration behavior of particles in porous media. The particles were reduced to less than half
of their initial size at the front of the porous media. Breakage is an essential reason for the continuous
decreases in particle concentration, size, and residual resistance coefficient. However, the particles can
remain in porous media after breakage and play a significant role in deep plugging. Higher injection rates
or larger particle sizes resulted in faster breakage along the injection direction, higher degrees of
breakage, and faster decreases in residual resistance coefficient along the path. These conditions also led
to a weaker deep plugging ability. Smaller particles were more evenly retained along the path, but more
particles flowed out of the porous media, resulting in a poor deep plugging effect. The particle size is a
function of particle size before injection, transport distance, and different injection parameters (injection
rate or the diameter ratio of DGP to throat). Likewise, the particle concentration is a function of initial
concentration, transport distance, and different injection parameters. These models can be utilized to
optimize particle injection parameters, thereby achieving the goal of fine-tuning oil displacement.
© 2024 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

Deformable gel particles (DGPs) were initially widely used in
conventional reservoirs during the high water cut stages (Qiu et al.,
2017). Excellent results with the use of DGP have been achieved in
laboratory experiments (Bai et al., 2015; Imqam et al., 2018; Pi et al.,
2023; Seidy Esfahlan et al., 2021) and field applications (Bai et al.,
2007; Guo et al., 2022; Kang et al., 2021; Sang et al., 2014). As
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complex reservoirs transition into medium and high water cut
stages, the demand for effective profile control intensifies.
Concurrently, advancements in the preparation methods for DGP
are emerging. DGP has been increasingly adopted for profile control
in various challenging environments in response to these trends.
These include fractured reservoirs (Imqam et al., 2015; Wang and
Bai, 2018; Zhang et al., 2022; Zhao et al., 2021), high-salinity and
high-temperature reservoirs (Wang et al., 2019; Wu et al., 2020;
Yuan et al., 2021), and reservoirs with interlayer channels (Yang
et al., 2021; Zhao et al., 2023b). Moreover, DGP is used to plug
gas channeling during CO2 flooding (Ji et al., 2023; Pu et al., 2021;
Zhao et al., 2023a).
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Abbreviation

DGP Deformable gel particle
cd Concentration of the DGP suspension in the

porous media
cd0 Concentration of the DGP suspension before

injection
dd Particle size of the DGP, mm
dp Pore diameter of the porous media, mm
dd0 Particle diameter of DGP before injection, mm
Frrw Residual resistance coefficient
k Permeability of the porous media, mm2

DPw Pressure difference when conducting the water
injection permeability test, Pa

DP Pressure difference between each segment of the
sandpack after DGP injection when conducting
the water injection permeability test, Pa

z Tortuosity of the porous media
f Porosity of the porous media
a, b Constants related to the injection rate
c, d Constants related to the diameter ratio of DGP to

throat

Fig. 1. Dry particles of DGPs.

W.-J. Zhao, J. Wang, Z.-Y. Qi et al. Petroleum Science 21 (2024) 962e973
DGP possesses the capacity to migrate within reservoirs, serving
as an effective solution for deep profile control. It demonstrates
superior application efficacy in complex reservoirs compared to
other profile control agents, such as weak gels and foams. None-
theless, successful deep profile control in such reservoirs relies
heavily on a precise understanding of the transportation and
pluggingmechanisms of DGP. For instance, when employing DGP in
reservoirs with interlayer channels, it is imperative to ascertain the
DGP position in the reservoir to plug the channels effectively. This is
critical to prevent the re-routing of subsequently injected water
back through these channels (Yang et al., 2021). However, not all
DGP are capable of deep transportation. Their ability to deep
transportation is contingent upon compatibility with the pore size,
elasticity, and the size of the DGP. Bai et al. (2013, 2007) suggested
that effective particle transport in the pore throat occurs when the
particle size is less than 5.71 times that of the pore throat. Elsharafi
and Bai (2013) shows that DGP transportation will not happen
when reservoir permeability falls below 320 mD or when the
particle size to pore throat ratio exceeds 17. While researchers have
managed to select DGP compatible with transportation in reser-
voirs, the law of DGP migration and plugging along the low path
and deep within the reservoir remains poorly understood. Histor-
ically, researchers studied the plugging efficacy of DGP based on the
pressure changes along the flow path (Yuan et al., 2021; Zhao et al.,
2019), resistance coefficients of the entire physical model (Yao et al.,
2013), and plugging efficiency (Imqam et al., 2018). Nevertheless,
these methodologies have presented challenges in elucidating the
transportation and plugging of DGP in the deep part of the
reservoir.

Elucidating the behavior of DGPwithin deep reservoirs is pivotal
for unraveling its transportation and plugging mechanisms. Several
scholars have employed various visualization experiments, such as
pore-throat models (Sang et al., 2014; Wang et al., 2012), mesoscale
simulations (Wei et al., 2019; Zhou et al., 2017, 2019), and compu-
tational fluid dynamics (Feng et al., 2020; Wang et al., 2023) to
study the behavior of DGP in the reservoir. Several types of behavior
exhibited by DGP have been identified, including direct passage
(Herterich et al., 2014), deformed passage, plugging retention,
deposition retention, and breakage passage. The breakage law of
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DGP is not clear compared with the other four behaviors. Based on
existing knowledge, a robust numerical simulation methodology
has emerged (Farasat et al., 2021; Liu et al., 2017; Wang et al., 2013,
2017a, 2017b; Zhou et al., 2013), which has subsequently been
applied within oilfields. It is acknowledged that the particle size
distribution of DGP suspensions follows a lognormal pattern.
Consequently, certain DGPs are incapable of direct or deformed
passage and only break through under specific pressure gradients.
Unveiling the breakage behavior of DGP is essential for enhancing
their deep profile control effectiveness. Nevertheless, this DGP
breakage presents considerable complexity (Liu et al., 2022). Some
scholars have carried out research on the breakage of DGP, but it
cannot not reflect the migration and breakage behavior of DGP in
porous media. Feng et al. (2013) studied the breakage behavior of
gel particles through multi-injection experiments. And they found
that breakage only occurred near the injection well. However,
Wang et al. (2017a, 2017b) obtained the criterion for particle
breakage based on a pore-throat model, where the diameter ratio
of DGP to throat (R) was more significant than 3. However, the
breakage of DGP in porous media and deep parts of reservoirs has
not yet been revealed.

This study used a physical model of a multi-point sandpack to
conduct flow experiments of DGP under different injection rates
and particle sizes. The changes in the residual resistance coefficient
(Frrw) along the flow path were calculated, and the plugging
behavior of DGP in the deep porous media was investigated. Sam-
pling experiments were carried out along the flow path to deter-
mine the changes in particle size and concentration under different
injection rates and particle sizes, revealing the breakage pattern of
DGP during transportation. An empirical function for the particle
size and concentration of DGP at any position in the porous media
was established, which is of significant guidance for determining
breakage behavior, plugging strength, and injection parameter
optimization of DPGs in deep parts of reservoirs.

2. Experimental

2.1. Experimental materials

The DGP used in this study was produced by Guangzhou Bofeng
Chemical Technology Co., Ltd. As illustrated in Fig. 1, the DGP was a
dry particle initially. The size of dry particles is 140e170 mesh. The
change in particle size of DGP after water absorption and expansion



Fig. 3. The multi-point sandpack.

Fig. 4. The experimental flowchart of DGP transportation and plugging experiment.
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is shown in Fig. 2(a). The particle size distribution after fully
expanded is shown in Fig. 2(b). The DGP expanded 5.06 times after
absorbing water for 12 h. After that, the particle size does not
change. This paper does not study the effects of salt, so distilled
water was used to prepare the DGP suspension and the displace-
ment fluid. The physical model used in the sandpackwas filled with
quartz sand (10e20 mesh).

2.2. Experimental method and process

In this experiment, a sandpack model was used to simulate
porous media. The sandpack had a length of 60 cm and a diameter
of 3.8 cm, as shown in Fig. 3. In this paper, the transportation of
DGPs in the dominant seepage channel of the reservoir in the high
water cut stage is simulated by injecting DGPs into the sandpack. At
every 15 cm of the sandpack, three interfaces were evenly
distributed for pressure monitoring and sampling. The pressure
measurement system employed a pressure sensor. A laser particle
size analyzer (Mastersizer 3000) was used to measure particle size
and concentration.

The experimental procedure, as shown in Fig. 4, involved
simulating the flow of DGPs through a single sandpack. After
injecting 15 pore volumes (PV) of DGPs, the Frrw at different parts of
the sandpack was measured. The stability of the pressure at each
measurement point indicated the stability of the DGP transport and
behavior (Wang et al., 2017a, 2017b). Therefore, the DGP suspen-
sion was further injected until the pressure at each measurement
point stabilized after Frrw testing. Samples were collected through
the three interfaces along the sandpack to measure changes of
particle size and concentration during the entire flow process. The
injection rate and particle size (or the diameter ratio of DGP to the
throat) were critical parameters that affected plugging and
enhanced oil recovery (EOR) efficiency. Thus, this study investi-
gated the effects of injection rate (Q) and the ration of diameter of
DGP to throat (R) on the plugging and DGP transport mechanisms.

According to the experimental scheme, the parameters of
sandpacks and DGPs were designed as shown in Table 1.

2.3. Experimental procedure

The experimental procedure is described as follows.
Fig. 2. (a) Swollen features of DGP; (b) Pa
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(1) Fabrication of a physical model of the sandpack: The
quartz sand is large enough that it can not flow out of the
sampling interface and the sandpack. And the filter may
affect the sampling results. Therefore, the filter was not used
at the ends of the sandpack and the sampling interface. A
filter was installed at the pressure measurement interface to
prevent the pressure sensors from being blocked by DGPs.
The sandpack was made using quartz sand. To avoid the in-
fluence of small sand adhering to the surface of the quartz
sand on the analysis results of the extracted liquid, the sand
was subjected to multiple screenings and repeated washing
before filling.
rticle size distribution after swelling.



Table 1
Parameters of sandpacks and DGPs.

Exp.
No.

Permeability,
mm2

Porosity Injection rate, mL/
min

Size of dry DGPs,
mesh

Concentration of DGP
suspension

d50 of DGPs after
swelling, mm

Pore throat size,
mm

Diameter ratio of DGP to
throat

1 42.39 0.41 1 140e170 0.0936 512.33 172.56 2.97
2 41.87 0.32 3 140e170 0.0973 499.76 194.12 2.57
3 37.52 0.34 5 140e170 0.1032 507.45 178.27 2.85
4 40.13 0.30 3 100e140 0.0920 609.39 196.28 3.10
5 38.05 0.28 3 170e200 0.0988 353.39 197.83 1.79
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(2) Connection of experimental instruments: The experi-
mental setup was connected according to Fig. 4, and the air
tightness was checked. To prevent precipitation of the DGP
suspension, a magnetic stirring device was installed in the
tank of DGPs.

(3) Sandpack property testing: The sandpack was saturated
with distilled water at an injection rate of 0.5 mL/min. The
porosity of sandpack can be obtained according to the vol-
ume of saturated water. Then, the distilled water was injec-
ted into the sandpack at 3 mL/min. The permeability of the
sandpack was calculated using Darcy's law according to the
stabilized pressure. The pressure sensors (measurement
range of 0e10 kPa) were used tomonitor pressure changes in
this step. Then, the pore throat size of the porous media is
obtained using the KozenyeCarman equation (Wang et al.,
2013):

dp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3222k
f

s
; (1)

where 2 represents tortuosity (1.5e5), which is 3 in this paper; k is
the permeability of the porous media, mm2; f is the porosity of the
porous media.

The expression for the diameter ratio of DGP to the throat is

R¼ dd0
dp

; (2)

where dd0 is the particle size of DGP before injection, mm; dp is the
pore diameter of the porous media, mm.

(4) DGP injection: The DGP suspension was injected with the
parameters according to Table 1. The experiment was
stopped when the pressure was stable and the cumulative
injection volume reached 15 PV.

(5) Residual resistance coefficient (Frrw) test: The distilled
water was injected at an injection rate of 3 mL/min, the same
as during permeability testing after the DGP injection. The
Frrw along the injection direction and the Frrw of the whole
sandpack were calculated according to the stabilized pres-
sure of each measurement point. And the expression of Frrw
is given by

Frrw ¼ DP
DPw

; (3)

where Frrw is the residual resistance coefficient of the sandpack;
DPw is the pressure difference of each part of the sandpack
measured by constant ratewater injection before DGP injection, Pa;
DP is the pressure difference of each section of the sandpack at the
same rate of water injection after DGP injection, Pa.

(6) Sampling and testing along the sandpack: The DGP sus-
pension was continuously injected until the pressure at each
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measurement point was stable. And after 15 PV of DGP sus-
pension had been injected, the injection process was
stopped. Then, the outlet of the sandpack was closed. To
avoid any undue influence on subsequent parts of the
sandpack. The first sampling port along the injection direc-
tion was opened. After taking out the fluid of 1 PV, the
sampling port was closed, and the next sampling port along
the injection direction was opened. This process was
repeated for the three sampling ports and the outlet. Particle
size and concentration tests were performed on the collected
fluid from each sampling port and outlet.
3. Experimental results

3.1. Deep plugging performance of DGPs

3.1.1. Effect of injection rate on plugging
The pressure changes at each measurement point obtained

during the DGP injection are shown in Fig. 5. It can be observed that
the pressures at all measurement points tend to stabilize after
rising under every injection rate. The degree of pressure fluctuation
varies among these points, especially during the pressure-rising
stage. This phenomenon is attributed to the differential behavior
of DGPs in different parts of the sandpack, where more frequent
breakage-remobilization and deformation-remobilization occur in
the front part. As a result, the higher the injection rate is, the higher
the pressure at the injection end is, and the more obvious the
pressure fluctuation at each point is. The steady injection pressure
reaches 4.55 MPa when the injection rate is 5 mL/min, and the
maximum pressure fluctuation in the injection process is 1.6 MPa.
After pressure stabilization, the pressure difference of each part of
the sandpack can be characterized to represent, to some extent, the
migration behavior of DGP in porous media. As shown in Fig. 5, the
pressure difference of the first part of the sandpack is the largest at
different injection rates. The pressure difference of the last three
parts of the sandpack is basically similar. The breakage behavior of
DGPs is most pronounced in the first part.

Consequently, the pressure difference in the first part exceeds
that of other parts by more than 1.19 times, except when subjected
to an injection rate of 3 mL/min. Under an injection rate of 3 mL/
min, due to the extensive bridging of transported particles, a
pressure difference of 1.41 MPa is observed, which surpasses the
1.04 MPa of the first part. It has been identified by Zhao and Bai
(2022) that the pressure difference closer to the outlet end of the
porous media exceeds that near the injection end. An increase in
injection rate is associated with a heightened degree of breakage.
Therefore, when injecting DGP suspension at a high rate, the
pressure difference between the middle two parts of the sandpack
is small. In the latter half, the likelihood of particle collisions, either
interparticle or with pores, increases. As a result, as the injection
rate rises, a significant pressure difference is observed in the half
part of the sandpack. Nonetheless, the subsequent water injection
is minimally influenced by broken DGPs. Therefore, high-rate in-
jection of DGP suspension does not result in a substantial Frrw in the
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more significant part of the pressure difference.
The residual resistance coefficient (Frrw) is an essential param-

eter for evaluating the effectiveness of DGP. Although previous
studies have obtained the pressure gradient of each part of the
physical model (Imqam et al., 2018), the Frrw of the entire physical
model is usually measured, neglecting the plugging capacity of DGP
in the deeper part. Firstly, the traditional method is used to calcu-
late the Frrw of the entire sandpack based on the pressure difference
between the injection and outlet ends (Table 2). The calculation
results are shown in Fig. 6(a). The Frrw of the entire sandpack de-
creases with the injection rate increasing, consistent with the
existing literature (Song et al., 2018). However, the variation trend
of the Frrw in different parts of the sandpack is different.

Then, the Frrw of each part of the sandpack is calculated ac-
cording to the pressure difference of each part (Table 2). As shown
in Fig. 6(b), the calculated Frrw of each segment is used as the Frrw at
the midpoint of each part to obtain the relation between the Frrw
and the dimensionless distance of DGP transportation. The fluctu-
ations observed in the Frrw at each injection rate conform to an
exponential function. Furthermore, it is noteworthy that the
calculated results exhibit remarkable agreement with the experi-
mental results. Due to the filtration and breakage of DGPs, the
plugging effect weakens along the injection direction. Therefore,
the Frrw decreases exponentially along the injection direction at
each injection rate. The higher the injection rate, the faster the Frrw
decreases along the injection direction in each part of the sandpack.
At an injection velocity of 5 mL/min, the Frrw of the first part is
higher than other parts of the sandpack. And it decreases rapidly to
58.48 and then tends to be stable.

3.1.2. Effect of the diameter ratio of DGP to throat on plugging
The variations in pressure at different measurement points

under the influence of the diameter ratio of DGP to the throat
during the flow experiment are shown in Fig. 7. The diameter ratio
of DGP to throat has a significant impact on the injection pressure,
as smaller ratios result in a delay in pressure stabilization at each
measurement point. When the diameter ratio of DGP to throat is
1.79, the pressure of each part of 13.46 PV is stable after DGP in-
jection. In contrast, the pressure is stable when it reaches 9.89 PV,
under the ratio of 3.10. The maximum injection pressure of small
DGP is the minimum owing to the diminished plugging strength.
Specifically, at the diameter ratio of DGP to throat of 1.79, the
maximum pressure reaches merely 0.56 times that observed at a
ratio of 3.10.

When confronted with a relatively large diameter ratio of DGP
to the throat, severe breakage behavior is observed at the front end
of the sandpack. Consequently, with a diameter ratio of DGP to
throat of 3.10, a pressure difference of 1.40 MPa in the first part
exceeds that of other diameter ratios. As the diameter ratio of DGP
to the throat diminishes, few DGPs undergo breakage and pass
through the throat directly. As a result, the pressure difference
across each part consistently diminishes, presenting values lesser
than those observed for other injection particle sizes. The pressure
difference in the terminal section constitutes merely 0.08% of the
value of the first part. In the subsequent three parts, fragments
produced by DGPs of a larger particle size are either obstructed or
subjected to further breakage. Nevertheless, this effect progres-
sively diminishes until the pressure difference in the final section
reduces to 0.79 MPa.

The Frrw under varying diameter ratios of DGP to throat based on
the pressure difference shown in Table 3 was calculated using the
methodology delineated in the preceding section. The calculated
results are depicted in Fig. 8. The Frrw of the entire sandpack is
maximum when the diameter ratio of DGP to the throat is 2.57.
Both excessively large and small particle sizes can cause a rapid
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decrease in the Frrw along the flow path. As shown in Fig. 8(b), The
variation pattern of Frrw mirrors that observed under varying DGP
injection rates. Specifically, as different diameter ratios of DGP to
throat are considered, the Frrw exhibits an exponential decline in
response to increasing migration distances. In the initial stages of
DGP injection, an excessively large diameter ratio of DGP to the
throat can cause smaller particles in the DGP suspension system to
enter the sandpack.

In comparison, a more significant number of larger particles also
plug at the inlet. As injection pressure increases, the particles
plugging at the inlet break down and enter the porous media.
Furthermore, the broken DGP fails to create effective plugging. On
the other hand, when the diameter ratio of DGP to the throat is too
small, effective plugging cannot be achieved at the inlet, and most
small particles in the DGP suspension system enter the porous
media directly. Consequently, the Frrw for both diameter ratios of
DGP to the throat is relatively low at deeper points in the porous
media.

3.2. Deep transportation of deformable gel particles

The concentration and particle size are the two most critical
factors that affect the effectiveness of the DGP in the deep part of
the reservoir and are also critical parameters in the numerical
simulation of particle placement. The particle size in the reservoir
can be divided into two types: the particle size of the DGPs trapped
in the pore throat, and the particle size of the DGPs which can be
transported through the pore throat. Similarly, the concentration
can be divided into the concentration of the DGPs trapped in the
pore throat and the concentration of the DGPs which can be
transported through the pore throat, with the sum of these two
concentrations being the injection concentration. As shown in
Fig. 9(a), the change in particle size along the transport path was
obtained by comparing the particle size obtained at each mea-
surement point with the particle size before injection. The inde-
pendent variable (abscissa) is the dimensionless distance, which is
the ratio of the transport distance of the particles in the sandpack to
the length of the sandpack. Similarly, as shown in Fig. 9(b), the
change in concentration along the path was obtained by comparing
the concentration of the suspended particles with the concentra-
tion before injection and the relation between the dimensionless
distance and the concentration change was established.

Breakage is often overlooked by scholars. And it represents a
distinct type of DGP transportation behavior. Upon examination of
the particle size distribution curves influenced by various factors, as
illustrated in Fig. 10, several observations emerge. The left end of
the particle size distribution curve, aligned with the DGP trans-
portation direction, shifts towards zero. This curve displays a
diminishing intersection with the particle size distribution curve of
DGP before injection. It shows that more small particles that do not
exist before injection are generated. Such small particles are dis-
cerned as breakage formed during the DGP transport. The inter-
secting part of the particle size distribution curve along the route
and the part before injection is the DGP passed directly or
deformed. The DGP of this part decreases gradually with the
transport of particles. For example, when the injection rate is 3 mL/
min, the minimum particle size decreases from 26.30 mm before
injection to 0.03 mm at the outlet end. Correspondingly, the overlap
with the particle size distribution curve before injection decreases
from (69.18, 1181.97 mm) to (26.30, 1096.478 mm). In summary,
passing after breaking is the main form of DGP migration in the
deep porous media.

The size and concentration of DGPs that can be transported
through the pore throat are obtained through the sampling
experiment. The concentration of the DGPs trapped in the pore
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throat between two locations can be characterized by the differ-
ence in concentration between the two locations. A rapid decrease
in concentration indicates that particles are trapped more in the
earlier stages of the transport process. A more uniform change in
concentration indicates that particles are trapped more evenly
along the transport path. A higher retention concentration in-
dicates that more particles act between the two locations, resulting
in better plugging effects. The sustained decrease in the concen-
tration of broken particles indicates that these particles can also be
trapped in the deep porous media when encountering pore throats
smaller than their size, thus achieving a deep plugging effect.
Analysis of the particle size change under different factors shows
that larger particles are constantly plugged and retained after
filtration along the flow direction. Therefore, the DGP suspension
concentration decreases with an increase in the transport distance
under different injection rates and diameter ratios of DGP to the
throat.

The transport law of DGP in porous media can be obtained by
combining the particle size distribution curve with the variation of
median particle size (d50) and concentration. And the difference of
Frrw mentioned in the previous section can also be explained. The
detailed analysis of the transportation law of DGP under the in-
fluence of various factors is as follows.
3.2.1. Effect of injection rate on the DGP transportation
The DGP transportation law under different injection rates can

be obtained combined with the particle size distribution curve of
the produced liquid in Fig. 10. The pressure at the injection end is
higher than other positions of the sandpack under different DGP
injection rates. So, the breakage and deformation of DGP in the
front of the sandpack are the most violent. The decrease rates of
particle size and concentration in the front of the sandpack are the
fastest. Therefore, as shown in Fig. 9, the changes in particle size
and concentration are in accordance with the exponential function.
The higher the injection rate is, the more severe the breakage
behavior is, the faster the DGP particle size decreases. Especially
when the injection speed is 5 mL/min, the particle size becomes
0.11 times that before injection when the DGP transports to 1/4 of
the sandpack. And the double peaks of the particle size distribution
curve are formed (Fig. 10(c)). The broken particles transport in the
porous media, resulting in high concentration in the suspension.
However, at a low injection rate, the weaker injection intensity
leads to the minor breakage behavior of DGP, so the particle size
decreases slowly. When the injection rate is the lowest, and the
dimensionless transport distance of DGP is 0.25, the particle size
decreases to 0.47 times before injection. By analyzing the particle
size distribution curve, it can be found that the higher the injection
rate, the more concentrated the particle size of each part. In other
words, the higher the injection rate, the smaller the particle size
distribution range and the fewer peaks. The lower flow velocity also
increases the collision contact probability between DGP and the
pore throat, which makes it easier for particles to be deposited in
the pore throat by gravity. Therefore, the suspension concentration
decreases rapidly when the injection rate is 1 mL/min. Moreover,
99.46% of the volume of DGP was trapped in porous media before
injection, whichwas higher than 97.36% at 5mL/min. Therefore, the
Frrw of the front half of the sandpack is higher under a low DGP
injection rate (Fig. 6).

The relation between the particle diameter dd1, concentration
cd1, and the migration distance x of DGP and the particle diameter
dd0 before injection can be expressed by the exponential function
Fig. 5. Pressure change at each point of the sandpack under different injection rates.
(a) Q ¼ 1 mL/min; (b) Q ¼ 3 mL/min; (c) Q ¼ 5 mL/min.



Table 2
Pressure difference during Frrw testing after DGP injection at different injection rates.

Exp. No. Injection rate, mL/min Stable pressure, MPa

Part 1 Part 2 Part 3 Part 4

1 1 104.21 15.21 14.66 13.93
2 3 93.07 30.97 25.07 13.77
3 5 97.47 53.41 23.01 13.53

Table 3
Pressure difference during Frrw testing after DGP injection in different diameter
ratios of DGP to throat.

Exp. No. Diameter ratio of DGP to throat Stable pressure, MPa

Part 1 Part 2 Part 3 Part 4

4 3.10 101.72 22.70 15.48 13.08
2 2.57 93.07 30.97 25.07 13.77
5 1.79 82.76 30.49 14.56 13.35
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shown in Eq. (4). Similarly, the concentration cd and migration
distance x of DGP, as well as the initial concentration cd0 of the DGP
suspension before injection, exhibit an exponential function rela-
tion as shown in Eq. (5):

dd1 ¼dd0e
ax; (4)
Fig. 6. (a) Effect of the injection rate of DGP suspension on Frrw; (

Fig. 7. Pressure change at each part of the sandpack under the influence of d
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cd1 ¼ cd0e
bx; (5)

where dd0 represents the particle diameter of DGPs before injec-
tion; cd represents the concentration of the DGP suspension in the
porous media; cd0 represents the concentration of the DGP sus-
pension before injection; a and b are constant related to the in-
jection rate.
b) Frrw of each segment of the sandpack along the flow path.

ifferent diameter ratios of DGP to the throat. (a) R ¼ 3.10; (b) R ¼ 1.79.



Fig. 8. (a) Effect of diameter ratio of DGP suspension to throat on Frrw; (b) Frrw of each segment of the sandpack along the flow path.

Fig. 9. Effect of injection rate of DGP on particle size (a) and concentration (b) along the flow path.
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Table 4 shows the fitted relations between the particle size of
DGP and the migration distance, as well as the suspension con-
centration of DGP and the migration distance at different injection
rates. The fitting degree (R2) can reach more than 0.98, indicating
that the fitting effect is good, and the fitting function can reflect the
change of particle size and concentration of DGP in the sandpack.
As shown in Fig. 11, the coefficients a and b in the function vary
linearly with the increase in injection rate.

The relation between DGP particle size and injection rate, par-
ticle size before injection, and transport distance can be obtained
by substituting the relationship between a and injection rate into
Eq. (4):

dd1 ¼dd0e
ð�1:4173Q�1:4919Þx: (6)

Similarly, the relation between DGP suspension concentration
and injection rate, particle size before injection, and transport
distance can be obtained by substituting the relationship between a
969
and injection rate into Eq. (5):

cd1 ¼ cd0e
ð0:3685Q�5:0685Þx: (7)
3.2.2. Effect of the diameter ratio of DGP to throat on transportation
Experimental results (Fig. 12) show that when the diameter

ratio of DGP to throat is large, more particles experience breakage
under higher injection pressures, resulting in smaller ratios of
broken particle size to particle size before injection, thus leading to
the fastest reduction in particle size. The intersection of the particle
size distribution curve at each position and before injection is less
than the other diameter ratio of DGP to throat compared with
smaller ratio of particle size to pore throat. The larger the diameter
ratio of DGP to throat is, the more obvious the main peak of the
particle size distribution curve along the transport direction is
(Fig. 13). However, many particles still cannot enter the porous
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media under the existing injection pressure. They can only be
retained and blocked in the front end, causing a rapid decrease in
concentration at the front end when the diameter ratio of DGP to
throat is 3.10. And the concentration decreases to 21.97% before
injection when DGP transport to 1/4 of the sandpack. It can explain
why the Frrw decreases rapidly when the diameter ratio of DGP to
throat is large. When the diameter ratio of DGP to throat is small
due to the smaller number of large particles in the DGP system, the
injection pressure rises more slowly, and deformation and breakage
begin slowly with increasing pressure. Therefore, the breakage
behavior of DGP is less, andmainly, the small particles in the system
pass through directly when the diameter ratio of DGP to throat is
1.79, which makes the particle size decrease the slowest. And the
particle size is reduced to 18.34% when DGP transported to half of
the sandpack, which is much higher than the 7%when the diameter
ratio of DGP to throat is 3.10. Some small particles are in the DGP
system before injection flows out from the sandpack. So, the par-
ticle size distribution curve of the outlet-produced liquid still in-
tersects with the particle size distribution curve before injection
(Fig. 13(a)).

However, in DGP systems with smaller particle sizes, more
particles flow out at the outlet, resulting in minor total retention.
Therefore, when the diameter ratio of DGP to throat is 1.79, the total
retention of DGP in porous media is the smallest. And 90.02% of the
volume of DGP before injection is blocked in the sandpack. So,
under the diameter ratio of DGP to throat of 1.79, the Frrw is the
smallest, especially in the middle and rear of the sandpack (Fig. 8).
Like the relation between particle size, concentration, and trans-
port distance under different injection rates, the relation between
the diameter ratio of DGP to throat also shows an exponential
relation:

dd2 ¼dd0e
cx; (8)

cd2 ¼ cd0e
dx: (9)

The relations between particle size and transport distance and
particle suspension concentration and transport distance were
obtained through fitting at different diameter ratios of DGP to
throat, as shown in Table 5. The fitting results were satisfactory; all
coefficients showed linear relations with the diameter ratio of DGP
to throat (Fig. 14).

By substituting coefficients e and f with the diameter ratio of
DGP to throat into Eqs. (8) and (9), respectively, the relationships
between particle size and the diameter ratio of DGP to throat,
particle size before injection, and transport distance were obtained

dd2 ¼dd0e
ð�4:3867Rþ4:8479Þx: (10)

Similarly, the relationships between DGP suspension concen-
tration and the diameter ratio of DGP to throat, particle size before
injection, and transport distance were obtained

cd2 ¼ cd0e
ð�3:0753Rþ3:6885Þx: (11)

Eqs. (6), (7), (10) and (11) are of great significance for deter-
mining the particle size attenuation of deformable particles and for
the breakage dynamics model in numerical simulation.

4. Conclusions

This study used a sandpack with multi-point to investigate the
Fig. 10. Effect of diameter ratio of DGP to throat on particle size distribution along the
flow path (x is the dimensionless migration distance). (a) Q ¼ 1 mL/min; (b) Q ¼ 3 mL/
min; (c) Q ¼ 5 mL/min.



Table 4
Fitting equations for particle size and concentration at different injection rates as a function of the injection rate and the transport distance.

Dependent variable Injection rate, mL/min a b Fitting equation R2

Particle size 1 �3.014 dd1 ¼ dd0e�3:014x 0.9835
3 �5.534 dd1 ¼ dd0e�5:534x 0.9990
5 �8.683 dd1 ¼ dd0e�8:683x 0.9995

Concentration 1 �3.212 cd1 ¼ cd0e�3:212x 0.9943
3 �3.991 cd1 ¼ cd0e�3:991x 0.9948
5 �4.686 cd1 ¼ cd0e�4:686x 0.9908

Fig. 11. The relationship between coefficients a, b and injection rate.
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plugging and transportation behavior of DGPs in the deep parts of
the reservoirs. The Frrw, concentration, and particle size changes
along the flow path were obtained, leading to the following
Fig. 12. Effect of diameter ratio of DGP to throat on partic
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conclusions.

(1) Breakage is one of the main transport behavior of DGP in
porous media. The particle size can be reduced to 0.7% of the
particle size before injection when the DGP transport to half
the length of porousmedia because of DGP breaking. And the
breakage leads to the exponential decrease of the residual
resistance coefficient (Frrw) along the flow way.

(2) The higher the injection rate, the more intense the breakage
in the front of the porous media and the lower the concen-
tration of particles retained in the pores, resulting in poorer
plugging effects in the deep parts. The larger the diameter
ratio of DGP to throat, the higher the breakage degree of DGP
is, and the easier it is to remain in the front of the porous
media.

(3) Optimal plugging efficacy is attained when DGP is injected
with a particle size commensurate with the pore size. The
deep plugging effect is the best when the diameter ratio of
DGP to throat is 1.79. Breakage of DGP is mitigated by low-
rate injection. Consequently, DGP should be injected at a
low rate as much as possible.

(4) The concentration change along the flow path is an expo-
nential function of the transport distance, initial concentra-
tion, and injection parameters (injection rate and the
diameter ratio of DGP to throat). In contrast, the particle size
change along the flow path is an exponential function of the
transport distance, particle size before injection, and injec-
tion parameters. The model of particle size and concentra-
tion change along the flow path can be used to optimize the
le size (a) and concentration (b) along the flow path.



Fig. 13. Effect of diameter ratio of DGP to throat on particle size distribution along the flow path. (a) R ¼ 1.79; (b) R ¼ 3.10.

Table 5
Fitting equations for particle size and concentration at different diameter ratios of DGP to throat as a function of the diameter ratio of DGP to throat and the transport distance.

Dependent variable Diameter ratio of DGP to throat c d Fitting equation R2

Particle size 1.79 �3.392 dd2 ¼ dd0e�3:392x 0.9937
2.57 �5.534 dd2 ¼ dd0e�5:534x 0.9989
3.10 �9.453 dd2 ¼ dd0e�9:453x 0.9999

Concentration 1.79 �1.946 cd2 ¼ cd0e�1:946x 0.97084
2.57 �3.991 cd2 ¼ cd0e�3:9991x 0.99477
3.10 �6.062 cd2 ¼ cd0e�6:062x 0.99874

Fig. 14. The relationship between coefficients c, d and the diameter ratio of DGP to
throat.
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injection concentration and particle size, achieving the goal
of deep reservoir plugging.
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