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The reinjection of treated oilfield water into formations stands as one of
the commonly employed methods in oilfield water injection development.
However, certain treated waters contain a substantial number of suspended oil
droplets, which can lead to the blockage of flow paths and pore channels. At
present, there is a deficiency in experimental verification results regarding the
reinjection of oily wastewater, and a lack of a reasonable explanation for the
micro-mechanism underlying oil droplet migration. Consequently, in order to
elucidate the distribution characteristics of oil droplets and the microscopic
mechanism of oil droplet migration during the process of oilfield treatment
water reinjection, a simulated oil and microfluidic chip were fabricated to
conduct relevant experiments. The experimental results reveal that the particle
size of oil droplets is the most crucial control indicator affecting reservoir
blockage, with a porosity damage rate of 21.9% and a permeability damage
rate of 20.9%. The results further indicate that large oil droplets directly block
the pores, while small oil droplets blocking the pores exhibit two regional
characteristics: saturated blockage and unsaturated blockage. Additionally, the
numerical simulation results are in agreement with the experimental findings.
This study offers a framework for the implementation of wastewater reinjection
in oilfield operations.

KEYWORDS

reinjected wastewater, formation damage, microfluidic chip, microscopic blockage,
fluid flow behavior

1 Introduction

Subsurface energy extraction, particularly petroleum extraction, stands as one of
the principal sources of energy supply on a global scale (Bai et al., 2024; He et al,
2025; Li et al, 2023; Liu et al.,, 2022b; Zhang et al., 2024). During the oil extraction
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process, which is a complex and multi-faceted operation, as the
oilfield gradually enters the mid to late stage of development, various
challenges begin to emerge (Huangetal.,, 2025; Lietal., 2025; Liet al.,
2024). One of the significant issues that arise is the generation of a
large amount of oily wastewater. This oily wastewater is a by-product
of the extraction activities that take place within the oilfield. As
the extraction progresses and the oil reserves start to deplete, the
production and handling of this wastewater become increasingly
prominent. The volume of oily wastewater continues to accumulate,
posing a considerable challenge to the efficient management
and sustainable development of the oilfield. In order to protect
the environment, save water resources, and achieve sustainable
development of oil fields, sewage reinjected technology is widely
used in oil field development (English et al., 2016; Pang et al., 2023).
Although injecting wastewater into the reservoir can indeed supply
the necessary formation energy and subsequently enhance the oil
recovery process, it is crucial to acknowledge that this practice can
also cause substantial harm to the reservoir itself (Chakraborty et al.,
2020; Li et al., 2016). The introduction of wastewater, which often
contains various contaminants and high levels of salinity, can lead
to a plethora of issues such as the reduction of permeability,
alteration of rock properties, and potential damage to the reservoir’s
natural fractures (Al Hadabi et al., 2016; Karami et al., 2023a;
Zhu D. et al., 2024; Zhu J. Y. et al., 2024). These adverse effects not
only pose challenges to the efficient extraction of oil but can also have
significant environmental implications if not managed properly.

As the main storage site for petroleum resources, oil reservoirs
play a crucial role in the entire petroleum extraction process.
They possess complex geological conditions. The strata where
they are located may vary significantly in lithology, porosity, and
permeability, which are all factors that influence the storage and
movement of oil (Oseguera and Aguilera, 2024; Qin et al., 2025;
Qu et al., 2021; Youssif et al., 2024). Moreover, they have unique
structures. Different geological forces during their formation have
led to diverse reservoir shapes, such as anticlines, fault blocks, and
lens-shaped bodies, each with its own characteristics affecting oil
accumulation and production. Furthermore, oil reservoirs are highly
sensitive to the injection water quality. The chemical composition,
suspended solids content, and microbial activity of the injected
water can have a substantial impact on the reservoir’s performance
(Marchand et al., 2002; Sun et al., 2019). In order to ensure the
continuous development of oil reservoirs, extremely high injection
water quality was required (Karami et al., 2023b; Nasybullin et al.,
2024; Parekh et al., 2024). However, some conventionally treated
reinjection wastewater still contain suspended solids, dissolved
salts, organic matter, heavy metals, and other components, which
may trigger a series of physical, chemical, and biological reactions
when in contact with reservoir rocks. These reactions may lead
to a decrease in permeability and porosity of reservoir rocks, and
even cause damage to the reservoir structure (Ma et al., 2024;
Wilkinson et al., 2006). In addition, parameters such as temperature,
pressure, and flow rate of reinjection wastewater may also have
adverse effects on the reservoir, exacerbating reservoir damage
(Fu et al,, 2021; Liu et al.,, 2022a; Liu et al,, 2021). Among these
impurities, small oil droplets in sewage are an undeniable factor.
Due to the difference in viscosity between oil and water, oil droplets
may accumulate continuously, leading to blockage of the flow
channel and affecting the recovery rate. Therefore, it is an important
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scientific issue to clarify the impact of oil droplets in sewage on the
seepage channel.

Domestic and foreign scholars have conducted extensive and
in-depth research on the damage of reinjected wastewater to oil
reservoirs at present (Dutton et al, 2016). They have analyzed
the damage mechanism from different perspectives, explored the
influencing factors, proposed corresponding prevention and control
measures (Liu et al., 2024; Pang et al., 2023; Tang et al., 2021).
However, the situation is rather complex. Due to the remarkable
diversity and intricate complexity of reservoir conditions, which
can vary significantly from one geological formation to another,
encompassing differences in porosity, permeability, and the presence
of various minerals and impurities. Moreover, there are also
notable differences in the composition of reinjected wastewater
(Karuppasamy et al., 2024; Martwong et al., 2024; Mathew et al,,
2024). This wastewater can contain a wide range of substances
such as salts, organic compounds, and suspended particles, with
their concentrations and types fluctuating depending on multiple
factors (Hussain et al., 2025; Shah et al., 2024; Wu et al., 2025).
As a result, there are still numerous controversies and many
unsolved mysteries regarding the micro damage of reinjected
wastewater to the reservoir. In particular, the micro blockage
mechanism of oil droplets remains a subject of intense debate
and investigation. Understanding this mechanism is crucial for
optimizing oil production processes and ensuring the long-term
efficiency and sustainability of reservoir operations.

In order to comprehensively and accurately clarify the blockage
mechanism of oil-bearing wastewater to the reservoir, this work
carried out a series of in-depth investigations. Specifically, real
reinjected wastewater samples were carefully collected from
different blocks of XX oilfield. The oil droplet concentration,
particle size, and viscosity of these samples were meticulously
measured using advanced and precise experimental techniques
and equipment. Based on the obtained and highly reliable data,
simulated oil was meticulously manufactured, taking into account
various factors such as the specific composition and physical
properties of the real wastewater. This simulated oil was then used
to conduct a series of relevant experiments. In these experiments,
self-developed large-sized microfluidic chips played a crucial role.
These chips, with their unique design and functionality, provided a
favorable environment for observing the behavior of oil droplets
under controlled conditions. During the injection process, the
microscopic migration behavior of oil droplets was carefully
observed and statistically analyzed. To achieve this, a combination
of mechanical analysis methods was employed. These methods
allowed for a detailed understanding of the forces acting on the
oil droplets and their movement patterns. Hopefully, this work
holds significant value as it can provide comprehensive theoretical
guidance for oilfield reinjection wastewater work.

2 Methodology

2.1 Detection of oil droplet concentration,
size and viscosity in reinjected wastewater

The real reinjection wastewater of X1, X2 and X3 well studied
in this research is collected from different block of XX oilfield.
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The Perkin Elmer LS55 spectrophotometer was used in this
experiment to detect the oil droplet concentration. The wavelength
accuracy of the instrument is +1 nm, wavelength repeatability
is +0.5 nm, bandwidth: excitation slit 2.5-15 nm, emission slit
2.5-20 nm, scanning speed is 10-1,500 nm/min, and the adjustment
step is 1 nm.

The oil droplet size tests were finished by using a microfluidic
chip and a high-resolution camera, and the method is direct
observation. The main procedure contains: (1) Inject the wastewater
sample into the microfluidic chip using a pressure pump until the
solution fills the pore channels; (2) Use a high-resolution camera to
capture the microfluidic chip, and extract oil droplet information
to obtain the scale distribution of the oil droplet area by using
image segmentation technology; (3) Combine with the depth of
the microfluidic chip channel to calculate the size distribution of
oil droplets.

This experiment utilized an NDJ-5S digital viscometer to
measure the viscosity. The range of this instrument is 1-200 mPa
s, and the No. 1 rotor used is a dedicated oil phase rotor. If the
percentage displayed on the viscometer is less than 10%, which
indicates that the viscosity of the measured object is not within the
measurement range of the rotor. Then, re-measure the viscosity until
the percentage displayed on the viscometer is between 10% and 90%.

2.2 Microfluidic chip design

In order to clarify the damage degree and micro-mechanism
of reinjection wastewater to oil layers, a microfluidic chip with a
droplet generator was designed (Figure 1), which size is 15 x 15 cm
and shooting interval is 1 s. It is worth noting that the chip possess
the similar porosity and permeability as the XX oilfield. By using
a self-designed oil droplet generator and controlling the flow rate,
a simulated oil wastewater that meets the actual conditions of the
reservoir is obtained. This device controls the concentration and
size of oil droplets by controlling the relative velocity of the water
and oil phases. Using image analysis methods, the micro oil water
distribution characteristics are statistically analyzed.

2.3 Sewage reinjected experiments

Based on the concentration, particle size, and viscosity
information of X1, X2, and X3 well extraction water samples,
the simulate wastewater, using mineral oil, aviation kerosene,
and anhydrous kerosene, was manufactured to conduct sewage
reinjected experiments. In order to clarify the degree of influence of
oil droplets on reservoir physical properties and provide guidance
for actual on-site wastewater reinjection work, relevant experiments
were also conducted with different particle size, viscosity, and
concentration of oil droplets in reinjection wastewater. For the oil
droplets size, set initial injection speed to 2 uL/min, oil droplets
concentration of 300 mg/L and viscosity of 25 mPa s, a series
experiment with oil droplets size from 10um to 50 um was
studied; For oil droplets concentration, set initial injection speed
of 2 uL/min, oil particle size of 30 pm and oil viscosity of 25 mPass, a
series experiment with oil droplets concentration from 100 mg/L to
500 mg/L was studied; For oil droplets viscosity, set initial injection
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speed to 2 pL/min, oil particle size to 30 um, and oil droplets
concentration to 300 mg/L. a series experiment with oil droplets
viscosity from 5 mPa s to 30 mPa s was also studied.

2.4 Fundamentals of numerical simulation
for oily wastewater reinjection

In order to simultaneously consider the fluid flow process inside
the fracture and matrix, this project plans to use the DBS (Darcy
Brinkman Stokes Equation) framework to describe the flow inside
the fracture and the seepage inside the matrix (Lu et al.,, 2023;
Martys et al., 1994; Soulaine and Tchelepi, 2016; Xie et al., 2008;
Zhang et al., 2025). Note that the DBS framework was selected
because it models coupled free flow in fractures and Darcy flow in
porous media. The mass conservation equation of a fluid can be
expressed as Equation 1:

op P ¢

V- =0 1

a (p Y ) =

where ¢ is the porosity, calculated using the following Equation 2:
b=Vl V (2)

where V-total volume/m?>; Vf—volume of fluid/m?; Uf—the apparent
velocity of fluids/m-s; p ¢-density of fluids/ kg-m™; t-time/s

¢; = 1 represent the free fluid region, 0< ¢, <1 represent the
porous zone. The momentum conservation equation for fluids is
given by the Darcy Brinkman Stokes Equations 3, 4:

S, = yf<VUf+ (VUf)T)

where §f-viscous stress  tensor; /,tf-ﬂuid viscosity/kgs-m;
k-absolute

ot

Py

¢y
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)

p-pressure/Pa; acceleration/m-s%;
permeability/mD; k-original permeability/mD.

The following equation is used for tracking oil droplets, and

g-gravitational

the relevant parameters are determined using physical simulation
experimental results as Equation 5:
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where C,-oil droplet concentration/%; D-oil droplet dispersion
coefficient. On the right side of the equation is the variation of
oil saturation in pores over time, which can be described by the

SG
o, I—S C,

oe
where S, -current oil retention/%; S,,-maximum oil retention; a,-

following Equation 6:
S,

T (6)

detention speed.

3 Results and discussion
3.1 Oil droplet properties

For the reinjection wastewater of X1, X2, and X3 wells,
the oil droplet concentration is 324.68 mg/L, 463.82 mg/L, and
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Droplet

Generator

FIGURE 1
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The microfluidic chip with generator used in this experiment (The left is illustration model, and the right is real product).

241.19 mg/L, respectively (Figure 2a), and the oil droplet size is
mainly distributed between 13-46 um, 13-45 um, and 11-39 pm,
the average size is 22.3 um, 24.5 pm, and 18.3 um, respectively
(Figure 2b), generally concentrated between 10-25um. The
viscosity of the oil phase is 20.13 mPa s, 22.87 mPa s, and 25.87 mPa
s, respectively (Figure 2c). The detailed experimental results
clearly show that the X2 sample exhibits the highest oil droplet
concentration and average radius among all the samples analyzed
in this study. Specifically, the data reveals that the X2 sample has a
significantly larger number of oil droplets per unit volume and these
droplets possess a relatively greater average size in terms of radius,
compared to the samples obtained from the other wells. This strong
indication leads to the conclusion that the reinjection wastewater of
X2 well is, without a doubt, more polluted than that of the other wells
involved in this comprehensive study. Such a finding emphasizes the
need for more stringent treatment measures and closer monitoring
of the X2 well’s wastewater to ensure environmental safety and
regulatory compliance.

3.2 The influence of oil droplet properties
on reservoir properties

According to the comprehensive basic data of numerous
real samples collected from diverse sources, a series of different
simulated wastewaters was meticulously manufactured. These real
samples covered a wide range of industries and environmental
conditions, ensuring the representativeness of the data. By
leveraging this detailed information, the simulated wastewaters
were carefully designed to mimic various potential pollutants and
contamination levels. The primary objective of this process was
to conduct an in-depth study on the damage degree that these
wastewaters could potentially cause to the microfluidic chips.
This research is of great significance as it can provide valuable
insights into the durability and performance of microfluidic
chips in real-world scenarios, helping to improve their design
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and application. As the oil droplet concentration increase from
100 mg/L to 500 mg/L, the porosity decrease from 17.20% to
16.03%, the ratio of permeability and initial permeability (K/K)
decrease from 0.159 to 0.143 (Figure 3a). Keeping the oil droplet
concentration and viscosity unchanged, the porosity decrease
from 19.86% to 15.50%, and the K/K, decrease from 0.181 to
0.143 (Figure 3b), when the oil droplet average size increase from
10 um to 50 pm. Besides, with the oil droplet concentration and
average size unchanged, the porosity decrease from 27.12% to
25.57%, and the K/K, decrease from 0.978 to 0.872 (Figure 3c),
when the oil droplet viscosity increase from 5 mPa s to 50 mPa s.
As the oil droplet size increases, both porosity and permeability
show a dliff like decline with porosity decreased nearly 21.9%
and permeability decreased nearly 20.9% (that is, 20.9% original
permeability was failed) (Figure 3b). The experimental results
clearly indicate that among various factors, the size of oil droplets
is the most important indicator significantly affecting the degree
of reservoir blockage. When compared with the other two aspects,
namely, the concentration and viscosity of oil droplets, the impact
of droplet size becomes particularly prominent. Regarding the effect
of concentration, when the concentration of oil droplets changes, it
leads to a certain degree of decrease in porosity and permeability.
Specifically, the porosity decreased by 6.8% and the permeability
decreased by 9.9%. As for the viscosity, its change also has an impact
on the reservoir properties. In this case, the porosity decreased by
5.7% and the permeability decreased by 9.3%. However, all these
effects are less significant compared to the influence exerted by the
size of oil droplets.

3.3 The spatial distribution state of oil
droplet blockage

The oily wastewater position of different injection status have
also been researched (Figure 4). As the low oil concentration in
wastewater and high dynamic water conditions at the beginning
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of injection, the oil in wastewater was generally carried to the
end of wellhead, little was left in the pores (Figure 4b). However,
with the injection continued, more and more oil left in the pores,
resulting pore blockage (Figure 4c). The experimental results clearly
indicate that during the process of expanding outward from the
wellhead, an increasingly larger number of pores are gradually
blocked by oil - occurs mainly because of the strong dynamic
effect in the vicinity of the wellhead. As the oil starts its outward
expansion, it exerts a significant pressure and flow impact near
the wellhead area. This strong dynamic force not only causes the
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oil to spread more rapidly but also leads to the gradual plugging
of a growing quantity of pores. The reason for this is that the
dynamic effect near the wellhead is so intense that it disrupts the
normal flow and distribution of fluids within the pores, making
it more difficult for them to remain unblocked. As a result, more
and more pores become obstructed by the flowing oil, which has
a considerable impact on the overall performance and behavior of
the system.

The distribution of oil droplets in the pores and the distribution
of blockage positions can be further divided into large oil droplets
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FIGURE 4

is lower right to top left.

The distribution map of oil in microchips, picture (a—c) represent different injection time, respectively are 0 s, 300 s, and 600 s. The injection direction

and small oil droplets, with some differences between the two.
Figure 5 shows the characteristics of oil droplets blocking pore
channels. From a microscopic perspective, large oil droplets are
directly trapped by the surrounding throats, remained in the pores
and kept static over time. However, the seepage characteristics of
small oil droplets are different from those of large oil droplets.
As shown in Figures 5¢,d, small oil droplets move into the pores,
continuously coalesce in the pores, eventually form blockages
at the throat junction. The experimental results clearly indicate
the following two distinct characteristics of small oil droplets.
Firstly, local aggregation of small oil droplets occurs under certain
conditions. As these small oil droplets gradually come together, they
will form relatively large oil droplets. With the continuous growth
and accumulation of these large oil droplets, they will eventually
block the pores. This blockage can have a significant impact on the
flow and distribution of fluids within the porous medium. Secondly,
the continuous aggregation of small oil droplets does not stop at
just forming large oil droplets. Instead, they further accumulate and
form large oil blocks. These large oil blocks, when present at the pore
throat, will cause a capillary effect. This capillary effect can lead to a
decrease in the permeability of the porous medium and ultimately
result in droplet blockage, which can severely restrict the flow of
fluids through the pores.

3.4 Microscopic aggregation state of small
oil droplets

The above research has shown that large oil droplets can
directly block pores, while small oil droplets accumulate to
form large oil droplets that block pores. In order to clarify the
characteristics of small oil droplet accumulation and blockage
mechanism, a separate experiment on small oil droplet of wastewater
was conducted. The result is shown in Figure 6 and the result
indicate that small oil droplets blocking the pore channel can
exhibit two regional characteristics: saturated blockage-regional
occupancy (Zone A in Figure 6) and unsaturated blockage-rarely
occupancy (Zone B in Figure 6). In a saturated blockage area,
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the process of oil droplet coalescence is a continuous one. Oil
droplets, under the influence of various factors such as local
pressure and flow conditions, continuously aggregate and merge
with one another. As this coalescence progresses, they gradually
form large blocks of oil. This formation has a significant impact on
the pore structure. Consequently, the throats within the medium
become occupied by water, while the pores are occupied by oil.
Eventually, a blockage retention zone is formed. The motion of the
saturated clogged boundary fluid exhibits a specific characteristic:
it is perpendicular to the oil-water interface direction. In this
region, there exists a well-defined clogging retention zone. Within
this zone, the moving fluid does not come into direct contact
with the oil-water interface. This lack of contact is due to the
presence of the large oil blocks that act as a barrier. Ultimately,
the channels within the saturated zone are completely blocked
by oil. Once the channels are blocked, the fluid present in this
area loses its mobility and does not participate in the overall
movement within the system. The distribution of oil and water
in the saturated retention area bears a resemblance to that of
large oil droplet blockage. In both cases, oil accumulates in certain
regions, creating a distinct pattern of distribution. To address this
blockage issue, the main approach lies in reducing the interfacial
tension. By decreasing the interfacial tension, the interaction
between oil and water can be modified, which may potentially lead
to the mobilization of the blocked fluid and a reduction in the
blockage effect.

However, in the unsaturated blockage area (Zone B in Figure 6),
a series of complex physical phenomena occur. Oil droplets possess
a certain affinity for the pore wall and tend to adsorb firmly on it.
Once adsorbed, they remain in a static state, almost as if they are
“anchored” to the pore surface. Meanwhile, as water moves through
the connected pores, it exerts a significant influence on the pore
characteristics. The water flow gradually erodes and displaces the
fine particles or residues within the pores, causing the effective
radius of the pores to decrease. This reduction in pore radius
leads to an increase in the resistance encountered by the fluid as
it passes through. The movement of fluids in this area is parallel
to the oil-water interface. The moving fluid, mainly water in this
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FIGURE 5
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(a) Spatial distribution map of large oil droplets and water. (b) Migration characteristics of large oil droplets in pores at 300 s. (c) Migration
characteristics of oil droplets in pores at 600 s. (d) Migration characteristics of oil droplets in pores at 900 s.

case, comes into direct contact with the oil. This contact is not a
simple physical encounter but involves various interactions, such
as molecular diffusion and surface tension effects. The situation is
further complicated by the comparison between the non-clogged
saturated region and the clogged saturated region. The non-clogged
saturated region has stronger dynamics compared to the clogged
saturated region. In the non-clogged region, the hydrodynamic
conditions are more favorable for fluid flow. Small droplets in
this region will be continuously carried downstream by water. The
continuous water flow acts as a driving force, pushing the small
droplets along. As this process persists, severe blockage gradually
forms away from the wellhead. Given the challenges posed by
these phenomena, the main way to remove blockages is through
emulsification. Emulsification can effectively break down the oil
droplets, reducing their size and altering their physical properties.
This, in turn, helps to improve the fluidity of the mixture and
alleviate the blockage problem.
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3.5 Analysis of micromechanical
mechanisms

As the movement mechanism of oil droplets in the blockage
retention area remains uncertain, further in-depth studies have been
carried out. These investigations have revealed that the blockage
retention zone is a distinct region characterized by fluid retention
between pores where fluid movement is present and oil blockage
positions are formed due to capillary blockage effects. Within this
zone, the movement of the fluid is either significantly slowed
down or completely stagnant, creating a complex environment
that impacts the overall behavior of the oil droplets. The findings
highlight the importance of understanding the dynamics of fluid
retention and movement in porous media, as they play a crucial
role in various applications such as enhanced oil recovery and
contaminant transport in subsurface environments (Figure 7a). Due
to the fluid in the blockage retention zone being in a stagnant
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FIGURE 6
The spatial distribution of small oil droplet blockage after water

flooding. The injection direction is lower right to top left. Blue: water;
Red: oil; Yellow: Test blockage water.

state, its movement is extremely limited. In such a situation, for the
unblocking agent to reach the oil-water interface and successfully
achieve the unblocking effect, it is essential that it can pass through
this particular area. As a result, a certain level of diffusion ability of
the chemical agent becomes a necessity. Besides, this area serves as
an important location where water type mismatch often leads to the
precipitation of substances such as CaCO3, which can subsequently
block pores. This blockage poses a significant challenge as it makes
it even more difficult for oil droplet macromolecular surfactants to
pass through. The presence of these precipitates not only narrows
the available pathways but also changes the physical and chemical
properties of the environment, further complicating the passage of
the surfactants. In this area, the requirements for fluid diffusion
are quite specific and need to be met. The diffusion process must
overcome the resistance caused by the stagnant fluid and the
precipitated substances. It requires a carefully balanced combination
of factors, including the chemical properties of the unblocking agent,
the physical characteristics of the blockage retention zone, and the
interaction between different chemical components in the system, to
ensure effective fluid diffusion and ultimately successful unblocking.

Figure 7b is a schematic diagram of the mechanical analysis of
the saturated retention region, where the mechanical characteristics
of the interface in Channel 1 can be represented as Equation 7:
8u, lu

= %)

Poet =Pa—P. =

The mechanical characteristics of the interface in channel 2 can
be expressed as Equation 8:
_ocos(8+P) ocos(0+p,) ocos(0+p;) ocos(0+p,)
T &® & | ® R

ae2

(8)
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The utilization conditions of oil in channel 2 can be expressed as
Equations 9, 10:

Paer > Paea (9)
Bt o cos(@+p) _,ocos(0+B,) ,ocos(0+P5) _,acos(6+p,)
e 8IR, 8IR, 8IR, 8IR,
(10)

Therefore, through comprehensive mechanical analysis, it is
clear that increasing the viscosity of the displacement fluid plays
a crucial role in reducing oil droplet blockage. A higher viscosity
helps to better carry and disperse the oil droplets, preventing them
from aggregating and causing blockages. Meanwhile, increasing
the displacement speed also has significant benefits. A faster
displacement speed can create stronger shearing forces, which
can break up potential aggregates of oil droplets more effectively
and maintain a more stable flow pattern, thus contributing to
the reduction of oil droplet blockage. Moreover, minimizing
the interfacial tension between oil and water phases offers
significant advantages. A reduced interfacial tension facilitates the
emulsification process, enhancing phase miscibility while mitigating
the risk of distinct interfacial boundaries where oil droplets
may coalesce and obstruct flow pathways. Collectively, these
mechanisms—including enhanced displacement fluid viscosity,
optimized displacement velocity, and reduced oil-water interfacial
tension—demonstrate substantial efficacy in preventing oil droplet
accumulation and subsequent flow blockage.

3.6 Oil droplet blockage based on
numerical calculation

Based on the comprehensive and detailed experimental results,
further numerical simulation calculations were meticulously carried
out. These calculations play a crucial role in deepening our
understanding of the complex physical processes involved. The
results vividly show that the retention of oil in the oil bearing
area exhibits a distinct pattern in relation to the distance from
the wellhead. Specifically, it is lower near the wellhead, as clearly
illustrated in Figure 8. This phenomenon can be ascribed to the
initially high energy and flow dynamics in the vicinity of the
wellhead, which preclude excessive oil accumulation. As we move
away from the wellhead, the situation changes significantly. The
accumulation of oil continues to increase steadily. This progressive
accumulation can be understood as a result of the decreasing flow
velocity and the changing pressure distribution in the reservoir.
Eventually, the oil accumulation crosses the oil front, at which point
the retention rapidly decreases. This rapid decline can be related to
the sudden change in the flow characteristics and the interaction
with the surrounding rock matrix. After continuous injection for
180 days, a detailed analysis of the spatial distribution of oil droplets
reveals that they are mainly concentrated near the well. There is
relatively little radial variation in their distribution. This spatial
localization is a result of the combined effects of fluid flow, reservoir
heterogeneity, and the interaction between the injected fluid and
the existing oil. The blockage of oil droplets, on the other hand,
is predominantly located at the far end of the reservoir. This is
mainly due to capillary blockage, which occurs when the small pores
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(a) The original characteristics of saturation retention (or large oil droplet blockage); (b) Mechanical analysis diagram.
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Blockage of oil droplets within (a) 30 days, (b) 60 days, and (c) 180 days.
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and throats in the reservoir are filled with oil droplets, impeding
further fluid flow. It is noteworthy that the velocity of the fluid
near the wellhead is relatively better, and the blockage is relatively
small. This favorable flow condition near the wellhead is beneficial
for the efficient injection and production processes. The simulation
results are in excellent agreement with the experimental phenomena,
providing strong validation for the accuracy and reliability of the
numerical simulation model. This consistency not only confirms the
validity of the simulation approach but also provides a solid basis for
further investigations and applications in the field of oil reservoir
engineering.

3.7 Implications for field practice

Herein, the obtained findings provide critical operational
guidance for wastewater reinjection management. Given the
dominant role of oil droplet size (particularly >30 um) in causing

Frontiers in Earth Science

21.9% porosity damage (viz., originally 21.9% porosity was
disappeared), field operations should prioritize installing real-
time droplet size monitors and centrifugal separators at reinjection
wellheads to eliminate large droplets. The identified dual blockage
mechanisms - direct pore blocking by large droplets and progressive
clogging through small droplet coalescence - demand differentiated
treatments: low-interfacial-tension surfactants near injection zones
to mobilize trapped oil, and emulsifiers in distal regions to prevent
throat blockage by migrating microdroplets. Numerical modeling
validated by microfluidic experiments further suggests maintaining
injection rates above 2 uL/min to suppress small droplet deposition
while avoiding viscosity mismatches that exacerbate retention.
Field-specific water quality thresholds should be established
based on reservoir pore-throat distributions, with stricter oil
concentration limits (<200 mg/L) for low-permeability formations.
Integrating the calibrated DBS model with production data enables
predictive maintenance planning to balance pretreatment costs
against long-term productivity losses.
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4 Conclusion

This  study elucidates the microscopic
mechanisms underlying formation damage induced by oil-bearing

systematically

wastewater reinjection through an integrated approach combining
microfluidic experimentation and numerical simulation, from
which the following key conclusions are derived:

The mean oil droplet concentration in the X1, X2, and X3
wastewater samples was quantified as 343.21 mg/L. The particle
size distribution exhibited a predominant range of 10-25 pm.
Furthermore, the measured average viscosity was determined to
be 23.93 mPa s. Based on these analytical results, the simulated
wastewater formulation was subsequently prepared.

The droplet size of oil significantly impairs pore permeability.
Larger oil droplets can directly occlude pores and flow channels.
Furthermore, when smaller oil droplets are introduced, they
coalesce with larger droplets, leading to substantial reservoir
blockage. Experimental results demonstrate that oil droplets with a
particle size of 50 um cause a porosity impairment rate of 21.9% and
a permeability damage rate of 20.6%. The influence of oil droplet
concentration is comparatively negligible, while the viscosity of oil
droplets exhibits minimal impact.

The expansion of large wellhead-originated oil droplets
progressively obstructs pore channels. Small oil droplets exhibit
distinct behaviors: the non-obstructed saturated zone shows higher
dynamic activity than oil-clogged regions, with hydrodynamic
transport prevailing in non-saturated areas, while saturated
zones experience complete pore occlusion. Effective mitigation
strategies include increasing displacing fluid viscosity, enhancing
displacement velocity, and reducing oil-water interfacial tension.

The numerical simulation results demonstrate that an increase
in oil concentration leads to a significant rise in both the blockage
radius and the degree of blockage. Oil droplet accumulation
primarily occurs at the distal end, whereas the fluid velocity
near the wellhead remains more favorable, exhibiting relatively
minor blockage.
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