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ABSTRACT: Produced water reinjection is a common strategy in offshore oilfield operations, yet the presence
of solid particles in produced water can lead to localized formation pressure buildup, increasing the risk of
rock fracturing and leakage. In this study, we present an integrated experimental and numerical investigation
to quantify the effects of particle migration on formation pressure and the spatial diffusion of injected water.
Dynamic plugging experiments were performed to systematically examine the influence of injection rate and
injection volume on core permeability. Results demonstrate that higher injection rates substantially reduce
permeability, and the derived relationship between permeability and injection volume enables dynamic
assessment of permeability evolution during reinjection. Complementary numerical simulations explored
the impacts of injection length, particle concentration, and injection rate on formation pressure and diffusion
behavior. Findings indicate that extending the injection section promotes pressure distribution and enlarges
the diffusion area, whereas elevated particle concentrations and injection rates accelerate formation plugging,
causing rapid pressure rise and constrained diffusion.

KEYWORDS: Particle migration; plugging damage mechanism; formation pressure; produced water
diffusion; numerical simulation

1 Introduction

New techniques, technologies, and prospective resources are constantly emerging in the realm
of energy exploration and production [1-3]. For example, during offshore oil exploration and
production, reinjection of produced water into the formation has become a relatively common
practice [4-6]. Produced water is reinjected back into the formation for two purposes. The first one
is that the reinjection of produced water can function as water flooding. It can not only prevent
the energy of formation from dropping too fast, but also maintain a high production rate [7,8].
Secondly, reinjection of produced water serves as an effective method for wastewater management
on offshore platforms [9]. By injecting produced water back into the formation, it reduces the volume
of wastewater that needs to be treated or disposed of at the surface. This not only minimizes the
environmental impact but also decreases the operational costs associated with wastewater treatment
and transportation. However, produced water typically contains a large amount of solid particles,
which can affect formation pressure and the effectiveness of reinjection [10]. Extensive research has
explored particle-induced reservoir damage at the core scale. However, the quantitative relationship
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between migrating solids and macroscopic reservoir pressure evolution under in-situ flow rates and
in-situ volume conditions remains poorly constrained. Specifically, the combined effects of injection
rate, particle concentration, and injection length on controlling the distribution of pore pressure
accumulation and the resulting reinjection water diffusion area have not been systematically
investigated. Filling this research gap is critical for predicting the risk of unanticipated fracturing
and optimizing long-term water injection management strategies for offshore assets. Despite these
challenges, reinjection of produced water into the subsurface has been widely recognized as a
critical strategy for minimizing pollution and aligning with important environmental goals [11-13].

Particle migration, which encompasses the processes of particle release, transport, and
plugging [14], significantly impacts reservoir flow capacity. This is primarily manifested in
pore-throat blockage and a reduction in permeability [15]. On one hand, particle deposition in pores
and throats reduces pore connectivity, leading to permeability decline [16,17]. On the other hand,
particle migration alters pore structure [18,19]. This is particularly evident in the near-wellbore
region, where continuous particle migration causes blockages. These blockages further impede
hydrocarbon flow. However, some studies have indicated that particle migration can sometimes
improve pore connectivity. Thereby, it can have a positive impact on permeability [20].

In recent years, scholars at home and abroad have conducted extensive research on the issue
of particle migration. Previous research has integrated experimental and numerical approaches.
These studies have delved into the microscale mechanisms of particle migration [21-23]. In
terms of experimentation, Moghadasi et al. [24] conducted a series of experiments. These studies
focused on particle migration and deposition in porous media during water injection. Their
findings indicated that the increase in flow resistance primarily stems from upstream blockage.
This blockage results from the accumulation of fine particles at the inlet of the porous medium.
Agbangla et al. [25] developed a polydimethylsiloxane (PDMS) device during their experiments to
directly observe dynamic plugging. Their research found that bridging occurs when the ratio of
particle diameter to pore-throat width exceeds 0.1. Furthermore, this ratio increase to above 0.6
leading to pore-throat blockage. Jung et al. [26] conducted experimental studies to directly observe
the migration of particles in porous media. Their research showed that fine particles within the
porous media migrate with the flowing fluid, causing pore bridging or blockage. Medhi et al. [27]
conducted an experiment to obtain the velocity and concentration distribution of particles. In
numerical simulations, particle migration is studied using computational fluid dynamics (CFD)
and the discrete element method (DEM) [28-30]. Elrahmani et al. [31] proposed a modeling
method based on coupled CFD-DEM. This method investigates the effects of flow velocity on
permeability reduction in porous media. It also examines the impact of fine particle size on this
reduction. Simulations indicate that permeability reduction is directly proportional to flow velocity.
Su et al. [32] used the ERIGID algorithm to study fluid-particle interactions. The ERIGID algorithm
combines Computational Fluid Dynamics (CFD) with the Discrete Element Method (DEM). It helps
explore how particles concentrate and block pores. The numerical results revealed two influences
on particle migration. One is direct contact between particles. The other involves non-contact
particles clogging nearby fluid flow pathways. Particle size significantly impacts macroscopic
particle migration. Compared to larger particles, smaller particles are more likely to move along
the main flow direction. Feng et al. [33] used a coupled CFD-DEM to study particle migration in
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porous media. They found that as particle concentration increases, particles gradually occupy pore
space and reduce the permeability of the porous media.

Although previous work has documented core-scale permeability loss caused by solids in
produced water, the field-scale linkage between migrating particles and the evolution of formation
pressure or reinjection sweep efficiency remains unquantified. In this study, we expand upon
prior research. We have utilized both experimental and simulation methods. Our focus is on the
effects of particle migration. Specifically, we focus on the effect of particle migration on (i) the
temporal evolution of near-wellbore permeability, (ii) the resulting build-up of formation pressure,
and (iii) the diffusion area of re-injected produced water. Initially, we conducted experiments to
obtain the relationship between permeability (K) and injection volume (PV). Subsequently, we
incorporated the K-PV relationship into a macroscopic model. This allowed us to explore how
injection length, particle concentration, and injection rate affect formation pressure and the diffusion
area of produced water. Finally, we analyzed the results to further elucidate the damage caused by
particle migration in the formation during produced water reinjection.

2 Dynamic Plugging Experiment
2.1 Experimental Setup

In this part, we used core experiments to analyze the effects of produced water injection on
permeability. The rock samples used in the experiment were sandstone, sourced directly from
the field, as shown in Fig. 1. For the characterization of produced water, we adopt GB/T14848-9
groundwater quality analysis standards to measure its properties, such as salinity, pH, density,
and viscosity. The produced water is of the CaCl, type, with a total salinity of 3.21% and a total
concentration of Ca?* and Mg?* ions of 973 mg/L. This classifies it as moderate saline water, as
detailed in Table 1. The pH of the produced water is 6.5, indicating a slightly acidic nature. Its
density is 1.0457 g/cm?, and its viscosity is 0.4 cP at 40°C. The produced water chemistry data were
obtained through experimental measurements to ensure accuracy under study-specific conditions.
A schematic diagram of the displacement device is shown in Fig. 2. It includes the core holder,
ISCO displacement pump, pressure gauge, hand pump, and beaker.

Figure 1: Sandstone sample.
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Table 1: Salinity of Produced Water.

TDSmg/L Na*mg/L Kmg/L Ca**mg/L Mg>*mg/l Cl mg/L HCO> mg/L SO4%> mg/L
32,131 10,605 895 737 233 18,258 731 672

Pressure Gauge

Beaken

ISCO Displacement '!' R —
o Formation O :|

Pump water  Pressure Gauge Hand-operated
Pump

Figure 2: Schematic diagram of the displacement device.

The target core samples were selected for pretreatment to ensure that their initial permeability
was consistent. The core was loaded into the core holder and different injection rates (e.g.,
0.1 mL/min, 1 mL/min, 2 mL/min) were set. Finally, the injection of produced water was initiated.
The clogging process under actual formation conditions is simulated through the control of the flow
rate and pressure of the produced water. During the injection process, pressures of inlet and outlet,
injection flow rate and other parameters are recorded in time. The experiment is stopped when
the core is completely blocked or the preset termination conditions are reached. With recorded
pressures and flow rate, the permeability under different injection rates can be obtained.

2.2 Experimental Results
2.2.1 Effect of Injection Rate on Core Permeability

The experimental results show that core permeability decreases nonlinearly with increasing
injection rate. For a constant injection volume, higher injection rates lead to more pronounced
dynamic plugging of the core. This, in turn, results in a greater rate of permeability decline. When
the injection rate is low (0.1 mL/min), low-rate injection limits permeability damage to <20%. On the
contrary, when the injection rate is higher (2 mL/min), the permeability damage rate exceeds 50%.
The experimental results are shown in Fig. 3. At low injection rates, fluid-carried particles migrate
more slowly, allowing more time for deposition within the pore space. Since particle deposition
predominantly occurs near the core entrance or in larger pore spaces, forming localized blockages.
These localized blockages have a relatively minor impact on overall permeability. However, the
ability of the fluid to carry particles is enhanced during high-rate injection. The particles are easier
to be carried deeper into the core. This is more likely to increase the area of clogging and produce
particle bridge clogging, resulting in a significant decrease in overall permeability.
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Figure 3: Variation of core permeability with different injection rates: (a) 0.1 mL/min; (b) 1 mL/min;
(c) 2 mL/min.
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2.2.2 Effect of Injection Volume on Core Permeability

Typical permeability range of sandstone reservoirs (0.1 mD-10 mD) generally falls within
the Darcy flow regime. At each flow rate, after the pressure stabilizes, the core permeability is
calculated under different injection volumes according to Darcy’s law. The experimental results
indicate that core permeability decreases to varying degrees with increasing injection volume.
The results are shown in Fig. 4. Core samples with high permeability (K > 1000 mD) exhibit an
initial permeability retention rate of nearly 100%. Even when the injection volume (PV) reaches
15, the retention rate is approximately 70%. For core samples with intermediate permeability
(600 mD < K < 1000 mD), the initial permeability retention rate decreases from 91% to 66%. For
core samples with low permeability (K < 600 mD), the initial permeability retention rate drops
from 91% to 62%. The observed trend indicates that high-permeability materials not only exhibit
higher initial retention rates but also demonstrate greater resistance to clogging as PV increases. In
contrast, low-permeability materials are more susceptible to pore blockage, resulting in a significant
decline in retention rates. The lower the initial permeability, the more pronounced the dynamic
plugging and the greater the permeability decline.
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Figure 4: Results of the core flooding experiment.

Analysis of the core flooding experiment reveals that long-term injection of produced water
significantly alters core permeability. The decrease in permeability can be attributed to the following
factors: Particles in the produced water cause blockages within the formation, which further
compress the pore space. Additionally, formation particles are dislodged. These particles cannot be
easily carried away by the water because the pore throats are narrow. This leads to blockages in the
pore throats. These blockages reduce the connectivity of the pore network, ultimately resulting in a
significant decrease in the overall permeability of the formation [16,17].

3 Numerical Simulation of Reinjection of Produced Water Considering Particle Migration

Incorporating the time-varying characteristics of reservoir properties into the mathematical model
allows the absolute permeability to dynamically adjust in response to the displacement flux [34]. This
implies that there is a functional relationship between the variables and the displacement flux. Therefore,
to account for the dynamic changes in reservoir properties during reinjection, this study integrates
Darcy’s law with the principle of mass conservation and incorporates source and sink terms while
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considering the influence of gravity. This approach enables the development of a time-varying
mathematical model that accurately represents the injection process and its impact on formation
pressure and produced water diffusion.

3.1 Mathematical Formulation

The mass conservation equation describes the variation of fluid mass over time as it flows
through porous media. In this study, the boundary condition for the mass conservation equation
is set as a constant pressure condition. The mass conservation equations for the produced water
phase (Eq. (1)) and the formation water phase (Eq. (2)) are expressed as follows:

P)
57 (PPwSw) + V- (puwte) = o (1)

d
5t (PParSur) + V- (Pufvay) = o @

where, ¢ is the porosity, expressed as a fraction. p,, and pyy are the densities of the produced water
phase and formation water phase, respectively, in kg/m?>. S, and S, are the saturations of the
produced water phase and formation water phase, respectively, expressed as fractions. v, and v,r
are the flow velocities of the produced water and formation water phases, respectively, in m/s. gy
and g, are the mass flow rates of the produced water and formation water phases, respectively,
per unit volume and time, in kg/s.

Based on Darcy’s law, the equations of motion for the produced water phase (Eq. (3)) and the
formation water phase (Eq. (4)) are derived:

k

O = _Vlva (3)
kwf
Owf = — \Y w (4)

where, v, and Uy are the flow velocities of the produced water and formation water phases,
respectively, in m/s. k;, and k,y are the permeabilities of the produced water and formation water
phases, respectively, in m2. u, and Hwr are the dynamic viscosities of the produced water and
formation water phases, respectively, in Pa-s. Vp, and Vp, are the pressure gradients of the
produced water and formation water phases, respectively, in Pa/m.

3.2 Implementation of Dynamic Permeability Induced by Particle Migration

The produced water has a high solid phase content, which significantly impacts core permeability.
The solid phase content is reported as total suspended solids (TSS, mg/L). This parameter
determines the volume fraction of inert particles that can bridge pore throats and reduce absolute
permeability. In the experiments TSS was 60 mg/L. At this level, the influence on bulk viscosity,
density and mobility of the water itself is negligible. Consequently, the only effect retained in
the model is solids—induced pore plugging, implemented through the K-PV correlation, while
fluid properties (u = 0.4 cP, p = 1.0457 g/cm?) remain unchanged. Based on the heterogeneous
characteristics of formation permeability, three schemes are implemented:
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Class I: K < 600 mD, y = 0.1187x* — 4.181x + 98.214(R* = 0.9783) (5)
Class II: 600 mD < K < 1000 mD, y = 0.1407x* — 4.4537x + 101.55(R* = 0.9762) (6)
Class III: K > 1000 mD,y = 0.1127x* — 3.6297x + 99.891(R* = 0.9053) 7)

where y represents the permeability retention rate, and x represents the injection volume. In this
study, the permeability retention rate (y) is used as a dimensionless measure to quantify how much
the original permeability is preserved after particle plugging. It is calculated as:

= (5) oo ®
K is the current permeability after a given injection volume (PV), Ky is the initial permeability
before injection.

This rate is not the same as the permeability change itself. Instead, it expresses the fraction of
permeability retained, allowing us to compare the degree of formation damage across cores with
different initial permeabilities. The y values were fitted as quadratic functions of PV (Egs. (5)—(7))
and then imported into the reservoir simulator to update grid-block permeabilities dynamically
during the 10-year reinjection simulations.

The Python pore clogging code is written based on Petrel’s intersect user edit interface. Then
import the Python pore clogging code into the model through the intersect interface in the Define
case. It can enable dynamic characterization of pore plugging during produced water reinjection.
By fitting the relationship between permeability and injected pore volume (PV) from produced
water reinjection experiments, the permeability changes in the formation were characterized into
three categories: high, medium, and low. Given that the injection rate in the formation significantly
exceeds the experimentally determined critical velocity, pore plugging has a pronounced impact on
the formation permeability.

4 Simulation Results

4.1 Simulation Setup

In this section, we constructed a model and conducted both solution and result analysis. The
model’s properties were parameterized as shown in Table 2. The property field of the model is
depicted in Fig. 5. The aquifer is a normal temperature and pressure system. The model predicts a
cumulative reinjection volume of 118 million cubic meters over 10 years.

All input parameters in Table 2 are field-measured averages taken from the open-hole logs,
core analyses, and PVT reports of the target reservoir. Previous laboratory experiments have
shown that the produced solid content is relatively high and significantly impacts permeability.
To account for this effect, the permeability was divided into three classes: Class I (K < 600 mD),
Class II (600 mD < K < 1000 mD), and Class III (K > 1000 mD). The relationships between
permeability impairment and injection rate were characterized by each class. As shown in Fig. 4. In
our simulation study, constant pressure boundary conditions (represented by the Fetkovich [22]
aquifer model) were used. This is essential for constructing a simplified but realistic infinite aquifer
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system model. This approach allows us to focus on internal reservoir dynamics without considering
the complexity (e.g., stratigraphic heterogeneity [35,36]) beyond external boundaries. Maintaining
a constant pressure at the boundaries, it provides a stable framework for analyzing the effects of
particle migration on formation pressure and produced water diffusion. The Fetkovich model is
particularly advantageous. It captures critical aspects of aquifer behavior. These include constant
pressure maintenance and omnidirectional water influx. The model offers a balance between realism
and simplicity. Compared with other boundary conditions (such as no flow or fixed flux), this
choice is reasonable. This is because it is consistent with the research objective, which is to establish
a stable model that can simulate an infinite aquifer environment. This condition is critical to the
simulation results because it determines the pressure distribution and fluid flow patterns within
the formation, reflecting the open system required for offshore oilfield operations. Its application is
of great significance in predicting the impact of changes in water injection processes (including
injection rate and particle concentration) on formation integrity and production efficiency.

Table 2: Physical property parameter settings.

Parameter Value
Permeability, mD 1085
Porosity 0.2575
Net-to-gross ratio 0.742
Injection fluid viscosity 0.5cP
Formation fluid viscosity 0.4 cP
Rock compression factor 0.000551 MPa~!
When the well injection rate 15,000 m3/d
Pressure coefficient 1
Fracture pressure coefficient 1.5
Reinjection layer depth 716-1160 m
Model size 9704 m x 4900 m x 438 m
Volume of water 9.9 x 101 m3
Compression factor 0.145 1/bar
Productivity index 9.9 x 108 m3/(d-bar)

Permeability[mD]

(a)

Figure 5: Cont.
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Figure 5: Model property field map: (a) Permeability field; (b) Porosity field; (c) NTG field.

To ensure that the simulation results are independent of grid resolution, a mesh-independence

study was conducted. We have rerun the base-case simulation (30,000 m3/d, 60 mg/L TSS, 2600 m
horizontal well) on three progressively finer meshes: Mesh-1 with 22,400 cells (Ax ~ 40 m, Az ~ 5m),
Mesh-2 with 89,600 cells (Ax =~ 20 m, Az = 2.5 m), and Mesh-3 with 358,400 cells (Ax =~ 10 m,
Az ~ 1.25 m). The table below lists the maximum pressure build up (APmax) and the 10-year
produced water diffusion area (A10) after 10 years. The percent change is computed relative to

Mesh-3 (Table 3).
Table 3: Mesh sensitivity analysis.

Mesh Cells APmax (MPa) Change vs. Mesh-3 A10 (km?) Change vs. Mesh-3
Mesh-1 22,400 6.21 +7.8% 9.12 —6.6%
Mesh-2 89,600 5.82 +1.1% 9.73 —0.3%
Mesh-3 358,400 5.76 - 9.76 -

A detailed comparison revealed that the simulation results converge as the grid is refined.

The differences between Mesh-2 and Mesh-3 are below 1.2% for all target variables, satisfying the
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mesh-independence criterion. Consequently, Mesh-2 (89,600 cells) was adopted for all production
runs, guaranteeing grid-independent results while keeping CPU time manageable.

4.2 The Impact of Particle Plugging on Formation Pressure

Due to the high solid content in produced water, severe pore plugging occurs near the injection
wells. This leads to a significant decrease in block permeability as injection time increases. A
simulation was conducted over a period of 10 years at the designed injection rate of 30,000 m3/day
without considering plugging. The results showed minimal changes in block pressure due to the
favorable porosity and permeability of the injection layer, as depicted in Fig. 6a. When particle
plugging was taken into account at the same injection rate over the same period, the simulation
indicated that abnormally high pressure conditions would develop near the injection wells, as
shown in Fig. 6b.

Pressure [bar]

HEE

t t
(a) (b)

Figure 6: Formation pressure distribution at the end of the 10th year: (a) Without plugging consideration;
(b) With plugging consideration.

4.3 The Impact of Injection Length on Formation Pressure

To investigate the impact of injection length, we designed horizontal well lengths at 750 m,
1300 m, and 2600 m for the simulation. An injection rate of 30,000 m*/day was applied for a period
of 10 years in each case. The results, which illustrate the effects of particle migration on injection
layer pressure, are presented in Figs. 7 and 8.

The model results show that as the injection length increases, the rise in formation pressure
is significantly mitigated. This is based on the changes in permeability and is illustrated in Fig. 7.
When the injection length is short, pressure concentrates in a smaller area, leading to a rapid
increase in local pressure. Conversely, as the injection lengthens, the pressure distribution area
expands, reducing the pressure increment per unit area. After 10 years of injection, the maximum
pressure increase in the formation is 5.6 MPa, 3.7 MPa, and 1.6 MPa for the three different injection
lengths, respectively. Therefore, a longer injection length more effectively disperses the energy
of the injected fluid. This reduces pressure accumulation per unit length and slows the overall
pressure rise in the formation.

As shown in Fig. 8, during the initial stage (0-2 years), the pressure increase in the 750-m
injection length is significantly faster than in the other two lengths. This is likely due to the limited
sweep area of the injected fluid in the formation. The shorter injection length causes localized
pressure buildup. Over time, the pressure in the 750-m length gradually stabilizes at approximately
14 MPa, remaining higher than in the other lengths. In contrast, the pressure increase in the 1300-m
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and 2600-m injection lengths is more gradual, with minimal difference between them. This suggests
that longer injection lengths enhance fluid distribution in the formation, thereby slowing the rate
of pressure increase. Over the 10-year period, the pressures in the 1300-m and 2600-m injection
lengths stabilized at approximately 12 MPa and 10 MPa, respectively. Shorter injection lengths
cause rapid pressure increases and higher-pressure values. In contrast, longer injection lengths
lead to more gradual pressure increases and lower stabilization pressures.

Pressure [bar]

(b) (c)

Figure 7: Formation pressure distribution at the end of the 10th year for different injection lengths: (a) L =
750 m; (b) L = 1300 m; (c) L = 2600 m.
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Figure 8: Maximum formation pressure for different injection lengths.
4.4 The Impact of Particle Concentration on Formation Pressure

To investigate the impact of different particle concentrations (2 mg/L, 5 mg/L, 10 mg/L,
30 mg/L, and 60 mg/L) on formation pressure, simulations were conducted at an injection rate of
30,000 m®/day. The results, which show the influence of varying particle concentrations on the
formation pressure, are presented in Figs. 9 and 10.
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As shown in Fig. 9, the formation pressure exhibits distinct characteristics with increasing
injected particle concentration. Specifically, as particle concentration increases, high-pressure zones
(indicated by yellow and red regions) become more pronounced. This suggests that formation
plugging is exacerbated, leading to more severe pressure accumulation. Increased particle deposition
within the formation reduces porosity and permeability. This, in turn, increases fluid flow resistance
and promotes plugging. Consequently, pressure accumulates near the plugged regions, forming
high-pressure areas. After 10 years of injection, the maximum pressure changes in the reservoir for
different suspended particle concentrations (2 mg/L, 5 mg/L, 10 mg/L, 30 mg/L, and 60 mg/L)
were 2.3 MPa, 4.2 MPa, 6.1 MPa, 8.9 MPa, and 15.4 MPa, respectively. These results indicate that the
quality of produced water significantly affects injection capacity and formation pressure.

I t I ¢ I t
@ ) ©
gssise:

R Pressure [bar]

(d) (e)

Figure 9: Formation pressure at the end of the 10th year for different particle concentrations: (a) 2 mg/L;
(b) 5mg/L; (c) 10 mg/L; (d) 30 mg/L; (e) 60 mg/L.

As shown in Fig. 10, the pressure around the injection well increases with the particle
concentration of the produced water (2 mg/L, 5 mg/L, 10 mg/L, 30 mg/L and 60 mg/L) to
2.63 MPa, 3.19 MPa, 4.25 MPa, 6.23 MPa, and 12.10 MPa, respectively. For lower concentrations
(2 mg/L to 10 mg/L), the pressure buildup at the wellbore is gradual, with relatively lower
pressure values over extended periods. At higher concentrations (30 mg/L and 60 mg/L), the
rate of pressure increase accelerates. This results in higher final pressure values compared to
lower concentrations. This phenomenon is likely related to the plugging effect in the formation.
At higher particle concentrations (30 mg/L and 60 mg/L), more particles are deposited in the
formation, reducing its permeability and increasing fluid flow resistance. This plugging effect
accumulates over time, leading to rapid increases in bottomhole pressure. Additionally, higher
particle concentrations may accelerate formation damage. When particle concentrations exceed 60
mg/L, the injection well is projected to reach the fracture pressure by Year 4.5. This poses a threat
to the long-term stability of the formation.
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Figure 10: Maximum formation pressure for different particle concentrations.
4.5 The Impact of Injection Rate on Formation Pressure

To investigate the impact of different injection rates on formation pressure, simulations were
conducted at low particle concentrations with injection rates of 30,000, 40,000, 50,000, 60,000, and
70,000 m®/day. The results, which show the changes in formation pressure, are presented in
Figs. 11 and 12.

The area of pressure distribution varies with different injection rates. As shown in Fig. 11, the
area of high-pressure zones (indicated by yellow and red) expands with increasing injection rates.
This suggests that higher injection rates lead to more extensive pressure increases in the formation.
After 10 years of injection, the maximum pressure changes in the formation are 2.3 MPa, 3.1 MPa,
3.9 MPa, 4.8 MPa, and 5.7 MPa, respectively. These results indicate a positive correlation between
injection rate and formation pressure increase. High injection rates may cause rapid increases in
pore pressure, which can affect formation stability.
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Figure 11: Formation pressure at the end of the 10th year for different injection rates: (a) 3 x 10* m3/d;
(b) 4 x 10* m3/d; (¢) 5 x 10* m3/d; (d) 6 x 10* m3/d; (e) 7 x 10* m3/d.




Fluid Dyn Mater Process. 2025;21(10) 2643

The simulation results show that during the initial injection period (0-2 years), the formation
rapidly adapts to the injected fluid, causing a swift increase in pressure. As the injection time
progresses, the rate of pressure increase gradually slows down. Eventually, the pressure stabilizes
under all injection rates, suggesting that the formation has reached a dynamic equilibrium. Higher
injection rates, such as 7 x 10* m3/day, lead to higher stable pressures more quickly due to rapid
pore pressure accumulation. Conversely, lower injection rates result in slower pressure increases
and lower stable pressures. For instance, when the particle concentration in produced water is
low, an injection rate of 30,000 m®/day over 10 years keeps the formation stable. However, if the
injection rate exceeds 70,000 m3/day, the injection well reaches the fracture pressure by Year 4, as
illustrated in Fig. 12.
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Figure 12: Maximum formation pressure for different injection rates.

The results show that as injection time increases, both the maximum and average formation
pressures rise. Higher particle concentrations and injection rates significantly increase pressure,
raising the risk of formation fracturing.

4.6 The Impact of Particle Plugging on the Diffusion Area of Produced Water

To investigate the influence of plugging effects on the diffusion area, a numerical simulation
was conducted over a period of 10 years with an injection rate of 3 x 10* m?/d. The simulation
results, as shown in Fig. 13, compare the diffusion areas of produced water at year 10 under
conditions without and with particle plugging considered. The findings reveal that without
plugging, the diffusion area is limited due to interference between wells, resulting in a total
diffusion area of 6.13 km? after 10 years. In contrast, when plugging is taken into account, the
diffusion area significantly increases due to reduced well interference, expanding to 6.4 km? by the
end of the decade.
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Figure 13: Produced water diffusion area at the end of the 10th year: (a) Without plugging consideration;
(b) With plugging consideration.

4.7 The Impact of Injection Length on the Diffusion Area of Produced Water

Similar to Section 4.2, the model was designed with injection lengths of 750 m, 1300 m, and
2600 m. This setup aims to investigate the impact of injection length on the diffusion area of
produced water. Injection was simulated at a rate of 3 x 10* m3/d for 10 years. The results are
shown in Figs. 14 and 15.

The analysis found that increasing injection length expanded the diffusion area. The diffusion
shape also becomes more dispersed, as shown in Fig. 14. The diffusion distances in the length
direction were 3455 m, 4135 m, and 7635 m, while those in the width direction decreased to 2024 m,
1548 m, and 1279 m, respectively. The diffusion areas of produced water were 6.99 km?, 6.4 km?,
and 9.76 km?, as illustrated in Fig. 15. For the 750-m injection length, the diffusion area was
relatively small and concentrated around the injection point. When the injection length increased
to 1300 m, the diffusion area of produced water increased slightly, and the diffusion area began
to disperse. Under the condition of a 2600-m injection length, the diffusion area significantly
increased and exhibited a more dispersed distribution within the model area. These results indicate
that injection length affects the diffusion area of produced water. Longer lengths facilitate more
extensive diffusion.
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Figure 14: Produced water diffusion area at the end of the 10th year for different injection lengths:
(@) L=750m; (b) L = 1300 m; (c) L = 2600 m.
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Figure 15: Diffusion area for different injection lengths.

4.8 The Impact of Particle Concentration on the Diffusion Area of Produced Water

Like Section 4.2, simulations were conducted at an injection rate of 30,000 m3/ day. These
explored the impact of different particle concentrations (2 mg/L, 5 mg/L, 10 mg/L, 30 mg/L, and
60 mg/L) on the diffusion area of produced water. The results are shown in Figs. 16 and 17.

As shown in Fig. 16, the diffusion area of produced water increases with higher particle
concentrations. At lower particle concentrations (e.g., 2 mg/L and 5 mg/L), the diffusion area
is smaller and more concentrated (indicated by blue regions). Conversely, higher concentrations
(e.g., 30 mg/L and 60 mg/L) result in larger diffusion areas. As shown in Fig. 17, after 10 years of
injection, the diffusion areas are 6.4 kmZ2, 6.58 kmZ2, 6.87 km?2, 7.25 km?2, and 7.85 km?, respectively.
The diffusion area increases in both length and width directions, though the impact of particle
concentration on diffusion area is relatively minor.

(c)

Water saturation

0.0010
0.0009
-0.0008

| 0.0005

-0.0004
-0.0003
0:0004

=L0:0000

(d) (e)

Figure 16: Produced water diffusion area at the end of the 10th year for different particle concentrations:
(a) 2mg/L; (b) 5mg/L; (c) 10 mg/L; (d) 30 mg/L; (e) 60 mg/L.
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Figure 17: Diffusion area for different particle concentrations.
4.9 The Impact of Injection Rate on the Diffusion Area of Produced Water

Like Section 4.2, the impact of different injection rates on the diffusion area of produced water
was investigated. The model was designed with a low particle concentration (2 mg/L) and injection
rates of 30,000, 40,000, 50,000, 60,000, and 70,000 m3/ day. The simulation results are shown in
Figs. 18 and 19.
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Figure 18: Produced water diffusion area at the end of the 10th year for different injection rates: (a) 3 x 10*
m3/d; (b) 4 x 10* m3/d; (¢) 5 x 10* m3/d; (d) 6 x 10* m3/d; (e) 7 x 10* m3/d.

Fig. 18. show that higher injection rates lead to larger overlapping diffusion areas of produced
water. Higher injection rates increase pressure and flow velocity. This enhances the diffusion
of produced water in the formation. Additionally, the increase in injection rate may affect the
permeability of the formation. As the injection rate rises, pores within the formation may become
further compacted. They may also undergo minor structural changes. This allows produced water
to flow more smoothly through the formation’s pores, thereby expanding its diffusion area. When
the injection rate exceeds 50,000 m®/day, this phenomenon becomes particularly evident. As shown
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in Fig. 19, after 10 years of injection, the diffusion areas are 6.4 km?, 7.26 km?, 8.31 km?, 9.21 km?,
and 9.85 km?, respectively. As shown in the figure, the diffusion area of produced water increases
significantly with increasing injection rate. The diffusion area expands in both length and width
directions. The injection rate has a substantial impact on the diffusion area.
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Figure 19: Diffusion area for different injection rates.

The novelty lies in deriving core-scale K-PV functions with real offshore produced water and
embedding them in the first field-scale simulations. That quantifies how injection length, particle
concentration and injection rate control 10-year pressure build-up and diffusion area. Operators can
therefore import the correlations to predict injectivity loss without extra lab work, adopt the defined
safe envelopes to avoid fracturing. Limitations are the single fixed solids concentration used here.
Future studies will test variable concentrations/particle sizes, add heterogeneity and fractures, and
couple geochemistry-geomechanics to capture salt precipitation and stress-dependent permeability.

5 Conclusions

Our study demonstrates that injection rate significantly impacts core permeability, with
higher rates causing more substantial damage. Simulation results highlight that longer injection
lengths mitigate pressure buildup and expand the diffusion area, reducing the risk of formation
fracturing. Conversely, shorter lengths lead to rapid pressure increases. Higher particle concentrations
in produced water exacerbate formation plugging and pressure accumulation, while lower
concentrations minimize these issues. Elevated injection rates also increase formation pressure
and shorten the time to reach fracture pressure. Based on our findings, we recommend maintaining
lower injection rates, extending injection lengths, and limiting particle concentrations to optimize
reinjection operations and minimize formation damage. These insights are crucial for enhancing the
efficiency and sustainability of produced water reinjection in offshore oil fields.
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