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Abstract. This study presents a novel technique for developing complex oil
reservoirs with bottom water. The method involves injecting freshwater below the
oil-water contact (OWC) and subsequently stabilizing it with a polymer to create a
barrier. This approach is designed to reduce water cut, enhance oil recovery (EOR),
and sustain production rates in mature fields.

Based on an analysis of experimental and field data, criteria for the technology’s
application have been established. A key mechanism is the reduction of permeability
in terrigenous reservoirs following freshwater injection, a phenomenon confirmed
by laboratory core studies. Using a radial hydrodynamic model, this study assessed
the technology’s effects and performed a sensitivity analysis to optimize perforation
placement and injected agent volume. The results can be used to evaluate not only
freshwater but also other water-control agents, although field-specific core flow
studies are necessary to justify any application.

The model also identified two primary mechanisms of bottom water inflow to
production perforations. The first is water coning, which is driven by production-
induced pressure gradients. The second mechanism is channeling along the casing
string, which is caused by factors like poor cement quality or the presence of natural
and induced fractures. Finally, a calculation of production losses resulting from this
water flow was performed.
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1. Introduction

The primary focus of the modern oil and gas industry is to enhance the efficiency
of hydrocarbon extraction from complex fields at a late stage of development. A
large proportion of these hydrocarbon reserves are found in fields classified as “with
bottom water” or water-floating (Al-Obaidi & Khalaf, 2019; Asuaje et al., 2025;
Huang & Lin, 2020; Yang et al., 2022). Developing these areas is complicated by
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the rapid formation of a water cone drawn up toward vertical wells due to pressure
depletion.

Currently, various agents and methods (gels, polymers, alkalis, fresh water,
etc.) are used to limit water inflow (WIL) in complex oil and gas fields (Bai et al.,
2023; Chang et al., 2021] Foutou et al., 2021; Han et al., 2022). These methods
fundamentally aim to reduce the permeability of highly permeable, water-washed
zones within the formation, allowing the low-permeability sections to be effectively
utilized. A wide range of action mechanisms is known. In each specific case, the
chosen method depends on the reservoir type, the geological structure of the deposit,
and the technical and economic conditions (Al-Obaidi, 2015; Hassan et al., 2022;
Malozyomov et al., 2023; Xu et al., 2020;).

One popular area of development is the use of fresh water, primarily due to
its low cost compared to specialized chemical agents (gels, polymers, alkalis,
surfactants). The effect of fresh water on permeability varies between high- and low-
permeability reservoirs. In low-permeability, clay-filled reservoirs, a permeability
reduction occurs due to clay swelling (Bourg & Ajo-Franklin, 2017; Liu et al.,
2021; Zhao et al., 2024).

In highly permeable reservoirs with a low degree of clay content, permeability
may also decrease due to migration of fine particles. Several studies (Chen et al.,
2023; Knobloch et al., 2018; Li et al., 2023; Ligeiro et al., 2021) have performed
qualitative and quantitative calculations of permeability reduction (ranging from 10
to 1000 times) during fresh water injection. It has been shown that in terrigenous
reservoirs, introducing fresh water reduces the Van der Waals forces that hold fine
particles on the pore walls. As a result, the fine particles migrate toward the pore
throats. These particles then clog the narrow pore throats, generally resulting in a
sharp decrease in permeability.

Experiments on oil displacement using various agents were carried out on linear
core models (Al-Obaidi et al., 2022; Drozdov, 2022; Liu et al., 2020). The results
demonstrated a 4-to-11-fold decrease in effective permeability for sandstones of the
terrigenous Carboniferous strata during flooding with fresh (river) water (Fig. 1). It
was concluded that fresh water is not recommended for flooding terrigenous deposits
of the Lower Carboniferous due to its significant negative impact on the formation’s
flow properties. Based on these studies, the reservoir pressure maintenance system
transitioned to using bottom and formation water.
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Figure 1. Linear core model with reduced effective permeability
under freshwater displacement

This paper considers a technological solution: injecting a freshwater rim into the
WOC zone to reduce permeability. This aims to delay bottom water breakthrough while
simultaneously decreasing water cut and increasing oil production.

2. Methodology and materials

The modeling approach utilizes the freshwater rim technique, which functionally
resembles polymer flooding (Agietal.,2018; Ding et al.,2020; Raietal., 2015; Wangetal.,
2022). This simulation is executed using the Eclipse 100 reservoir simulator, leveraging its
dedicated Polymer section to model the effects of freshwater on the terrigenous formation.

2.1 Simulation Parameters

The interaction between the freshwater and the reservoir rock is defined by standard
polymer modeling parameters, including the Recovery Resistance Factor (RRF) and
the adsorption curve. The impact of freshwater on formation properties is explicitly
implemented using the simulator keywords (Al-Obaidi et al., 2023; Ekanem et al., 2021;
Hagq et al., 2019; Olabode et al., 2024):

— Plyrock (Polymer rock properties)

— Plyads (Polymer Adsorption Functions)

2.2. Hydrodynamic Model Design

The model employs a variable-resolution grid optimized for accuracy in the critical
zone and efficiency in the far-field.
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— Near-Wellbore Zone: A high-precision grid is used, with a fine resolution of
0.1x0.1x0.1 m, ensuring an accurate description of dynamic processes immediately
surrounding the wellbore.

— Periphery: The grid is systematically coarsened, with the dr parameter
increasing up to 100 m at the model’s periphery.

The overall grid consists of 6,000 cells. This strategic coarsening maintains
computational efficiency, resulting in a rapid calculation time that does not exceed 5
minutes. The primary objective of the hydrodynamic model is to simulate processes
within the bottom-hole zone, specifically for optimizing Water Inflow Limitation
(WIL) techniques (Luo et al., 2023; Sharma et al., 2000; Yudin et al., 2024).

2.3. Model Parameters and Reservoir Characteristics

The main parameters included in the model correspond to the geological and
physical characteristics of one of the Ural-Volga region deposits. The simulation
utilizes the Eclipse 100 simulator, with fluid saturation set using the Leverett J-
function.

The reservoir properties are:

— Total Reservoir Thickness: 10 m

— Oil-Saturated Thickness: 4.5 m

— Average Permeability: 100 mD

— Average Porosity: 0.2

— Oil Viscosity: 19.8 cP

Fluid densities used are:

— Oil: 894 kg/m?

— Formation Water: 1190 kg/m?

— Fresh Water (for injection): 1007 kg/m?

The well is completed with a 2 m perforation in the near-roof part of the reservoir,
and the simulation covers a 2 year period.

2.4. Analysis of Bottom Water Inflow Mechanisms

During production, two primary mechanisms contribute to bottom water inflow
into the perforations:

1. Water Coning: This is driven by pressure gradients within the formation.

2. Fluid Circulation along the Casing: This is largely a well integrity issue,
influenced by the quality of cementing and the presence of natural or man-made
fracturing behind the casing.

A series of calculations was conducted to evaluate the impact of flow along the
casing column by varying the included thickness. It is important to note that the
hydrodynamic finite-difference scheme used does not account for the resistance
to fluid circulation within the casing column. However, these calculations provide
crucial insight into the potential effectiveness of repair and insulation work. In the
case analyzed, losses from bottom water inflow along the casing column could
reach up to 35% of the base production over the specified period.
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2.5. Proposed Water Inflow Limitation (WIL) Technology

To effectively counteract the water coning effect, a more thorough intervention
in the formation is essential. The proposed Bottom-hole Zone Treatment (BHT)
technology is outlined as follows:

1. Fresh Water Rim Injection: A 200 m® fresh water rim is injected over 7 days
through special openings positioned 1 — 2 m above the Oil-Water Contact (OWC).
The optimal position of these openings was determined through prior optimization
calculations.

2. Fixation: A 5 m® polymer solution is subsequently injected to stabilize and fix
the fresh water rim.

3. Isolation: Cement is used to fill the special openings to prevent any subsequent
behind-the-casing flows.

Following the BHT, the well is returned to production through the initial two-
meter perforation interval. The injection of the agent using this described WIL
technology was simulated, and the subsequent effect on production was calculated
(results are presented in Fig. 2).
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Figure 2. Modelling of the BHT technology on a radial hydrodynamic model
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3. Calculations and discussions

3.1. Optimization of Special Opening Position

A critical series of calculations was conducted to determine the optimal
placement of the special openings used for injecting the Water Inflow Limitation
(WIL) agent (as illustrated in Figure 3).

The simulation results identified the most effective injection depth for the case
study: an interval of 1 — 2 m above the Oil-Water Contact (OWC).
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Figure 3. Optimization of the position of special holes
during the implementation of the BHT

The optimal placement represents a balance between maximizing the screening
effect of the injected rim and preserving the productive oil column.

— Impact of Downward Shift: Shifting the special openings downwards (closer
to or below the OWC) leads to a decrease in WIL efficiency. This occurs because
the freshwater rim’s screening properties deteriorate; placing the agent too close to
the mobile formation water allows the water cone to bypass the treatment or causes
the agent to be swept away more quickly.

— Impact of Upward Shift: Conversely, placing the special openings too high
(further above the OWC) is detrimental because it blocks part of the effective oil-
saturated thickness. This sacrifice of the productive zone reduces the potential oil
inflow rate and is counterproductive to the overall goal of maximizing oil recovery.

This optimization confirms that successful WIL implementation relies heavily
on accurately determining the OWC and precisely placing the fresh water rim to
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build an effective barrier without infringing upon the oil-saturated pay zone.

3.2. Optimization of Technology Parameters

To fully optimize the Water Inflow Limitation (WIL) technology, a series of
calculations was conducted to evaluate the effect of the treatment based on the
Reduction in initial Water Permeability (RRF) within the impact zone (as shown in
Figure 4 and Figure 5).

The RRF is a critical parameter that quantifies the local resistance introduced by
the injected fresh water and polymer to the flow of formation water.

— Minimum Threshold: Based on the calculations, the WIL technology is not
recommended for RRF values below 5. Below this threshold, the injected rim fails
to provide sufficient screening or resistance to effectively suppress the water cone,
rendering the treatment inefficient.

— Optimal Range: The associated risks (likely meaning the risk of treatment
failure or adverse side effects) are minimal for RRF values between 10 and 20. This
range represents the optimal balance where the treatment effectively restricts water
inflow without causing detrimental side effects, such as unnecessarily blocking the
flow of oil.

This analysis is essential for determining the required concentration and
volume of the polymer solution needed to achieve an RRF between 10 and 20 for a
successful, low-risk application of the WIL technology.
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Figure 4. The influence of recovery resistance factor RRF
on production parameters
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Figure 5. Optimization of production parameters for the period
under consideration by the number of RRF

3.3. Effectiveness of the Water Rim Screening (RRF Impact)

A series of calculations (Figures 4 and 5) was performed to specifically evaluate
the impact of the Recovery Resistance Factor (RRF) on production parameters,
assuming the absence of behind-the-casing flows.

The results show that the screening properties of the created water rim are highly
effective, allowing for an average increase in cumulative oil production by 15%
over the two-year period compared to the untreated case. This confirms the ability
of the optimized RRF range (10 to 20, as previously discussed) to successfully
suppress water coning and enhance oil recovery.

3.4. Optimization of Fresh Water Injection Volume

The impact of the fresh water injection volume on production parameters was
also evaluated (Figure 6).

The analysis revealed a relationship with two key findings:

1. Monotonic Increase in Production: Increasing the injection volume
monotonically increases the percentage of additional oil production over the study
period.

2. Optimum Specific Efficiency: However, the specific efficiency of the impact
(defined as the ratio of additional oil production to the injection volume) reaches an
optimum. For the case under consideration, increasing the injection volume over
300 m* was found to be ineffective in terms of cost-benefit, indicating a point of
diminishing returns where the additional water does not significantly improve the
barrier properties relative to the volume injected.
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Figure 6. Optimization of production parameters during the specified period,
informed by the volume of BHT

3.5. Advantages of the Proposed WIL Method

Beyond its technical effectiveness in mitigating water coning, the method offers
significant technological and economic advantages:

— Low Cost of Injection Agent: The primary agent is fresh water, which has a
substantially lower cost compared to specialized chemical compositions typically
used in other conformance treatments.

— High Penetration Treatment: The method provides the technological
and economic feasibility of treating the bottom-hole zone with a high depth of
penetration (more than 10 m), ensuring the creation of a substantial and stable
barrier deep within the reservoir to prevent water cone reformation.

4. Conclusions

The investigation confirmed the feasibility of limiting bottom water inflow by
pumping a rim of fresh water into the Oil-Water Contact (OWC) area through a
special perforation interval, particularly in “water-sensitive” reservoirs.

Calculations performed on a radial sector hydrodynamic model indicate that
when fresh water actively interacts with the reservoir rock, inducing reduced
permeability, injecting a rim of fresh water can significantly screen the water coning
effect. This approach has the potential to increase cumulative oil production by an
average of 15% to 35% over two years. The optimal injection interval is determined
to be 1.5 — 2 m above the OWC.

As anticipated, the screen’s efficiency depends on its radius, with an optimal
volume of approximately 300 m* identified for the 10 m thick water-oil reservoir;
further increases in rim volume do not yield significant gains in efficiency. To
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achieve the necessary technological effect, a condition of at least a five-fold
reduction in permeability (RRF >5) is required, with the optimal value being a ten-

fold reduction or more.

The results obtained are valuable not only for evaluating the use of fresh
water but also for analyzing other water-controlling agents, such as alkali
solutions that promote clay swelling or reagents that form emulsions with
formation water. However, substantiating the applicability of fresh water or
any other agent necessitates detailed fluid flow studies on core material for each

specific field.
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