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In the process of water-driven development of narrow-channel oil reservoirs,
the comprehensive water cut rate rises quickly, showing the development
characteristics of “flooding everywhere in the river channel, but the degree of
recovery is low", and the underground oil and water distribution is complicated
due to its special narrow strip sand body spreading and long-term water-
injection development. Therefore, there is an urgent need to research the water-
water drive law of narrow-channel reservoirs, to clarify the distribution law
of microscopic residual oil and the degree of water-driven utilization. In this
paper, taking BZ offshore narrow channel reservoir as the research object, a
full-view microscopic water drive physical simulation experiment platform was
established and microfluidic experiments were carried out. Based on the physical
simulation experiment of microscopic residual oil distribution, the oil-water
distribution images of each stage in the water flooding process are obtained.
It is found that this type of reservoir has a serious fingering phenomenon in the
early stage of water drive, and the residual oil can be classified as contiguous,
porous, membrane, strip, and drop, and evolves in the above order. The direction
of dredging in the weakly active zone is mainly to change the direction of fluid
flow, the direction of dredging in the medium active zone is equivalent to the
effect of changing the direction of fluid flow and optimizing the injection and
recovery parameters, and the impact of dredging in the strongly active zone
is mainly to optimize the injection and recovery parameters. This study reveals
the characteristics of microscopic water drive, clarifies the type of microscopic
residual oil and its evolution process, and clarifies the distribution of residual oil
and the dredging effect under the utilization of different water-driven zones,
which is of certain guiding significance for the development and adjustment of
the same type of reservoirs.

narrow-channel reservoirs, microfluidic control, microscopic residual oil, degree of
water-driven utilization, dredging direction
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1 Introduction

BZ oilfield is the largest narrow channel heavy oil reservoir in the
Bohai Sea. After over 10 years of water injection development, the
oilfield has entered high water cuts (Hongfu et al., 2017). Residual
Oil refers to the crude oil that remains trapped within the pores of
reservoir rocks and is not recovered after natural energy depletion or
artificial displacement methods during reservoir development (Lida,
2022; Pengxiao et al., 2023). Due to the limitation of offshore oilfield
development and the particularity of reservoir geological conditions,
the development adjustment and remaining oil potential tapping of
this type of oilfield cannot completely depend on the development
experience of ordinary high water cut oilfield (Haochuan et al.,
2018). The development characteristics of narrow channel reservoirs
are reflected in the fact that the reservoir is water-bearing, but
the degree of recovery is low (Tileuberdi et al., 2024).The key to
further improving the degree of recovery is to tap the remaining
oil in the range of potential water drive. Therefore, clarifying
the microscopic water flooding law of narrow channel reservoirs
plays an important role in increasing the production of this type
of oilfield (Al-Dujail et al., 2023).

Microfluidic technology is a technology that can realize the
displacement control of flowing fluids at the micro-nano scale,
which provides a new research perspective and solution for the
development of oil and gas fields. Scholars at home and abroad
introduced microfluidic technology into the field around the basic
theory of oil and gas field development direction, carried out
a series of in-depth research, and achieved remarkable results
(1950s). Subsequent researchers (Chatenever and Calhoun, 1952)
first successfully captured the key information on water seepage
path, velocity distribution, and flow pattern in the model by
using the visual microscopic glass model of granular filling.
Subsequent researchers (Shangping et al., 1986; Qiang et al., 2019)
used the microfluidic model to deeply analyze the hydrodynamic
characteristics, the stability of the oil-water interface, and the
formation and distribution of remaining oil in the process of
water flooding. With the development of microfluidic technology,
the choice of model materials has gradually diversified, from a
single silicon material to a variety of materials such as glass,
quartz, and polymer, making microfluidic technology more widely
used. Subsequent researchers (Alizadeh et al., 2014) successfully
simulated the carbonation water flooding process at the micro-
scale by using microfluidic technology. By carefully controlling
the experimental conditions, they observed and recorded the
flow behavior and interaction process of crude oil, carbonized
water, and carbon dioxide gas phase in microfluidic chips,
revealing the specific mechanism and influencing factors of
these interactions. Subsequent researchers (Chuan et al., 2020)
established a set of quantitative characterization methods of
microscopic remaining oil characteristic parameters based on
image processing technology and mathematical-statistical methods
through microfluidic experiments. The microscopic remaining oil
was classified and quantitatively characterized, and the occurrence
state and dynamic evolution characteristics of the microscopic
remaining oil in the process of water flooding were analyzed.
Subsequent researchers (Rui et al, 2023; Xu et al, 2017) used
microfluidic displacement experiments to clarify the occurrence
of microscopic remaining oil under different injection-production
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methods in highly heterogeneous reservoirs at the ultra-high
water cut stage. For highly heterogeneous reservoirs, the use of
microscopic remaining oil under different injection-production
methods was quantitatively studied (Shilov et al., 2020; Ren et al.,
2020). Microfluidic technology can simulate the dynamic migration
process of oil and water in porous media and has the unique
advantage of visualization. Using this feature of microfluidic
technology, the dynamic water flooding process and the distribution
of oil and water after displacement can be visually displayed, to
clarify the microscopic water flooding characteristics, remaining oil
evolution law, and enrichment mechanism.

The remaining oil is highly dispersed on the micro-scale,
which will inevitably lead to the change of oil-water flow law. If
the distribution law of micro remaining oil cannot be described
truly and objectively, it will ultimately affect the increase of oil
production. At present, few studies have directly revealed the
distribution law of microscopic remaining oil in high-porosity and
high-permeability heavy oil reservoirs (Yuan et al, 2019). This
study starts with micro-physical simulation, explores the water
flooding characteristics, remaining oil types, and their evolution
laws at the micro-scale, analyzes the remaining oil distribution
under different water flooding zones, and studies the potential
tapping direction of different producing areas. This study has
an in-depth understanding of the remaining oil distribution and
potential tapping direction under the water flooding zoning of
narrow channel reservoirs, and then explores the reservoir potential
and taps the remaining oil, which has important guiding significance
for improving reservoir recovery (Kokkinos et al., 2022).

2 Experimental materials
2.1 Experimental flowing object

The viscosity of crude oil in the BZ reservoir is 13-295 mPa-s,
the viscosity of formation water is 1 mPa-s, the relative permeability
of the oil phase is 0.19, the relative permeability of the water phase
is 0.74, and the water-oil mobility ratio is 50.63-1148.95. According
to the typical characteristics of the BZ reservoir, the mobility ratio of
600 is selected, that is, the simulated oil with a viscosity of 150 mPa-s
and the simulated water with a viscosity of 0.8 mPa-s are used for
physical simulation experiments.

2.1.1 Experimental simulation oil

The simulation oil used is a compound oil composed of
anhydrous kerosene and engine oil in proportion and is dyed red
with Sudan IIT dye. The viscosity of the oil sample is 150 mPa-s, and
the density is 0.92 g/cm?. The viscosity of kerosene is 2.5 mPa-s, the
density is 0.8 g/cm’, the freezing point is ~47°C, the boiling range
is 180°C-310°C, and the average molecular weight is between 200
and 250 g/mol. The viscosity of the oil is 200 mPa-s, the density
is 0.95 g/cm?, the freezing point is —37°C, the boiling range is
200-300°C, and the average molecular weight is 150-400 g/mol.

2.1.2 Experimental simulated water
The experimental displacement solution is distilled water, and
methyl blue dye is used to dye it blue. The viscosity of distilled
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FIGURE 1

Model selection and production process. (a) Typical well-casting thin sections. (b) Pore throat extraction diagram. (c) Microfluidic model.
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FIGURE 2

Dimension of microfluidic model. (a) Diagonal injection-production model. (b) Change the injection-production direction model.
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water is 1 mPa-s, the density is 1 g/ cm?, the freezing point is 0°C,
the boiling point is 100°C, and the molecular weight is 18 g/mol.

2.2 Microfluidic model

2.2.1 Microscopic visual model design and
production

As shown in Figure 1a, the cast thin section photos of the typical
well C1 are selected as the reference unit of pores and throats, and
the permeability level is 2,000 mD. The rock skeleton and pore
throat are binarized, and the pore throat is extracted as shown in
Figure 1b. Micro-glass etching was performed, and the microfluidic
model is shown in Figure lc.

According to the experimental equipment and technical
requirements and the limitation of glass etching technology, the
size of the microfluidic model is designed as shown in Figure 2.

2.2.2 Analysis of model pore throat
characteristics

In the process of model design and production, the pore
throat characteristics and size distribution of the model may
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have errors with the real core. The pore throat characteristics
of the etched microfluidic model were analyzed by Avizo
software.

The pore equivalent radius distribution and throat width
distribution of the homogeneous model are shown in Figure 3.
The pore equivalent radius of the homogeneous model ranges
from 0.01 mm to 0.78 mm. The concentrated distribution range of
aperture is 0.02-0.28 mm. The throat width is concentrated in the
range of 0.02-0.09 mm, and the average throat width is 0.05 mm.
The pore throat radius distribution of the homogeneous model is
relatively concentrated, showing a non-normal distribution, and
the heterogeneity of the model is weak. The micro-etched glass
model designed and manufactured in this study is similar to
the real core parameters, and the error is less than 10%. It is
reliable and feasible to use this model for physical simulation
experiments.

2.3 Experimental platform construction

The experimental equipment mainly includes a vertical single-
cylinder pump, a high-pressure intermediate container group, a
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FIGURE 3
Pore and throat characterization of the homogeneous model. (a) Distribution of pore equivalent radius. (b) Throat width distribution.

visual clamping kettle, a high-precision microscope, a vacuum
pump, and a display. Using the above equipment to build a full-field
microscopic physical simulation experiment platform, a series of
experimental processes can be realized, such as model saturated oil,
water flooding, real-time observation, and recording. The schematic
diagram of the experimental platform is shown in Figure 4. The
experimental platform is mainly composed of three parts: a fluid
injection system, a microscopic water flooding simulation system,
and an image acquisition system. The fluid injection system mainly
includes a vertical single-cylinder pump, an air compressor, and an
intermediate container group. The main functions are to control
the type of injected fluid, injection speed, and pressure. The
microscopic water flooding simulation system mainly includes a
high-pressure visual holding kettle and a microfluidic model. The
main functions are: simulating the saturated oil and water flooding
of the microscopic glass model. The image acquisition system
mainly includes a high-precision microscope, a high-speed motion
capture camera, and a computer. The main functions are real-
time observation and recording of fluid dynamics occurring in
microfluidic models.

3 Experimental design data and
methods

This section may be divided by subheadings. It should provide
a concise and precise description of the experimental results,
their interpretation, as well as the experimental conclusions that
can be drawn.

3.1 Design of experimental data scheme

3.1.1 Water drive production degree

The sweep efficiency and oil displacement efficiency of such
narrow channel reservoirs are high, but the recovery degree is
low. The recovery degree predicted based on the traditional water
flooding sweep coefficient is not consistent with the actual situation.
The formula for calculating the degree of recovery is shown in
Equation 2, where Eg is the sweep coefficient and Ep is the oil
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displacement efficiency. The formula for the sweep coefficient
is shown in Equation 1.
VW

E
STV,

1
V. Reservoir volume affected by displacement agent, V,: Total
effective volume of reservoir.

Eg = E x Ep (2

This study evaluates and classifies the utilization degree of the
area within the affected area, puts forward the concept of water-
driven utilization degree, and conducts targeted research on the
types of remaining oil and development methods under different
utilization degrees. According to the meaning of the degree of
recovery, the ratio of the amount of crude oil produced to the
original geological reserves of the reservoir is shown in Equation 3.
By extending the calculation formula of recovery degree, it is
proposed that the recovery degree of narrow channel reservoir =
sweep efficiency x producing degree x oil displacement efficiency.
The sweep efficiency can reflect the influence of water flooding on
the production of crude oil from the macro scale. The producing
degree and oil displacement efliciency describe the production of
crude oil in the range of water flooding from the micro-scale.

_NP_VSX¢XSoi_So_VsX¢XSoi_So Soi = Sor 3)
R=— = =

N Vx (/) Soi Vx ()b Soi - Sor Soi
Among them, Eg = %,EG = %»En = S‘"S;j‘“,that is Eg = Eg

X Ec x Ep.

In Equation2, N b is the cumulative oil production of
the reservoir, m* N is the original geological reserves of the
reservoir,m®; V is the reservoir producing volume, m% V is the
total volume of the reservoir, m®; ¢ Is the average porosity of the

reservoir, %; S; is the original oil saturation, %; S, is the residual oil

or
saturation, %; S, is the oil saturation of the reservoir at any time, %.

The concept of utilization degree (E:) is introduced, such
as Equations 4, 5. The producing degree represents the oil-water
saturation in the water flooding range, which has the meaning
of oil-water relative flow capacity (mobility ratio). It refers to the

difficulty of passive use of crude oil. The reservoir is divided into
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four intervals by using the oil-water mobility ratio: non, weak,
medium, and strong producing areas.

E.= 9 "o 4

¢ Soi - Sor ( )

E.< Soi = So _ Soi = So _ Produced movable oil 5)
€ 8,8, 1-S,-S,,  Total movable oil

The relative permeability curve and oil-water mobility ratio
curve of the BZ reservoir are shown in Figures 5, 6, respectively,
where the initial water saturation is S,; = 0.34, irreducible oil
saturation S_. = 0.15.

Combined with the oil-water two-phase mobility ratio
curve, the discriminant standard of water drive degree zoning
suitable for BZ narrow channel reservoir is established, as shown
in Table 1.

The concept of zonal production is used to quantitatively
characterize the production degree of each area in the water flooding
affected area of the reservoir at different times, such as Equation 6.
Its development significance is the ratio of the reservoir volume to
the total reservoir volume in the water flooding affected to a specific

saturation interval at a certain time.
3 "dxdydz
_Lemsl 7

mmaxdxd (6)
ZnZI de

Ec

In the formula, dx, dy, dz are the length, width, and height of

the model grid respectively. Is the total grid number of the model.

m(t) Is the number of grids in a specific saturation interval at
time t.

3.1.2 Conceptual design
To clarify the microscopic water flooding characteristics of
narrow channel reservoirs, the types of microscopic remaining oil,
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the distribution of remaining oil under different utilization degrees,
and different potential tapping measures, seven sets of microfluidic
experiments were designed in this study. According to the purpose
of the study, it can be divided into the following two categories.

The first type of experiment is the basic experiment. Based on
the basic scheme, the microscopic water flooding characteristics,
microscopic remaining oil types, and their evolution process
are explored. The specific experimental parameters are shown
in Table 2. The second type of experiment is the exploration
experiment of remaining oil enrichment law under different
producing degrees of narrow channel reservoirs. Based on the
concept of water drive degree proposed above, the narrow channel
reservoir model is divided into four areas, namely, unused area,
weak use area, and strong use area. The reservoir partition diagram
is shown in Figure 7. In this type of experiment, by understanding
the main remaining oil types under the weak/medium/strong
producing area of a narrow channel reservoir, the development plan
of weak/medium/strong producing area is adjusted respectively, to
clarify the best way to tap the potential of remaining oil under
different producing degree of narrow channel reservoir.

Based on the investigation of the development adjustment
methods of narrow channel reservoirs, the main measures taken
by the same type of reservoirs in the current water flooding
development stage are to optimize the injection-production
intensity and improve the good pattern. At the micro level,
optimizing the injection-production intensity is reflected in
changing the seepage velocity of the fluid in the reservoir, and
improving the well pattern is reflected in changing the direction
of the fluid flow in the reservoir. The schematic diagrams are
shown in Figures 8, 9, respectively. The specific experimental
parameters are shown in Table 3. Due to the cross-scale problem, the
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TABLE 1 Classification criteria of mobilization degree in BZ narrow channel reservoir.

Degree of use Oil and water Oil phase/% Water phase/% Degree of Degree of
mobility ratio utilization difficulty in use
Unused area Infinitely great 66 34 0 Easy
Weak use area Equal mobility point 52-66 34-48 0-0.27 Easier
Medium-use area Straightway 28-52 48-72 0.27-0.74 Alittle difficult
Strong use area Inflection point 15-28 72-85 0.74-1 Difficult
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TABLE 2 Parameters of type | microfluidic experiments.

Serial number Sample
permeability/10~3

pm?

Viscosity/mPa-s

Water-injection
speed/(mL/min)

10.3389/feart.2025.1514985

Research
objective

Injection
direction

1 2,000 20

0.02 Diagonal foundation scheme

injection-production

FIGURE 7

Classification of waterflooding mobilization degree in narrow channel reservoir.
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FIGURE 8

Schematic of increasing fluid production in the narrow channel reservoir model.

model

microscopic model is difficult to reflect the weak/medium/strong
use area at the end of water flooding. In this study, different
water saturations of the model were used as weak/medium/strong
producing areas at the end of water flooding. On this basis,
experiments such as tapping the potential of remaining oil were
carried out.

3.2 Experimental method

3.2.1 Experimental steps
The specific steps of the microscopic physical simulation
experiment of the narrow channel reservoir are as follows:

(1) Pipeline design and connection: According to the experimental
process, several pipelines with different lengths are made, and
different devices are connected by several connectors and
control valves to form a complete path.

Frontiers in Earth Science

(2) Preparation and assembly of experimental oil: According to
the experimental scheme, the compound oil with a viscosity
of 150 mPa-s was used in this experiment. The configuration
ratio of kerosene and engine oil was 4:7. The simulated
oil was dyed and filtered with Sudan III biological dye,
and the simulated oil was assembled into an intermediate
container.

(3) Preparation and assembly of experimental water: An
appropriate volume of distilled water was poured, methyl blue
dye was used for dyeing and filtration, and the dyed simulated
water was assembled into the corresponding intermediate
container.

(4) Assembly of hydrophobic agent and anhydrous ethanol:
The appropriate volume of hydrophobic agent (N-ethyl-
N-benzylaniline) and anhydrous ethanol were poured,
filtered, and assembled into the corresponding intermediate
containers.
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Schematic of improving well network in the narrow channel reservoir model.

TABLE 3 Parameters of type Ill microfluidic experiments.

Serial number Sample Viscosity/mpa-s =~ Water-injection Injection Research
permeability/10~3um? speed/(mL/min) direction objective
1 2,000 20 30% water extract 0.06 Diagonal
injection-production Explore the water
) flooding effect of
. different adjustment
2 2,000 20 0.02 Water cut 30% vertical .
. o schemes in the
diagonal injection .
. weak-producing area.
production
3 2,000 20 60% water extract 0.06 Diagonal
- . Explore the water
injection-production K
flooding effect of
. different adjustment
4 2,000 20 0.02 Water cut 60% vertical .
R L schemes in the
diagonal injection .
g producing area.
production
5 2,000 20 90% water extract 0.06 Diagonal
injection-production Explore the water
flooding effect of
X different adjustment
6 2,000 20 0.02 Water cut 90% vertical .
A o schemes in the
diagonal injection
i strong-use area.
production
(a) (b) (© (d)
FIGURE 10
Waterflooding process of the base model. (a) Mmodel saturated oil. (b) Initial stage of water flooding. (c) Middle stage of water flooding. (d) Late-stage
of water flooding.

(5) Etching glass model assembly: The etched glass model used saturation, contrast, and gamma value of the image acquisition

in the experiment was assembled into a visual gripper. The system were adjusted to make the model outline and
height and magnification of the microscope eyepiece were color clear.
adjusted to make the whole area of the etched area of (6) Saturated hydrophobic agent: The model was saturated at a

the glass model appear in the field of view. The image speed of 0.1 mL/min, and the wettability of the model was fully
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(a)

FIGURE 11

banded remaining oil. (e) Droplet remaining oil.

(b)

Morphology of different types of microscopic residual oil. (a) Flake-like remaining oil. (b) Porous remaining oil. (c) Membrane residual oil. (d) The

(©)

TABLE 4 Classification criteria of microscopic residual oil.

Occurrence Remaining oil Occurrence Adhesion Aspect ratio Geometrical Elongation
type classification position perimeter factor index
ratio
Continuous sheet Pore, roar >0.5 <0.33 >0.028
Captured type
Vesicular Pore, roar >0.5 <0.33 0.01-0.028
Semi-bound type Film-like Grain surface <0.5 >2 <0.33 <0.01
Filamentous Pore, roar =2 <0.33 <0.01
Discrete type
Dropwise Pore <2 0.33-0.67 <0.01

Flake-like remaining oil

Porous remaining oil

FIGURE 12
Evolution of microscopic residual oil.

changed after standing for 24 h so that the pore throat wall in
the model was lipophilic.

(7) Saturated oil: The model is saturated with oil at a speed of
0.02 mL/min. When the model is filled with oil and the outlet
end has simulated oil outflow, the switch is turned off and the
image acquisition system is used to take pictures.

Frontiers in Earth Science 09

(8) Water flooding: Open the camera of the image acquisition
system and drive the model at a speed of 0.02 mL/min
until the remaining oil in the model does not change and
the water cut at the outlet end is 100%. Stop the water
flooding, close the camera, and take global and local photos
of the microscopic remaining oil.
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FIGURE 13
Residual oil distribution at different mobilization degrees. (a) Weak use area. (b) Centrally used area. (c) Forcible use zone.
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FIGURE 14
Percentage of different types of microscopic residual oil at different mobilization degrees.

FIGURE 15

Residual oil distribution of different adjustment programs at weak mobilization area. (a) Original program. (b) Enhanced water injection rate. (c)
Changing the direction of liquid flow.
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FIGURE 16
Different types of microscopic residual oil saturation of different adjustment programs at weak mobilization area.
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FIGURE 17

Residual oil distribution of different adjustment programs at medium mobilization area. (a) Original program. (b) Enhanced water injection rate. (c)
Changing the direction of liquid flow.
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FIGURE 18
Different types of microscopic residual oil saturation of different adjustment programs at medium mobilization area.
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FIGURE 19
Residual oil distribution of different adjustment programs at strong mobilization area. (a) Original program. (b) Enhanced water injection rate. (c)
Changing the direction of liquid flow.
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FIGURE 20
Different types of microscopic residual oil saturation of different adjustment programs at strong mobilization area.

(9) Model cleaning: Anhydrous ethanol and hydrophobic agents  the microscopic remaining oil is classified. The specific classification
were used successively. The residual fluid in the model was ~ method is shown in the following. Then, the image obtained from
displaced by a single-cylinder pump at a speed of 0.1 mL/min,  the experiment is processed by grayscale, and the pore throat,
and the pore throat of the model was cleaned for the next group ~ rock skeleton, and oil/water are separated. After extracting all the

of experiments. remaining oil from the image, the remaining oil in the image is
segmented by the region-growing method, that is, the pixels are
3.2.2 Data processing method classified according to the different gray levels of the pixels at

In this study, an automatic identification and quantitative  the edge of the remaining oil in the image, to extract the single
characterization method of microscopic remaining oil based on  remaining oil. Finally, according to the classification standard, the
the region growing method is adopted to realize the segmentation ~ segmented single remaining oil is classified, and the remaining oil
and automatic identification of remaining oil, the calculation,  saturation of each type is calculated, that is, the sum of the pixels
and output of indexes. Firstly, based on the physical simulation  of the remaining oil of the same type is divided by the total pixels
experiment of microscopic remaining oil distribution, the oil-  of the pore throat. At the same time, the development indexes
water distribution images of each stage in the water flooding  such as water saturation, recovery degree, and oil displacement
process are obtained. According to the connectivity, occurrence  efficiency are calculated and output (in this microscopic water
state, occurrence position, adhesion perimeter ratio, length-width ~ flooding experiment, the water saturation, recovery degree, and oil
ratio, and geometric coefficient of the remaining oil in the image,  displacement efficiency of the model are numerically equal).
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4 Analysis of experimental results

4.1 Microscopic water flooding
characteristics

4.1.1 Drive characteristic
The water flooding process of the

is shown in Figure 10. In the early stage of water flooding, the

basic experiment

injected water is in a ribbon along the line between the injection
and production ends. As the displacement progresses, the injected
water diffuses along the main flow line to the unswept areas on both
sides. After the water is seen at the outlet end, the swept area of the
injected water almost covers the entire model. At the end of water
flooding, the shape and content of remaining oil hardly change with
the change of displacement multiples, and the water cut at the outlet
end is close to 100%.

4.1.2 Remaining oil classification

Based on the experimental results, the microscopic remaining
oil can be divided into the following five types: bound
sheet-like remaining oil and porous remaining oil, semi-
bound film-like remaining oil, discrete strip-like remaining
oil, and drop-like remaining oil. The typical morphology
of different types of microscopic remaining oil is shown
in Figure 11.

The microscopic remaining oil is classified according to the
attachment position of the remaining oil, the perimeter ratio of the
remaining oil attached to the hole wall, the length-width ratio of the
single remaining oil, the geometric coefficient, and the extension
index. The specific classification criteria are shown in Table 4.
Among them, the geometric coefficient is the ratio of the area of a
single remaining oil to its boundary perimeter; the extension index is
a new parameter defined when the region growth algorithm is used
to segment the remaining oil in a single block. Its value is the ratio of
the growth times of the remaining oil in a single block to the growth
times of the entire pore throat.

4.1.3 Evolution process of remaining oil

The water flooding process in the local area of the model
is shown in Figure 12. The main types of remaining oil in each
stage change with the change of displacement multiple, which
is mainly reflected in the transformation from bound remaining
oil to discrete remaining oil. The specific transformation process
is as follows.

4.2 Distribution law of microscopic
remaining oil under different producing
degrees

Based on the characteristics of water flooding development in
narrow channel reservoirs, this paper puts forward the concept of
water drive degree, aiming to refine the water drive area and find the
remaining oil potential area that can further improve the recovery
degree of the oilfield.

The glass model in the microscopic experiment only represents
a point in the macroscopic reservoir, that is, each microscopic
model can represent the water flooding state at different positions
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of the reservoir. When the water saturation of the model is less
than 30%, it is considered that the model represents the weak
producing area of the reservoir. When the water saturation of the
model is between 30% and 60%, it is considered that the model
represents the producing area in the reservoir. When the water
saturation of the model is greater than 60%, it is considered that
the model represents the strong producing area of the reservoir. The
experimental results under different water-driven degrees are shown
in Figure 13, and the proportion of different types of microscopic
remaining oil is shown in Figure 14.

The oil displacement efficiency in the weak producing area
is 32%, and the remaining oil is dominated by continuous sheet
remaining oil, accounting for 52%. The oil displacement efficiency
of the middle producing area is 53%, and the remaining oil is mainly
composed of continuous sheet and porous remaining oil, accounting
for 38% and 44% respectively. The oil displacement efficiency of
the strong use area is 67%, and the remaining oil is dominated
by porous, membranous, and banded remaining oil, accounting
for 71%.

4.3 Micro remaining oil potential tapping
direction under different producing
degrees

4.3.1 Weak use area

The remaining oil in the weak-producing area is mainly
composed of contiguous remaining oil. The distribution of
remaining oil after the adjustment of the potential tapping scheme
is shown in Figure 15, and the saturation changes of various types
of remaining oil are shown in Figure 16. To improve the water
injection speed, to a certain extent, the remaining oil on both sides
of the main flow line is used, but there is still a small amount of
continuous sheet remaining oil, porous and banded remaining oil
increased slightly, and the oil displacement efficiency is 9.2% higher
than that of the original scheme. By changing the direction of liquid
flow, water flooding is carried out in the direction perpendicular
to the original injection-production direction, which greatly
improves the continuous remaining oil bound to the pore throat
in the non-mainstream line area. After adjustment, the remaining
oil is mainly stripped and film-like, and the oil displacement
efficiency is improved by 14.6% by changing the direction
of liquid flow.

The remaining oil in the middle producing area is mainly
composed of continuous sheets and porous remaining oil. The
remaining oil distribution after the adjustment of the potential
tapping scheme is shown in Figure 17, and the change of remaining
oil saturation of each type is shown in Figure 18. On the one hand,
the increase of oil displacement power expands the producing area of
crude oil, on the other hand, it peels off the bound continuous sheet,
porous and semi-bound membrane residual oil, and the saturation
of discrete strip and drip residual oil increases. The enhanced water
injection speed increases the oil displacement efficiency by 7.9%
compared with the original scheme. By changing the direction of
the fluid flow, the remaining oil in the unused area is utilized, the
type and location of the remaining oil in the model are changed,
and the remaining oil is transformed into the porous, membrane and
banded remaining oil. The remaining oil migrates from the edge of
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the model to the middle, and changing the direction of the fluid flow
increases the oil displacement efficiency by 8.6% compared with the
original scheme.

4.3.2 Strong use area

The saturation of remaining oil is low, and most of the crude
oil has been displaced by the injected water. There is still a small
amount of continuous and porous remaining oil that is difficult to
use at the edge of the model. The remaining oil distribution after
the adjustment of the original model and the implementation of the
potential tapping scheme in the region is shown in Figure 19, and the
change of each type of remaining oil saturation is shown in Figure 20.
With the increase of water injection rate, the produced area of crude
oil in the model increases by a small margin, mainly relying on the
high-speed scouring of injected water to separate and peel off porous
and membrane residual oil. Compared with the original scheme,
the oil displacement efficiency is increased by 6.4%. By changing
the direction of liquid flow, there are already dominant channels
of injected water in the model, and there are difficult-to-produce
film-like, strip-like, and drop-like remaining oil in the pore throat.
Changing the displacement direction changes the flow field so that
this part of the remaining oil can be displaced. Compared with the
original scheme, the oil displacement efficiency is increased by 4.2%
by changing the flow direction.

5 Conclusions and suggestions

To explore the micro water flooding characteristics, the
distribution of remaining oil, and the direction of tapping potential
in the process of water flooding in narrow channel reservoirs,
this paper carries out the physical simulation experiment of
micro water flooding in narrow channel reservoirs. Through the
analysis of the experimental results, the following conclusions
can be drawn:

(1) Microscopic water flooding mechanism of narrow channel
reservoir: In the process of water flooding, the injected
water is filiform along the line between injection and
production wells, and the injected water diffuses along the
main streamline to both sides after the water is seen at the
3 outlet end.

(2) Types and evolution rules of microscopic remaining oil: There
are five types of remaining oil, including continuous sheet,
porous, film, strip, and drop. The evolution rules of remaining
oil in the process of water flooding are the same as in the
above order.
(3) The main types of remaining oil are different under
different producing degrees. The weak producing area is
mainly composed of continuous sheet remaining oil, the
middle producing area is mainly composed of porous
and continuous sheet remaining oil, and the strong
producing area is mainly composed of porous and discrete
film, strip, and drip remaining oil. With the increase in
production degree, it is more difficult to tap the potential of
remaining oil.

(4) Different residual oil potential tapping measures have different

potential tapping effects in weak/medium/strong producing

Frontiers in Earth Science

14

10.3389/feart.2025.1514985

areas. The residual oil in the weak producing area is mainly
continuous residual oil, and the potential tapping effect is
better by changing the direction of liquid flow. The remaining
oil in the middle producing area is dominated by porous and
continuous residual oil, and the effect of changing the direction
of liquid flow is slightly better than that of strengthening
the water injection rate. The remaining oil in the strong
producing area is mainly porous, membranous, and banded
remaining oil, and the effect of strengthening water injection
intensity is better.
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