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Abstract: In the process of reservoir water flooding development, the characteristics of
underground seepage field have changed, resulting in increasingly complex oil-water
distribution. The original understanding of reservoir physical property parameters based
on the initial stage of development is insufficient to guide reservoir development efforts
in the extra-high water cut stage. To deeply investigate the spatio-temporal evolution of
heterogeneity in the internal seepage field of layered reservoirs during water flooding
development, water—oil displacement experimental simulations were conducted based on
layered, normally graded models. By combining CT scanning technology and two-phase
seepage theory, the variation patterns of heterogeneity in the seepage field of medium-
to-high permeability, normally graded reservoirs were analyzed. The results indicate
that the effectiveness of water flooding development is doubly constrained by differences
in oil-water seepage capacities and the heterogeneity of the seepage field. During the
development process, both the reservoir’s flow capacity and the heterogeneity of the
seepage field are in a state of continuous change. Influenced by the extra resistance brought
about by multiphase flow, the reservoir’s flow capacity drops to 41.6% of the absolute
permeability in the extra-high water cut stage. Based on differences in the variation
amplitudes of oil-water-phase permeabilities, changes in the heterogeneity of the internal
seepage field of the reservoir can be broadly divided into periods of drastic change and
relative stability. During the drastic change stage, the fluctuation amplitude of the water-
phase permeability variation coefficient is 114.5 times that of the relative stable phase, while
the fluctuation amplitude of the oil-phase permeability variation coefficient is 5.2 times
that of the stable stage. This study reveals the dynamic changes in reservoir seepage
characteristics during the water injection process, providing guidance for water injection
development in layered reservoirs.

Keywords: positive rhythm reservoir; seepage field; heterogeneity; comprehensive flow
capacity; variation coefficient

1. Introduction

Reservoir heterogeneity refers to the significant differences in spatial distribution and
the internal properties of oil and gas reservoirs, resulting from the complex impacts of
deposition, diagenesis, and subsequent tectonic processes during prolonged geological evo-
lution [1,2]. This variability not only profoundly influences the distribution and flow of oil,
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gas, and water within the reservoir, but also directly relates to the ultimate success of reser-
voir development [3-6]. For water injection oilfield development, the core manifestation of
reservoir heterogeneity lies in the heterogeneity of permeability [7]. The heterogeneity of
reservoirs is usually quantitatively characterized by calculating the permeability variation
coefficient [8-11].

The reservoir serves as the medium for fluid seepage, and the heterogeneity of the
seepage field is directly influenced by changes in reservoir physical properties [12]. Espe-
cially for reservoirs in the late stage of extra-high water saturation, due to the long-term
erosion effect of injected water, the physicochemical characteristics of the porous media in
the reservoir undergo significant changes. For instance, the clay mineral content of the reser-
voir eroded by injected water will change, thereby affecting the wetting angle and changing
the wettability of the reservoir [13]. Understanding the underground seepage field based
on initial reservoir physical property parameters can no longer effectively guide work at the
later stages of development [14]. Yuan Qingfeng et al. [15] summarized the development
patterns of sandstone oilfields during the extra-high water cut stage and found that during
water flooding development, reservoir heterogeneity significantly increases. Additionally,
the increase in water saturation within the reservoir and the reduction in water-phase flow
resistance jointly form preferential flow channels, thereby affecting development effective-
ness. Du Qinglong et al. [16] conducted in-depth research on the impact of long-term water
flushing on the reservoir, defining the changes in physical properties such as pore structure
and mineral composition resulting from this process as static heterogeneity changes in the
reservoir. As the development duration of the oilfield extends, the water cut continues
to rise, and the water-phase permeability within the reservoir also exhibits significant
growth, leading to increasingly prominent differences in seepage capacity between the oil
and water phases. This difference in seepage is defined as dynamic heterogeneity changes
in the reservoir. Under the dual influence of static heterogeneity (controlled by physical
property differences) and dynamic heterogeneity (induced by differences in two-phase
seepage), the contradictions faced in oilfield development at the plane, interlayer, and
intra-layer levels become increasingly acute, posing new challenges and tests for water
drive development [17-23].

Previous researchers have conducted exhaustive and systematic studies on the changes
in reservoir static heterogeneity during long-term water injection development. They gen-
erally agree [24-29] that after prolonged water injection flushing, the pore throat radius of
the reservoir expands, permeability increases, and reservoir physical properties improve.
However, the degree of heterogeneity intensifies, which is detrimental to the overall de-
velopment of the oilfield. Despite significant progress in the study of static heterogeneity,
research on reservoir dynamic heterogeneity is currently inadequate, lacking effective re-
search methods, and the understanding of its evolution patterns remains vague. Therefore,
in-depth exploration of the evolution patterns of reservoir dynamic heterogeneity is of great
significance for achieving the efficient development of water injection reservoirs during the
extra-high water cut stage.

This paper conducts indoor experiments on the entire process of water drive devel-
opment in layered, normally graded reservoir models, combined with precise monitoring
using CT scanning technology. Based on two-phase seepage theory, it quantitatively calcu-
lates oil- and water-phase permeabilities and the coefficient of variation of phase permeabil-
ities, in order to deeply explore the changes in oil-water flow capacity and heterogeneity
characteristics within the reservoir during the water injection development process.
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2. Experimental Materials and Methods
2.1. Experimental Materials

In the experiment, a 10% Nal (from Shanghai Kanglang Biotechnology Co., Ltd. China
Shanghai) saline solution was used to simulate formation water and act as an enhancer for
CT scanning, while 5# white oil (from Shandong Guoxuan Chemical Technology Co., Ltd.
China Zaozhuang) was used to simulate formation crude oil. Under the set experimental
conditions (23 °C), the viscosity of the white o0il was 11.1 mPa-s, with a specific gravity
of 0.83, while the specific gravity of the brine was 1.003. To precisely control the parameters
of the core model, sand gravel was selected as the filling material for preparing artificial
cores. To enhance the accuracy and clarity of CT scanning, the artificial cores were encap-
sulated with epoxy resin, effectively avoiding potential interferences during the scanning
process. The artificial core plate model used in the experiment consisted of two layers of
cores with different permeabilities, as illustrated in Figure 1, with detailed basic parameters
listed in Table 1. The model’s gas-measured permeability was 711 mD, and the permeability
variation coefficient was 0.84.
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Figure 1. Schematic diagram of positive rhythm model.

Table 1. Model-related parameters.

Model Permeability . . s o Air Permeability
Sample Layer Length (cm) Width (cm) Height (cm) Porosity (%) (mD)
High 50 5 15 16.2 1308
ZYL1 Low 50 5 15 14.7 113.3

2.2. Experimental Methodology

To investigate the dynamic change law of heterogeneous characteristics during water
flooding, core experiments combined with visualized CT scanning were conducted on
a positive thythm model throughout the entire process of water flooding development.
The injection rate was 0.18 L/h. Due to the small amount of water injected during the
experiment [30] and the fact that this study was not aimed at investigating the impact of
long-term injections on reservoir pore structures, the influence of the injected water on the
internal structure of the model was not considered. CT technology, which stands for X-ray-
based Computed Tomography, scans the cross-sections of the object being tested using
a radiation source, to obtain a series of CT values for its two-dimensional cross-sections.
These values are then processed into grayscale image information by the supporting
software [31,32]. By scanning the cross-sections in dry rock, water-saturated, and oil-water
coexistence states, CT values can be obtained for different conditions [33,34]:

CTdry - (1 - ®)CTgrain + OCTair 1)

CTwaterwet = (1 - ®)CTgrain + ®CTwater (2)
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CTt = (1 - ®)CTgrain + ®(SOCToi1 + SWCTwater) (3)

where CTy,y is the CT value of the dry rock cross-section; @ is the core porosity; CTgyain is
the CT value of the core skeleton particles; CT,j; is the CT value of air; CTwaterwet is the CT
value of the cross-section after the rock is 100% water-saturated; CTyater is the CT value
of water; CT; is the CT value of the rock cross-section at a specific time t during water
flooding; S, is the oil saturation of the core; Sy, is the water saturation of the core; CTy is
the CT value of oil; and CTyyater is the CT value of water.

Based on the above formulas, the oil saturation (S,) and water saturation (S;,) within
the core can be derived [31,32]:

CTwater — CT} CTwater — CTair

So = * 4
? CTwater - CTdry CTwater - CToil ( )

CTwater - CTt % CTwuter - CTair

Sp=1-—
v CTwater - CTdry CTwater - CToil

(5)

By conducting online scanning throughout the water drive process of the model,
original scan data of rock cross-sections under different water saturation conditions were
successfully acquired. These data were processed into slices using specialized software,
leading to the construction of a 96X10X2 grid model, where the CT value of each grid cell
was precisely calculated. Based on these CT values, combined with Formulas (4) and (5),
the oil and water saturation values for each grid were accurately determined, enabling
the creation of saturation distribution maps during the water drive process of the model.
Furthermore, the oil-water relative permeability curves for cores from different permeable
layers were measured, as shown in Figure 2. Combining the oil-water two-phase flow
theory, the obtained saturation data, the oil-water relative permeability curves, the absolute
permeability of the model, and the oil- and water-phase permeabilities were calculated.
This indicator truly reflects the flow capacity of oil and water within the reservoir. Since
the water injection development process involves the oil-water two-phase flow, to more
accurately assess the actual flow capacity of the reservoir, the innovative concept of “reser-
voir comprehensive flow capacity” was proposed, which comprehensively reflects the
sum of the flow capacities of the oil and water phases. The calculation method for this
comprehensive capacity is shown in Formula (6).

K, = Ky + K, (6)

where Kj, is the water-phase permeability (mD); K, is the oil-phase permeability (mD); and
K, is the reservoir comprehensive flow capacity (mD).

To accurately quantify and describe the degree of heterogeneity within the reservoir’s
internal seepage field, standard quantitative indicators for reservoir heterogeneity were
referenced, and ultimately, the coefficient of variation V) was selected as the key indicator to
measure the intensity of heterogeneity in the reservoir’s heterogeneous field. By observing
and analyzing the numerical changes in the coefficient of variation, we can intuitively judge
the fluctuations in the intensity of heterogeneity within the reservoir’s internal seepage
field. The calculation formula for the coefficient of variation V} is as follows:

7 (K—K)?
N
V. = |
k K
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where Vi—coefficient of variation of permeability, K;,—permeability value of a sample
within the region (mD), K—average permeability value of all samples within the region
(mD), and N—number of samples within the region.

By adjusting the variables in Formula (7), replacing the permeability with phase
permeability, and substituting N with the number of grid cells, the coefficient of variation
of phase permeability can be calculated.
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Figure 2. Oil-water relative permeability curve of the model. (a) Oil-water relative permeability curve
for low-permeability layers. (b) Oil-water relative permeability curve for high-permeability layers.
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3. Results and Discussion
3.1. Variation Characteristics of Seepage Capacity in Water Flooding Process

By conducting online scanning of the water drive process in heterogeneous models
and applying Formulas (4) and (5) to calculate the scanning results, oil saturation profiles at
various pore volume multiples (PV) of displacement can be obtained. Additionally, based
on the amount of water produced at the outlet, the relationship between water cut and
injected water volume can be calculated. Subsequently, oil saturation distribution profiles
at specific water injection volumes of 0.103 PV, 0.207 PV, 0.491 PV, 0.926 PV, and 1.605 PV
were extracted and presented in Figure 3. The water cut variation of the model during
water flooding with the change in injected PV number is shown in Table 2.

Table 2. Water cut variation with PV number during water flooding.

Injection Volume Injection Volume

®V) Water Cut (%) (PV) Water Cut (%)
0.026 0 0.246 0

0.052 0 0.268 71.4
0.078 0 0.371 83.9
0.103 0 0.491 89

0.129 0 0.706 90.2
0.155 0 0.926 91.2
0.181 0 1.156 92.6
0.207 0 1.605 94.6
0.233 0 1.778 94.7

Before the water is seen at the production end, with the gradual increase in water in-
jection the front edge of water flooding begins to move forward gradually, the affected area
of injected water gradually expands, and the oil saturation of the affected area gradually
decreases. The advancing speed of the water flooding front of the high-permeability layer
and the low-permeability layer shows a significant difference. The water flooding front
of the high-permeability layer has moved forward to the position of 350 mm, while the
water flooding front of the low-permeability layer is relatively slow, only reaching 25 mm
(Figure 3a,b). There is no significant change in oil saturation in the high-permeability layer
after the water is seen in the model. In the low-permeability layer, the water drive front
continues to advance deep, extending from the initial 25 mm to 250 mm. The remain-
ing oil is mainly concentrated in the deep area of the low-permeability layer, that is, the
low-permeability layer exceeding the model length of 200 mm (Figure 3c—e).

As illustrated in Figure 3, it is clearly observed that during the water injection de-
velopment process, the oil and water saturations in different regions within the reservoir
undergo a dynamic evolution. Since the oil-water relative permeability is a function of
saturation, the dynamic changes in saturation directly affect the seepage capacity of oil
and water, causing them to exhibit corresponding dynamic characteristics. In order to
obtain the overall oil-water seepage capacity and comprehensive flow capacity of the
model, an averaging process is applied to all grid data. Based on this, the variation laws of
the oil-water two-phase seepage capacity and comprehensive flow capacity of the model
are studied.
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Figure 3. Oil saturation distribution maps at different water injection volumes for the model. (a) With
an injection of 0.103 PV, the water cut is 0.0%. (b) With an injection of 0.207 PV, the water cut is 0.0%.
(c) With an injection of 0.491 PV, the water cut is 89%. (d) With an injection of 0.926 PV, the water cut
is 91%. (e) With an injection of 1.605 PV, the water cut is 95%.

The calculation results of oil-water-phase permeability and comprehensive flow ca-
pacity of the model show that during the water flooding experiment, the oil-water-phase
permeability and comprehensive flow capacity of the model change significantly with the
increase in water injection (Figure 4). In the initial low water cut stage, with the gradual
increase in water injection, the comprehensive flow capacity decreased from 463 mD to
332 mD, with a decrease of up to 28.3%. At the same time, the oil-phase permeability
experienced a greater decline, from 453 mD to 73.4 mD, a decrease of 83.8%. However, the
water-phase permeability showed an opposite trend, from 10.6 mD to 259 mD, an increase
of 23.4 times. After entering the high water cut and extra-high water cut stage, as the
water injection volume continues to increase, the decline rate of the comprehensive flow
capacity slows down, from 332 mD to 296 mD, a decrease of only 12.2%. The oil-phase
permeability also showed a slow downward trend, from 73.4 mD to 56.8 mD, a decrease
of 22.9%. However, the water-phase permeability decreased slightly at this stage, from
264 mD to 239 mD, a decrease of 9.46%.
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Figure 4. Flow capacity model during water flooding process.

By comparing the data analysis results of different water cut stages, it can be observed
that during the low water cut stage, when the water injection volume reaches 0.246 PV, the
magnitudes of change in overall fluidity, oil-phase permeability, and water-phase perme-
ability are as high as 28.3%, 83.8%, and 2340%, respectively. However, as the development
progresses to the high water cut stage, despite the water injection volume increasing to
1.53 PV, which is 6.22 times that of the low water cut stage, the magnitudes of change
in these parameters significantly narrow: the magnitude of change in overall fluidity de-
creases to 12.2%, the magnitude of change in oil-phase permeability drops to 22.9%, and
the magnitude of change in water-phase permeability drops to 9.46%. These magnitudes
of change are only 43.1%, 27.3%, and 0.404% of the corresponding magnitudes of change
during the low water cut stage, respectively. This phenomenon profoundly reflects the
significant impact of injected water on the internal seepage field of the reservoir during
the initial low water cut stage of oilfield development. As the process enters the high
water cut stage, due to the gradual formation of preferential seepage pathways within the
reservoir, the injected water mainly flows along these pathways, resulting in the remaining
oil in areas outside the preferential pathways, especially in low-permeability layers, being
difficult to effectively sweep.

By comparing the absolute permeability of the model with its comprehensive flow
capacity in the water flooding process, the results show that the absolute permeability of
the model is 711 mD, while the comprehensive flow capacity of the model is always in a
state of dynamic change, and is less than the absolute permeability in value. This indicates
that in the process of water injection development, due to the common flow of multiphase
fluids, the flow resistance of multiphase flow is significantly increased compared with that
of single-phase flow, especially in the extra-high water cut stage, when it is reduced to
296 mD, accounting for only 41.6% of the absolute permeability. This significant difference
fully shows that after entering the extra-high water cut stage, the oil-water distribution and
comprehensive flow capacity in the reservoir have changed significantly compared with the
initial stage of development. Therefore, the reservoir development work at the extra-high
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water cut stage cannot be fully guided based on the physical property understanding at
the initial stage of development, and the accurate measurement and real-time grasp of
the actual flow capacity of the reservoir has become an indispensable scientific basis for
formulating and adjusting the development plan.

3.2. Dynamic Heterogeneity Variation Characteristics of Water Flooding Process

In order to more fully explore the dynamic change law of the heterogeneity of the
seepage field in each region of the reservoir during the water flooding process based on the
oil-water-phase permeability data of the model, the coefficient of variation of the high- and
low-permeability layers and the model as a whole in the oil-water-phase permeability is
calculated. Subsequently, the trend maps of the variation coefficient of the oil-water-phase
with the increase in water injection volume were drawn (Figures 5 and 6) to visually display
their relationship.

4.0

Low Water |High Water | Extra-high water cut
T Cut ' Cut H
|

—=— QOverall
—e— High Permeability Layer
—4A— Low Permeability Layer

Water Phase Coefficient of Variation

0.0 0.2 0.4 06 08 1.0 1.2 1.4 1.6 1.8 2.0
Injection Volume (PV)

Figure 5. Coefficient of variation of water phase during water flooding process model.

The trend of the coefficient of variation (CoV) of water-phase permeability in various
regions of the model with changing water injection volume during the water flooding
process is illustrated in Figure 5. In the low water saturation stage, as the water injection
volume increases, the CoV of water-phase permeability for both the overall model and
the high-permeability layer exhibits a noticeable decreasing trend. Specifically, the overall
CoV decreases from 3.60 to 1.31, while the CoV for the high-permeability layer drops from
2.89 to 0.613. This trend reveals that, during the low water saturation stage, as the water
injection volume increases, the heterogeneity of the water-phase seepage field decreases in
both the high-permeability layer and the overall model. In contrast, the CoV of water-phase
permeability in the low-permeability layer shows a marked increasing trend, rising from
1.42 to 3.36, indicating a significant enhancement in the heterogeneity of the water-phase
seepage field in the low-permeability layer.
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Figure 6. Coefficient of variation of oil phase during water flooding process model.

Upon entering the high water saturation stage, with further increases in water injection
volume, a slight rebound is observed in the CoV of water-phase permeability for both
the overall model and the high-permeability layer. The overall CoV increases slightly
to 1.33, with a growth rate of only 1.53%, while the CoV for the high-permeability layer
rises to 0.676, representing a 10.3% increase. This phenomenon indicates that, in the high
water saturation stage, the impact of injected water on the overall model and the high-
permeability layer is relatively limited, with minimal changes in the degree of heterogeneity
of the water-phase seepage field, and a high level of stability maintained. Notably, the
CoV of water-phase permeability in the low-permeability layer experiences a significant
decrease, falling from 3.36 to 1.69, with a reduction rate of 49.7%. This change suggests that
injected water significantly improves the heterogeneity of the water-phase seepage field
within the low-permeability layer.

The CoV of oil-phase permeability in different regions of the model with changing
water injection volume during the water flooding is shown in Figure 6. In the low water
cut stage, the CoV of oil-phase permeability undergoes significant changes as the water
injection volume increases. The overall CoV of the model rises from 1.06 to 1.84, and the
CoV of the high-permeability layer jumps from 0.459 to 3.04. These figures indicate that
injected water significantly increases the heterogeneity of the oil-phase seepage field in
both the high-permeability layer and the overall model, resulting in greater differences
in oil-phase seepage capacity among various regions within these areas. Conversely, the
CoV of the low-permeability layer decreases from 0.650 to 0.446, suggesting that injected
water reduces the heterogeneity of the oil-phase seepage field in the low-permeability layer,
albeit with limited effectiveness.

In the high water cut stage, the CoV of oil-phase permeability in both the overall model
and the high-permeability regions exhibits a complex evolutionary trend, first decreasing
and then increasing. The overall CoV experiences a 47.5% decline, followed by a 5.59%
rebound. Similarly, the CoV of the high-permeability regions first drops by 35.2% and then
increases by 5.58%. During this stage, the CoV of the low-permeability regions begins to
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rise, increasing from 0.441 to 0.464, with a growth rate of 5.21%. This signifies that the
low-permeability regions start to be affected by the water displacement action, thereby
exacerbating the heterogeneity of the oil-phase seepage field.

After entering the extra-high water cut stage, the heterogeneity of the oil-phase flow
field continues to evolve and exhibits new characteristics. The CoV in the high-permeability
regions decreases from 2.08 to 1.63, representing a 21.6% reduction. Despite the high-
permeability regions continuing to be influenced by injected water, the heterogeneity
adjustment within their oil-phase flow field gradually stabilized, and its impact weakened
compared to the initial stage of development. Meanwhile, the CoV in the low-permeability
regions increases significantly from 0.464 to 0.768, with a growth rate of 65.5% and the
overall CoV of the model also rises from 1.02 to 1.17, an increase of 14.7%. These changes
may be related to the enhanced contribution of low-permeability regions to the flow field,
highlighting the central role of low-permeability regions in regulating the heterogeneity of
the overall oil-phase flow field during the later stages of development.

Based on the information presented in Figures 5 and 6, the heterogeneity changes
in the internal seepage field of the reservoir can be divided into two stages, according to
the difference in the variation amplitude of the coefficient of variation (CoV) of oil- and
water-phase permeabilities within the reservoir as the water injection volume gradually
increases: a stage of drastic changes and a stage of relative stability. The stage of drastic
changes in the CoV of water-phase permeability corresponds to the low water saturation
stage, while the CoV of water-phase permeability transitions to a stage of relative stability
upon entering the high water cut stage. Correspondingly, the stage of drastic changes in
the CoV of oil-phase permeability spans both the low and high water cut stages, and the
CoV of oil-phase permeability also enters a stage of relative stability after entering the
extra-high water cut stage. Specific data analysis of the CoV variations reveals that the
variation amplitude of the overall CoV of water-phase permeability in the model during the
stage of drastic changes is 114.5 times that during the stage of relative stability. Similarly,
the variation amplitude of the overall CoV of oil-phase permeability in the model during
the stage of drastic changes is 5.2 times that during the stage of relative stability. This
phenomenon indicates that during the stage of drastic changes in the CoVs of both oil and
water phases, the reservoir interior is significantly affected by injected water, resulting
in drastic fluctuations in the heterogeneity of the oil- and water-phase seepage fields.
Upon entering the stage of relative stability, due to the formation of preferred seepage
pathways within the reservoir, injected water mainly flows along these pathways. The
impact of injected water on the internal seepage field of the reservoir is significantly reduced
compared to in the stage of drastic changes, leading to a decrease in the variation amplitude
of the CoVs of oil- and water-phase permeabilities.

To comprehensively elucidate the impact of heterogeneity changes in the internal
flow field of the reservoir during the water injection development process, the CoV of oil-
and water-phase permeabilities, oil- and water-phase permeabilities, and comprehensive
flow capacity of the reservoir at different development stages were selected as analysis
objects for a comprehensive analysis. The specific values of each parameter are provided
in Tables 3 and 4. Additionally, based on these tabular data, corresponding schematic
diagrams were plotted, as shown in Figures 7 and 8, respectively.

Based on the data in Table 2 and taking the CoV of oil-phase permeability at different
stages as an example, a schematic diagram of the oil-phase flow channels within the
reservoir is plotted, as shown in Figure 7. The area of the graphics in the figure represents
the relative size of the oil-phase permeability within the same permeable layer.
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Figure 7. Schematic diagram of oil phase permeability variation coefficient at different development
stages. (a) CoV for high-permeability layer: 0, CoV for low-permeability layer: 0. (b) CoV for
high-permeability layer at low water cut stage: 0.46, CoV for low-permeability layer at low water
cut stage: 0.60. (c) CoV for high-permeability layer at high water cut stage: 1.97, CoV for low-
permeability layer at high water cut stage: 0.44. (d) CoV for high-permeability layer at extra-high
water cut stage: 1.63, CoV for low-permeability layer at extra-high water cut stage: 0.77.

Table 3. CoV of oil-water phase permeability at different development stages.

Water Cut Stage Permeability Layer CoV of Oil-Phase CoV of Water-Phase

permeability Permeability
High 0.46 2.58
Low Water Cut Low 0.60 1.54
High 1.97 0.55
High Water Cut Low 0.44 2.95
High 1.63 1.69

Extra-High Water Cut Low 0.77 0.68
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Table 4. Oil-water-phase permeability and comprehensive flow capacity at different develop-

ment stages.

WaterCutStage  Permeability Layer IR L REED) Capatity D)
High 854 17.7 871.7
Low Water Cut Low 60.6 25 63.1
High 25.8 549.8 575.6
High Water Cut Low 86.1 492 91.02
High 48.2 465.8 514
Extra-High Water Cut Low 62.3 13 75.3

(b)

()

Figure 8. Schematic diagram of oil and water flow capacity at different development stages. (a) Low
water cut stage. (b) High water cut stage. (c) Extra-high water cut stage. Blue represents water and

red represents oil.

As clearly shown in Figure 7, at different water cut stages, the CoV for oil-phase
permeability within each permeable layer of the model exhibits significant differences,
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and the magnitude of this coefficient of variation positively correlates with the difference
in seepage capacity among the internal seepage channels. In this context, channels with
a stronger seepage capacity tend to produce significant interference effects on weaker
channels, resulting in an obvious shielding phenomenon, which can be intuitively observed
in the schematic diagram of Figure 7c. This shielding effect poses considerable challenges
and unfavorable factors for subsequent development work.

Based on the data in Table 3, a schematic diagram of the oil and water flow capacity
within the reservoir at different development stages is depicted in Figure 8. The relative
size of the areas in the diagram represents the relative magnitude of the oil and water flow
capacity within the same permeability layer.

The differences in oil-water seepage capacity within the reservoir can be seen as a
result of the seepage channels being occupied by oil and water phases in different propor-
tions. By observing Figure 8, it can be found that as the development stage progresses, the
oil-water seepage capacity within the reservoir exhibits dynamic characteristics, with the
proportion of oil and water phases in the seepage channels fluctuating accordingly. Specifi-
cally, in the early low water saturation stage of development, both the high-permeability
and low-permeability layers within the reservoir have oil as the main seepage medium,
with the flow capacity of the oil phase being significantly advantageous compared to
the water phase. However, as the development process enters the high water saturation
stage, a significant shift occurs: in the high-permeability layers, the water phase gradually
becomes dominant, occupying the main seepage channels and significantly enhancing its
seepage capacity, while the seepage capacity of the oil phase weakens noticeably, making it
difficult for subsequently injected water to effectively reach the remaining oil. In contrast,
within the low-permeability layers, the oil phase still controls the main seepage channels,
and the seepage capacity of the water phase gradually increases at this stage. Due to the
difference in water-phase seepage capacity between the high- and low-permeability layers,
the injected water mainly flows along the main seepage channels of the high-permeability
layers, making it difficult to penetrate into the low-permeability layers and thus effectively
reach the remaining oil within them.

Based on a comprehensive analysis of Figures 5-8, the following conclusions can be
drawn: During the development process, the oil-water seepage characteristics within the
reservoir and the heterogeneity of the seepage field exhibit dynamic changes. During
the low water saturation period, the oil phase demonstrates strong seepage capability,
dominating the seepage pathways, and the heterogeneity of the oil-phase seepage field
is relatively low, with minimal differences in seepage capability among various regions
within the reservoir. This stage is considered favorable for resource exploitation. However,
as the water saturation increases and the reservoir enters the high water saturation stage,
the situation significantly changes. The oil phase permeability of the high-permeability
layers drops substantially, while the heterogeneity of the oil-phase seepage field intensifies,
leading to notable differences in seepage capability among various regions within the
oil-phase seepage field. Meanwhile, the water-phase permeability significantly increases,
becoming the controller of the main seepage pathways, and the heterogeneity of the
water-phase seepage field is relatively low, with minimal differences in seepage capability
among internal regions. This results in subsequent injected water tending to flow along
the main seepage pathways, making it difficult to effectively mobilize the remaining oil
within the reservoir. The differences in oil-water seepage capabilities and among internal
regions within the oil-phase seepage field pose significant challenges for the subsequent
development of high-permeability layers. Therefore, in subsequent development planning,
it may be necessary to consider implementing appropriate strategies to enhance oil-phase
seepage capability and reduce the heterogeneity of the oil-phase seepage field. Regarding
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low-permeability layers, their oil phase permeability and the heterogeneity of the oil-phase
seepage field do not show significant changes compared to the low water saturation stage.
The oil phase permeability is much higher than the water-phase permeability, and the
heterogeneity of the oil-phase seepage field is relatively small. From the perspectives
of flow capability and flow capability differences, low-permeability layers have certain
advantages in subsequent development. However, it is also necessary to comprehensively
assess the water-phase seepage capability of high-permeability layers and the potential
impact of the water-phase seepage field on low-permeability layers.

4. Conclusions

(1) During the process of water injection development, the comprehensive flow capacity
of the layered cores and the flow capacity of the oil-water phases are always in a
state of dynamic change. Due to the additional resistance present when multiple
phases of fluid flow together, the comprehensive flow capacity of the reservoir is
always lower than its absolute permeability. After entering the extremely high water
saturation stage, the comprehensive flow capacity of the layered cores is only 41.6%
of its absolute permeability. The internal seepage field and oil-water distribution
of the reservoir have undergone significant changes compared to the initial stage
of development. Therefore, the understanding of physical properties based on the
initial stage of development can no longer fully guide the development work at the
extremely high water saturation stage.

(2) Based on the differences in the variation ranges of the CoV of oil- and water-phase
permeabilities within the layered cores during the development process, the het-
erogeneity changes in the seepage field, and the layered cores of the seepage field
within the layered cores are divided into two stages: a stage of drastic changes and
a stage of relative stability. During the stage of drastic changes, the seepage field
within the reservoir is significantly affected by the injected water, leading to notable
changes in its degree of heterogeneity. The variation range of the CoV of water-phase
permeability during the stage of drastic changes is 114.5 times that of the stable stage,
while for the oil phase, it is 5.2 times that of the stable stage. There are also notable
differences in the change stages of the seepage fields for the oil and water phases.

(3) During the process of water flooding development, the oil-water distribution and flow
state within the layered cores are jointly constrained by the differences in oil-water
seepage capacity and the heterogeneity of the oil-water seepage field. When there is
significant imbalance in the oil-water seepage capacity across different regions within
the reservoir, or when the heterogeneity of the oil-phase seepage field is excessively
strong, it will adversely affect the development process.
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