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mobilization of remaining oil in the late stage of ultra-high water cut in Bohai
Q Oilfield, combined with the development characteristics of point bar lateral
accretion bodies in meandering rivers, a large-scale physical model with a size
of over 1+ m was established, and water flooding experiments were carried out
under different well pattern modes. The results show that the ultra-large-scale
model can effectively weaken the boundary effect and accurately characterize
the gravity effect; the development mode has a significant impact on oil recov-
ery; the evolution of the flow field presents the characteristics of vertical differ-
entiation and planar heterogeneity; the synergistic effect of macroscopic phys-
ical property shielding at the interface and discontinuous microscopic capillary
force leads to the enrichment of clustered remaining oil in the upstream of high-
permeability zones. The research results provide an experimental basis and
theoretical support for the well pattern optimization of lateral accretion bodies
and the tapping of remaining oil potential in thick sandstone reservoirs in Bo-

hai.
Keywords
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1. Introduction

Bohai Q Oilfield is a large-scale integrated sandstone oilfield. After long-term water

flooding development, it has entered the late ultra-high water cut stage with a com-
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prehensive water cut of 96%, facing development contradictions such as rapid water
cut rise, large production decline, low water injection efficiency and scattered re-
maining oil distribution (Zhu et al., 2020; Zhang & Liu, 2022). The reservoir of this
oilfield is dominated by meandering river deposits, with widely developed lateral
accretion bodies inside point bars, resulting in strong reservoir heterogeneity. The
matching relationship between horizontal well pattern and lateral accretion archi-
tecture directly determines the water flooding sweep efficiency and spatial enrich-
ment characteristics of remaining oil (Chen & Zhou, 2021; Wu et al., 2019).

At present, most physical simulation studies on reservoir seepage adopt two-
dimensional cemented models or small-sized three-dimensional sand-packed mod-
els with a size < 50 cm. Such models generally have limitations such as significant
boundary effect, strong interference from built-in measuring points, and difficulty
in accurately reproducing the macroscopic seepage characteristics of actual reser-
voirs (Dou et al., 2022). In recent years, reservoir physical simulation technology
has gradually developed towards “large scale, high precision and multi-dimen-
sion”. With the advantage of reproducing macroscopic reservoir heterogeneity, ul-
tra-large-scale physical models can effectively reduce the interference of scale ef-
fect on experimental results and improve the accuracy of seepage law characteriza-
tion (Wang et al., 2023; Li, 2021).

Domestic and foreign scholars have carried out a large number of physical sim-
ulation studies on seepage characteristics of conventional sandstone reservoirs.
However, ultra-large-scale water flooding experiments focusing on the architec-
ture of meandering river lateral accretion bodies are still relatively scarce. In par-
ticular, there are obvious deficiencies in the research on the coupling mechanism
of well pattern mode, flow field evolution and remaining oil distribution (Zhang
et al., 2020; Liu et al., 2022), and relevant experimental conclusions lack direct
verification from field practice. In view of this, taking the meandering river point
bar lateral accretion body of Bohai Q Oilfield as the geological prototype, this pa-
per designs and fabricates a 1.3 m ultra-large-scale physical model based on the
similarity principle, carries out water flooding experiments under different well
pattern modes, systematically reveals the seepage law and remaining oil enrichment
mechanism of lateral accretion reservoirs, and applies the research results to the
development adjustment of the target oilfield, so as to provide experimental basis
and technical support for the efficient development of similar oil reservoirs (Cheng
et al., 2021).

2. Experimental Setup

2.1. Model Design Basis

Based on the high-precision seismic interpretation data, sealed coring analysis
data and outcrop analogy data of Bohai Q Oilfield, an ultra-large-scale physical
model with the size of 1.3 m x 1.3 m x 0.7 m was constructed in strict accordance
with the similarity principle (Yang et al., 2020). The core similarity criteria are as

follows:
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1) Geometric similarity: The scale ratio between the geological prototype of the
lateral accretion body and the physical model is set at 1:100. The outer dimension
of the model is 1.3 m x 1.3 m x 0.7 m, and the effective size of the core lateral ac-
cretion simulation area is 1.0 m x 1.0 m x 0.4 m.

2) Physical property similarity: Referring to the measured permeability range
of the target reservoir (300 - 5800 mD), the permeability interval of the model is set
at 350 - 5500 mD to accurately reproduce the physical property differentiation char-
acteristic of “high permeability in the inner part and low permeability in the outer
part” of the lateral accretion body.

3) Fluid similarity: Simulated formation water with consistent salinity with for-
mation water is prepared, and simulated oil with a viscosity of 162mPa-s, a density
of 0.946g/cm’, and an initial oil-water interfacial tension of 24mN/m is selected to
ensure that the oil-water viscosity ratio is consistent with the prototype reservoir,
so as to match the experimental mobility ratio with the field (Li et al., 2022).

4) Flow-rate similarity: Based on previous research findings, a single-well injec-

tion rate of 1.0mL/min is adopted.

2.2. Model Parameters and Fabrication
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Figure 1. Schematic diagram of areal and vertical permeability distribution of lateral accretion bodies under different
modes.
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The size of the core reservoir simulation area of the model is 100 cm x 100 cm X
40 cm. The experiment is carried out under normal temperature and pressure. The
constant injection rate of a single well is set at 1 mL/min, and the total injection
pore volume multiple is 2 PV. Combined with the spatial matching relationship
between well pattern and lateral accretion architecture, three development modes
are designed: In Mode 1, Well (3) corresponds to the inner high-permeability zone,
and Well (2) corresponds to the outer low-permeability zone. For Modes 2 and 3,
the line connecting Well (1) and Well (3) covers the inner high-permeability zone,
while the line connecting Well (2) and Well (3) covers the outer low-permeability
zone (Figure 1).

Monitoring planes are set at the buried depths of 10 cm (upper part), 20 cm
(middle part) and 30 cm (lower part) in the vertical direction to monitor the seep-

age dynamics of different layers (Figure 2).

_~ upper part

- - - middle part

~ lower part

Figure 2. Schematic diagram of layered structure of lateral accretion body mode.

2.3. Experimental Procedure and Data Monitoring

The experimental process mainly includes three core links:

1) Vacuum pretreatment: The model is vacuumized to eliminate the interference
of air in pores on the saturation process.

2) Fluid saturation: The multi-point alternating saturation method is adopted
to saturate the formation water and simulated oil respectively at a constant
pressure of 1 MPa. The global saturation test is carried out for every 10% pore
volume saturation to ensure that the overall saturation error of the model is
<2%.

3) Water flooding experiment: A four-point water flooding experiment is car-
ried out at a constant flow rate of 1.0mL/min for each mode, with 4 injection
wells injecting water synchronously and 1 horizontal well producing uniformly.
During the experiment, the oil and water production and pressure change data
at the production end are recorded for every 0.05 PV injection (Zhou et al.,
2021).
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A two-dimensional data acquisition system of “macro dynamic monitoring +
microscopic imaging characterization” is adopted in the experiment. At the mac-
roscopic level, the pressure dynamics and areal water saturation distribution char-
acteristics of each monitoring point are collected in real time through high-preci-
sion pressure sensors and array resistivity monitoring system (Zhao et al., 2023).
At the microscopic level, after the water flooding experiment, full-diameter core
samples are drilled in the key areas with enriched remaining oil, and three-dimen-
sional scanning imaging is performed using a Nanovoxel-5000CT scanner (res-
olution 0.5 pm) to reconstruct the occurrence morphology and distribution char-

acteristics of remaining oil at the pore scale (Huang & Zhang, 2023).

3. Experimental Results and Analysis

3.1. Comparison of Oil Recovery under Different Development
Modes

It can be seen from the oil recovery and water cut curves in Figure 3, when the
water cut at the production end rises to 98%, the water flooding recovery factors
under the three development modes are significantly different, with a maximum
difference of 9.14%. Mode 1 has the best development effect, with a final recovery
factor of 74.52%. Water breakthrough occurs the latest, and the water cut rises gently.
Mode 2 has the worst development effect, with a final recovery factor of 65.38%.
Water breakthrough occurs the earliest and the water cut rises the fasters. The
recovery factor of Mode 3 is 69.00%, and the development effect is between the
first two modes (Sun et al., 2024).
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Figure 3. Curves of oil recovery and water cut variation for three development modes.

At the early stage of waterflooding development, injected water channels rap-
idly along high-permeability lateral accretion layers. As cumulative injection vol-
ume increases continuously, preferential flow channels gradually form between

injection wells and horizontal wells along the high-permeability lateral accretion
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layers, and further evolve into extreme water-consuming zones with the continu-
ous rise of water saturation. Upon entering the late ultra-high water-cut stage,
nearly 30% of the reservoir area in the model has developed into extreme water-
consuming zones. These zones consume approximately 90% of the injected water,
leading to severe ineffective circulation of injected water and low overall waterflood
oil displacement efficiency.

In Mode 1, under the combined effects of downward percolation of injected
water in high-permeability zones and planar displacement in low-permeability
zones, injected water establishes displacement connectivity preferentially at the
reservoir bottom, and vertical remaining oil is mainly enriched in the upper
reservoir intervals between wells in low-permeability zones. In Mode 2, the pla-
nar displacement front advances rapidly at the high-permeability end, while
remaining oil between injection wells and horizontal wells in low-permeability
zones is characterized by low producing degree and high proportion of remain-
ing reserves. In Mode 3, although the well pattern orientation is optimized to
match the architecture of lateral accretion bodies, constrained by the com-
bined influences of reservoir heterogeneity and fluid bypassing effect, partial
low-permeability intervals still cannot be effectively swept by waterflooding,
resulting in significant remaining oil enrichment in the middle-upper reser-

voir.

3.2. Flow Field Evolution and Saturation Distribution Patterns

3.2.1. Areal Flow Field Characteristics

Based on the areal oil saturation distribution under different injection multiples
(Figure 4), it can be seen that the injected water in Mode 1 presents a displace-
ment characteristic of “converging from the periphery to the center”: the high-
permeability zone has the two-way seepage advantage of “vertical infiltration
and areal diffusion”, while the low-permeability zone is dominated by areal dis-
placement.

Vertically, the high-permeability lateral accretion layer at the bottom of the
model has the most uniform sweep degree. In the low-permeability zone, the areas
on both sides of the line between injection wells and horizontal wells are the main
enrichment zones of remaining oil. In the middle layer, water channeling channels
are preferentially formed in the high-permeability zone, and the displacement front
advances significantly faster than that in the low-permeability zone. After water
breakthrough in the horizontal well in the upper layer, the remaining oil gradually
shrinks from the initial annular distribution and finally presents C-shaped and
dotted scattered enrichment.

Affected by the symmetry of the well pattern, the areal flow fields of Mode 2 and
Mode 3 present mirror distribution characteristics. However, there are always un-
swept stagnant zones between injection wells in the low-permeability zone under
both modes, and the remaining oil saturation maintains at 35% - 45%, which is the

key area for subsequent potential tapping.
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Figure 4. Planar oil saturation distribution of Mode 1 under different injection multiples.
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Figure 5. Vertical oil saturation distribution under different injection multiples in Mode 1.
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Vertically, under the joint control of lateral accretion reservoir heterogeneity and
positive rhythm sedimentary characteristics, the oil saturation in the model presents
an overall distribution law of “high in the upper part and low in the lower part”,
and the vertical differentiation effect of injected water is very significant.

Under the coupling effect of vertical infiltration of injected water in high-per-
meability zones and areal displacement in low-permeability zones, injected water
preferentially migrates downward along the vertical seepage channels of high-per-
meability zones. Under the action of gravity differentiation, the water phase grad-
ually occupies the lower space of the reservoir, and crude oil is displaced upward,
finally forming a “overlap-type” displacement characteristic from bottom to top

(Figure 5).

3.3. Enrichment Mechanism of Remaining Oil at Interfaces

Through CT scanning imaging and core sample analysis, it is found that under
the dual control of macroscopic physical property shielding and microscopic ca-
pillary force discontinuity, the remaining oil at the interface between high and low
permeability lateral accretion bodies presents an asymmetric distribution charac-
teristic of “enrichment in the upstream and water flooding in the downstream”

(Figure 6, Figure 7).

5000—4000 mD 3000—2000 mD 2200—1100 mD

Figure 6. Analysis of CT scanning results.

According to the capillary equilibrium theory, oil and water phases need to
meet the pressure continuity condition on both sides of the interface. However,
the difference in pore-throat structure between coarse-grained sandstone (high-
permeability zone) and fine-grained sandstone (low-permeability zone) leads to
significantly different capillary forces (Swl # Sw2), which eventually results in

discontinuous water saturation on both sides of the interface (Yang et al., 2020).
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During water flooding, the water phase advances faster in the high-permeability
zone. After the water front reaches the lateral accretion interface, it is sucked into
the low-permeability zone under the action of capillary force. The high irreducible
water saturation in the low-permeability zone will block the continuous migration
path of crude oil and divide the crude oil into dispersed remaining oil. After the
water phase breaks through the interface and advances rapidly along the high-
permeability zone, a large amount of massive “passing oil” will remain upstream
of the interface in the high-permeability zone, which is wrapped by the continuous
water phase and forms difficult-to-produce retained remaining oil (Li et al., 2022;
Wang et al., 2022).
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Figure 7. Spatial distribution of water saturation in the reservoir on both sides of the inter-
face.

4. Field Application

Based on the seepage law and remaining oil enrichment mechanism revealed by
the experimental results, field trials were carried out in a typical meandering river
point bar block of Bohai Q Oilfield with differentiated flow field regulation measures.
For high-permeability zones, integral profile control and flooding operations were
implemented in 4 well groups to plug dominant seepage channels; for low-perme-
ability zones, cyclic water injection tests were conducted in 8 well groups to tap the
potential of dispersed remaining oil.

The implementation achieved remarkable oil-increasing effects: the peak daily
oil increment of the well groups reached 105 m*/d, the comprehensive water cut
dropped by 0.5%, and the annual oil increment hit 15,000 m?. This technology boasts

good popularization and application value.

5. Conclusion and Recommendations

Based on the geological prototype of lateral accretion reservoirs in Bohai Q Oil-

field, this paper conducts water flooding experiments with an ultra-large-scale

DOI: 10.4236/gep.2026.149002

23 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2026.149002

Y. N. Xu et al.

physical model. Combined with field application practices, the following conclu-
sions are drawn.

1) The ultra-large-scale physical model with a size of over 1 m can effectively
weaken measuring point interference and boundary effect, accurately characterize
the seepage features of lateral accretion bodies in thick sandstone reservoirs, and
truly reproduce the controlling effects of gravity differentiation and reservoir het-
erogeneity on the seepage process.

2) The development mode has a significant impact on water flooding perfor-
mance. Mode 1 adopting “fixed-point injection in the inner high-permeability
zone” delivers the optimal development effect, with the latest water breakthrough,
the gentlest water cut rise and the highest recovery factor. Mode 2 with the well
pattern intersecting the high-permeability zone performs the worst.

3) The evolution of water flooding flow field in lateral accretion reservoirs gen-
erally presents the characteristics of vertical differentiation and areal heterogene-
ity. High-permeability zones are dominated by vertical “on lap-type” displacement,
while low-permeability zones are dominated by areal displacement. The dominant
flow field develops progressively along high-permeability lateral accretion layers
and eventually forms high water-consumption zones. Remaining oil is mainly en-
riched in the upper inter-well intervals of low-permeability zones and the interface
areas of lateral accretion bodies.

4) The enrichment of remaining oil at lateral accretion interfaces is jointly con-
trolled by macroscopic physical property shielding and microscopic capillary force
discontinuity, and the millimeter-scale micro-structures at the interfaces further
aggravate the remaining oil locking effect. Massive remaining oil upstream of the
interface in high-permeability zones and dispersed remaining oil in low-permeabil-
ity zones are the main targets for potential tapping.

5) Field application indicates that the comprehensive regulation technology of
“architecture-matched well pattern + profile control in high-permeability zones +
pulsed water injection in low-permeability zones” developed from experimental
results can effectively improve development performance and has certain popular-

ization and application value.
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