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Study on three-dimensional
physical simulation experiment
of remaining oil distribution in
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Kuigian Ma, Jijun Wang*, Shaohua Si, Lei Yang, Zhuo Zhao,
Haochuan Ling and Zheng Wu

Tianjin Branch of CNOOC Ltd., Tianjin, China

The sand bodies of narrow channel reservoirs are predominantly composed of
distributary channels, with effective sand bodies often forming narrow strips.
The development of offshore oilfields typically involves large well spacing,
which, combined with the distribution form of the river channels and the
well pattern, significantly influences the sweep efficiency of water flooding
during the high water cut stage. This leads to a complex distribution of
remaining oil, thereby increasing the difficulty of reservoir development. This
study focuses on the BZ offshore narrow channel reservoir and introduces a
novel three-dimensional visual experiment platform designed for the physical
simulation of water flooding. Through this platform, we conducted a series
of physical experiments to investigate the effects of varying channel widths,
permeability differences, and well patterns on water flooding. Our experiments
have successfully elucidated the distribution patterns of remaining oil both in
the plane and longitudinal directions of the channel during the high water cut
stage. The experimental results show that with the increase in width, the shape
of the water-swept area changes from a narrow strip to a spindle, and the
remaining oil around the production well begins to accumulate. The larger the
permeability difference is, the more injected water preferentially advances along
the high permeability zone, the worse the sweeping degree at the channel’s
edge is, and the higher the accumulation degree of the remaining oil is. Through
the well type adjustment, the water cut is reduced and the remaining oil near
the production well and the edge of the channel is utilized. After the well
pattern adjustment, the utilization of remaining oil in the river channel is also
improved. This research not only provides critical insights into the dynamics of
water flooding in narrow channel reservoirs but also establishes a foundational
methodology for evaluating the effectiveness of CO, flooding following water
flooding. The development of the three-dimensional visual experiment platform
represents a significant advancement in reservoir simulation techniques, offering
a robust tool for future studies aimed at optimizing oil recovery in complex
reservoir environments.

narrow channel reservoir, three-dimensional physical simulation, well pattern
adjustment, water flooding, residual oil distribution
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1 Introduction

As the largest narrow channel heavy oil reservoir in the
Bohai (Xuejun et al., 2004; Jiang et al., 1993; Shaoxianjie, 2010; Kun-
Kun etal., 2013; Amaechi et al., 2014), the BZ reservoir is mainly
composed of distributary channels, which have the characteristics
of good physical properties in the middle of the channel and
poor physical properties in the edge of the channel. Oilfields are
generally developed by injection-production well patterns along
the river direction. However, this narrow strip sand body has
the problems of narrow channel, thin sand body, and fast lateral
change, which have a profound impact on the water-flooding law
and remaining oil distribution in the process of water injection
development.

At present, domestic scholars mainly use reservoir engineering
and numerical simulation methods to research injection-production
well patterns, water breakthrough law, and productivity tests
in narrow channel reservoirs, but there are few studies on the
influence of plane heterogeneity on water flooding sweep and
recovery. The indoor experimental research on the influence of
heterogeneity on water flooding and recovery efficiency mainly
adopts three methods: core parallel experiment, three-dimensional
physical simulation experiment, and micro casting thin section
experiment. Chunsheng et al. (2007) used the method of parallel
connection of cores with different permeability to equivalently
study the influence of heterogeneity on oil recovery, but only
the heterogeneity between layers could be studied, and the plane
heterogeneity could not be considered. Yu et al. based on the newly
developed three-dimensional large-scale core model production
technology (Zhiweietal,, 2016; Yuetal, 2019; Yuetal, 2018;
Hongguang et al., 2017; Yu, 2015; Qingtai, 2011; Pingping et al.,
2004; Yulong, 2012; Wangming, 2020; Jing, 2013; Min, 2012;
Xiaodong et al., 2014; Yuhong et al., 2012) and oil-water saturation
three-dimensional acquisition system, showed the hydrodynamic
characteristics of injection-production well patterns under complex
rhythmic conditions and also revealed the complexity and
regularity of remaining oil distribution. Zhou et al. (Yuhong et al,,
2012; Haiyanetal., 2020; Zhailiang, 2011; Gongetal, 2011;
Yifan etal.,, 2016; Haochuan etal., 2018; Wei, 2014; Hao etal.,
2015; Shuaiwei et al., 2016; Jianwei et al., 2017; Ming et al., 2018;

TABLE 1 Experimental basic parameters.

Parameter name

10.3389/feart.2025.1514770

Ashman etal, 2019) designed and made a large-scale plane
physical model using similarity criteria for the special geological
characteristics and well pattern of narrow channel reservoirs in
the BZ oilfield. Based on the three-dimensional water flooding
physical simulation experiment device, Yao et al. carried out water
flooding physical simulation experiments of basic well pattern, well
pattern thinning, and well pattern encryption, and compared the
development effects of unadjusted and adjusted well pattern (Xiutian
et al., 2023).

A large three-dimensional physical model of the narrow channel
reservoir was made based on the geological characteristics and well
pattern model of the BZ narrow channel. Through the indoor water
flooding experiment, the physical experiment of water flooding
under different river widths, permeability differences, and well
patterns were carried out, and the distribution law of remaining oil in
the plane and longitudinal direction of the river channel in the high
water cut stage was clarified. The dynamic characteristics of water
flooding in narrow channel reservoirs are further understood, which
is of guiding significance for the efficient development of narrow
channel reservoirs.

2 Three-dimensional narrow channel
water flooding physical simulation
experiment design

2.1 Determination of experimental basic
parameters

Based on the geological data of the BZ narrow channel
reservoir, considering the limitation of experimental conditions,
the basic model parameters of the three-dimensional visualization
physical experiment of the narrow channel are calculated by
using geometric similarity (channel width-thickness ratio and
horizontal good length), dynamic similarity (production pressure
difference, liquid production intensity) and motion similarity
(seepage mode) in similarity criterion. The basic experimental data
are shown in Table 1.

Original reservoir parameters Three-dimensional physical model parameters

Channel length/m 70,000 70
Channel width/m 30,000 30
Channel thickness/m 1,000 5
Porosity/% 30 30
Permeability/10~>pum? 2,000 2,000
Viscosity/mpa-s 150 50
Initial formation pressure/MPa 10 0.15
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FIGURE 1
Three-dimensional water flooding physical simulation experiment device for narrow channel reservoir. (a) Three-dimensional visualization device
physical map. (b) The overall design diagram of the experiment.

TABLE 2 Experimental program design.

Number River channel width and Well type Permeability Redeployment Experiment
depth contrast purpose
Full size/m Experimental
size/cm
1 200 x 10 70 x 15x 5 Directional well 4 Unadjusted
injection +
Directional well
mining
2 300 x 10 70 x30 x5 Directional well 4 Unadjusted Explore the
injection + influence of different
Directional well river widths on the
mining water flooding effect
3 400 x 10 70 x 40 x 10 Directional well 4 Unadjusted
injection +
Directional well
mining
4 400 x 10 70 x 40 x 10 Directional well 8 Unadjusted Explore the effect of
injection + different
Directional well permeability
mining contrasts on the
water flooding effect
5 400 x 10 70 x 40 x 10 Directional well 8 Adjust the Explore the
injection + directional influence of different
Directional well production well to well types on the
mining the horizontal water flooding effect
production well
6 400 x 10 100 x 50 x 10 Directional well 8 Horizontal wells are Explore the
injection + arranged in the influence of different
Directional well middle of the river well patterns on the
mining water flooding effect

2.2 Design of three-dimensional
experimental device for narrow river
channel

The main part of the three-dimensional water flooding physical
simulation experiment device for narrow channel reservoirs is

Frontiers in Earth Science
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a narrow channel three-dimensional visualization device, water
injection device, and metering device. The overall experimental

device is shown in Figure 1, where:

(1) Water injection device: It is composed of a beaker, ISCO
plunger pump, nitrogen bottle, intermediate container, and

frontiersin.org
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FIGURE 2
Three-dimensional physical simulation of experimental river longitudinal profiles. (a) The width of the river is 200 m. (b) The width of the river is 300 m.
(c) The width of the river is 400 m.

(b

() (D

FIGURE 3
Channel width 200 m water-driven feature. (a) The water content is 34 % (the sweep coefficient is 0.25). (b) The water content is 62 % (the sweep
coefficient is 0.5). (c) The water content is 92 % (the sweep coefficient is 0.7). (d) The water content is 35 % (the sweep coefficient is 0.95).

(b

FIGURE 4
Channel width 400 m water-driven features. (a) The water content is 34 % (the sweep coefficient is 0.05). (b) The water content is 62 % (the sweep

coefficient is 0.13). (c) The water content is 92 % (the sweep coefficient is 0.24). (d) The water content is 35 % (the sweep coefficient is 0.27).

connecting pipeline. The gas cylinder intake provides power to and 5 cm high. The glass beads are filled inside to simulate the

suck distilled water and discharge liquid for the flow control reservoir. The special stainless-steel pipe is used to simulate

of the ISCO plunger pump. The injected water was distilled vertical wells and horizontal wells. The perforation completion

water stained with black ink to observe the three-dimensional method is used for easy observation.

water flooding morphology. (3) The metering device is composed of a digital camera, a
(2) Three-dimensional visualization device. It is composed of stopwatch, a measuring cylinder, and a pipeline, which is used

acrylic glass on four sides. The size is 70 cm long, 30 cm wide to measure the amount of liquid produced in real-time.
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(a) )]

FIGURE 5
Topwater-driven waves and patterns for different channel widths. (a) 200 m, sweep coefficient 0.95. (b) 300 m, sweep coefficient 0.32. (c) 400 m,

sweep coefficient 0.27.

(a) )

FIGURE 6
Central water drive and patterns under different channel widths. (a) 200 m, sweep coefficient 1. (b) 300 m, sweep coefficient 0.69. (c) 400 m, sweep

coefficient 0.63.

(a)

FIGURE 7

Bottom water-driven waves and patterns for different channel widths. (a) 200 m, sweep coefficient 1. (b) 300 m, sweep coefficient 1. (c) 400 m, sweep

coefficientl.
2.3 Three-dimensional experimental oil was fully mixed with glass beads of varying particle sizes.
scheme design of narrow channel Then, the oil-mixed sands of varying particle sizes were

placed in different positions in the model, and compacted

Based on the problems of the narrow channel, thin sand body, with wooden boards to ensure that the porous medium
and fast lateral change of narrow strip sand body, combined with in the model was fully and uniformly saturated with the
the characteristics of large well spacing and thin good pattern simulated oil.
in offshore oilfields, the width of the channel is different, and (3) Open the liquid storage tank switch, add water to the liquid
the types of remaining oil enrichment are quite different. In this storage tank; open the gas cylinder, and open the ISCO
experiment, the width of the channel is the main factor, and plunger pump. Under the action of the air compressor, the
the main research direction is determined according to different water enters the constant speed constant pressure pump and
channels, and the scheme design is carried out at the same time. then enters the lower part of the intermediate container.

Through the control variables to explore the influence of different The liquid pushes the piston in the intermediate container

factors on the effect of water flooding, the experimental process is to move up so that the ink enters the heterogeneous

designed as follows, and the experimental scheme design is shown in model from the intermediate container through the

Table 2. simulation well.

(1) Oil sample preparation: Anhydrous kerosene and engine oil (4) Water flooding is carried out on the heterogeneous formation
diesel were prepared according to a certain proportion to model until the water content at the end of the production
prepare experimental oil with a viscosity of 50 mPas, and well is 98%. The pre-set adjustment well is opened, the
the two were dyed with Sudan III dye according to the production well is closed, and then the constant-speed
experimental requirements. constant-pressure pump is opened, so that the ink enters the

(2) According to the different experimental requirements, heterogeneous formation from the intermediate contain-er
different mesh glass beads were selected, and the simulated through the simulation well and is produced by the adjustment

Frontiers in Earth Science 05 frontiersin.org
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plane sweeping with a width of 300 m. (d) The law of plane sweeping with a width of 400 m.
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well until the water content at the end of the production

well is 98%.

(5) The total liquid production at different times was recorded
with a stopwatch and a measuring cylinder. After standing,
the amount of oil and water was measured every

3 min.
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3 Results

results,

This section may be divided by subheadings. It should
provide a concise and precise description of the experimental

their interpretation, as well as the experimental

conclusions that can be drawn and our conclusion on EOR
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FIGURE 10

Different permeability differential distribution. (a) permeability difference is 4. (b) permeability difference is 8.

(e)

FIGURE 11

Permeability gradient 8 water drive characteristics. (a) The water content is 34 % (the sweep coefficient is 0.03). (b) The water content is 62 % (the
sweep coefficient is 0.07). (c) The water content is 92 % (the sweep coefficient is 0.15). (d) The water content is 98 % (the sweep coefficient is 0.23).

and water flooding can be strengthened following the idea
(Zongbin et al., 2013; Abd-Elaal etal., 2024; Salemetal., 2024;
Khattab et al., 2024a; Khattab et al., 2024b).

3.1 The distribution law of remaining oil
under different channel widths

3.1.1 Experimental scheme

The length of the experimental model is 70 cm, the width
is 20cm ~ 40cm, the height is 5cm, and the permeability
contrast is 4 (Figure 2). Using the same permeability contrast,
the influence of different channel widths on the distribution of
remaining oil is compared and analyzed, and the type of remaining
oil enrichment is determined.

3.1.2 Water flooding characteristics

In the narrow river channel, the injected water in the early
stage of displacement first advances along the high permeability area
inside the channel, and there are many un-swept areas in the low
permeability area at the edge of the channel. In the middle stage of
displacement, the injected water spreads from the high permeability

Frontiers in Earth Science

area inside the channel to the low permeability area at the edge of the
channel. At the end of displacement, the range of sweeping is limited,
forming linear displacement, and the shape of the sweeping area is
a narrow strip. Due to the limitation of injection speed, the sweep
area near the injection well is large, and the sweep area near the
production well is small. The displacement shape is a spindle. Due
to the limited displacement energy, the injected water is difficult to
spread to the edge of the channel, and the remaining oil accumulates
near the edge of the channel and the production wells (Figures 3, 4).

3.1.3 Remaining oil distribution

In the later stage of displacement, due to the increase in channel
width and the limited displacement energy, the distribution of
remaining oil at the top of different channel widths has formed a
large difference. The channel width of 200 m is linear displacement,
forming a narrow strip swept shape. The remaining oil is distributed
throughout the channel (Figure 5a). The channel width of 300 m
is radial displacement, forming a spindle-swept shape (Figure 5b).
The remaining oil is concentrated on the edge and near production
wells. The spindle-swept shape of the channel width of 400 m is more
significant, and the remaining oil is concentrated on the edge and
near production wells (Figure 5c). The remaining oil distribution

frontiersin.org
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Wave and regularity curves. (a) Longitudinal sweep rule with a grade difference of 4. (b) Longitudinal sweep rule with grade difference of 8. (c) Plane
wave propagation law with a grade difference of 4. (d) Plane sweep rule with a grade difference of 8.
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in the middle of the river channel is similar to that at the top.
The remaining oil with a width of 200 m is dispersed (Figure 6a).
The sweeping shape of the river channel with a width of 300 m
changes from a spindle shape to a narrow strip shape (Figure 6b). The
remaining oil distribution is relatively concentrated. The sweeping

Frontiers in Earth Science

shape of the river channel with a width of 400 m is a spindle
shape, and the remaining oil distribution is concentrated (Figure
6¢). Compared with the top, the remaining oil distribution in the
middle of the river channel is less and the sweep range is larger. Due
to the narrow channel reservoir, the top is flat and the bottom is
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(a) (b)

FIGURE 14
Well network distribution before and after well type adjustment. (a) The original well pattern mode before well type adjustment. (b) Well pattern mode

after well type adjustment.

(c) (d)

FIGURE 15

Map of changes in water-driven features at the top of the channel. (a) The water content is 72 % (the sweep coefficient is 0.34). (b) The water content is
80 % (the sweep coefficient is 0.44). (c) The water content is 90 % (the sweep coefficient is 0.54). (d) The water content is 98 % (the sweep

coefficient is 0.73)
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FIGURE 16
Wave and regularity curves. (a) Longitudinal sweep rule. (b) Law of plane sweeping.
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FIGURE 17
Adjustment of before and after well network patterns. (a) The original well pattern mode before adjustment. (b) The adjusted well pattern mode.

() (d

FIGURE 18

Schematic diagram of water drive characteristics at different development stages. (a) The water content is 72 % (the sweep coefficient is 0.35). (b) The
water content is 80 % (the sweep coefficient is 0.44). (c) The water content before adjustment is 90 % (sweep efficiency is 0.68). (d) The adjusted
moisture content is 90 % (sweep efficiency is 0.85).

convex, the top is wide, and the bottom is narrow, so the bottom  water content reaches 98% in the later stage of displacement, and
of different channels is narrow. The remaining oil distribution at  the recovery degree of the river channel width of 200 m ~ 400 m is
the bottom of different channel widths is similar, almost completely ~ 41%, 34%, and 32%.

swept, forming a narrow strip swept shape, and the remaining oil is

dispersed throughout the channel (Figure 7). L . o .
3.2 The distribution law of remaining oil

3.1.4 Affected degree and development effect under different permeability differences

The variation curves of horizontal and vertical sweep coefficient,
water content, and recovery degree under different river widths are ~ 3.2.1 Experimental scheme
shown in Figure 8. In the longitudinal direction, the sweep range The width of the model is designed to be 70 cm long, 40 cm wide,
decreases with the increase of river width, and the potential area of ~ and 5 cm high (See Figure 10). The permeability distribution of the
200 m ~ 400 m is above 1/10-4/5 from the top of the river. In the ~ whole channel is 1/2 of the internal high permeability and the edge
plane, the sweep range decreases with the increase of river width,  low permeability. The permeability differences of the two groups of
and the potential area of 200 m ~ 400 m is outside 1/5 ~ 1 from  experimental models are 8 and 4, respectively. The same channel
the edge of the river. As shown in Figure 9, the recovery degree  width is used to compare and analyze the influence of different
decreases with the increase in the width of the river channel. The  permeability differences on the distribution of remaining oil.
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Curve of injection multiplier versus moisture content.
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FIGURE 20
Extraction level vs. water content curve.

3.2.2 Drive characteristic

In the early stage of displacement, due to the large permeability
difference and limited displacement energy, the injected water first
advances along the high permeability area inside the river, and it is
difficult for the injected water to advance from the high permeability
area to the low permeability area. The middle and low permeability
area at the edge of the river is almost unused, and the sweeping
shape is a “narrow spindle” More remaining oil is concentrated in the
middle and low permeability area at the edge of the river (Figure 11).

3.2.3 Spreading degree and development effect
The curves of vertical and plane sweep coefficient, water content,
and recovery degree under different permeability differentials are
shown in Figures 12, 13, it can be seen that in the vertical direction,
the sweep range decreases with the increase of permeability
difference. The potential area of difference 4 and difference 8 is above
3/5 and 4/5 from the top of the river channel. In the plane, the sweep
range decreases with the increase of permeability difference. The
potential area is outside 1/5~1, 3/10 ~ 1 from the edge of the river
channel. The water content in the later stage of displacement reaches
98%, the recovery degree of difference 4 is 32%, and the recovery
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degree of difference 8 is 28%. The recovery degree decreases with
the increase of the difference.

3.3 The mechanism and amplitude of well
type adjustment to improve production

3.3.1 Experimental parameters and purpose

The length of the experimental model is 70 cm, the width is
40 cm, the height is 5cm, and the permeability difference is 8.
Based on the results of the remaining oil distribution in the above
experiment, due to the complete spread at the bottom of the river
channel and the enrichment of remaining oil in the middle and
upper parts, it is suitable to use horizontal wells to tap the potential
of remaining oil at the top. Therefore, the production wells in the
river channel are adjusted from directional wells to horizontal wells,
and the mechanism and amplitude of improving the production
of horizontal wells relative to directional wells are analyzed
(Figure 14).

3.3.2 Water drive characteristics in different
development stages

By comparing and analyzing the results of the two groups of
experiments before and after the adjustment, the injected water
before the adjustment advances along the high permeability area in
the middle of the river channel to form a ‘spindle-shaped ‘spread
form, and the remaining oil is distributed near the edge of the river
channel and the production well. By adjusting the well type, the
horizontal well runs through the entire river channel along the width
direction of the river channel, changing the direction of the injected
water flooding. The spread form is transformed from spindle-shaped
to near ‘linear displacement ‘to better use the remaining oil near the
low permeability area of the river channel edge and the production
well, reducing the un-spread area (Figure 15).

3.3.3 Spreading degree and development effect

The curve of the degree of spread and the change of production
index before and after the adjustment is shown in Figure 16. As
can be seen from Figure 16, vertically, the bottom of the river is
almost completely swept, there is a small amount of unswept area
at the top of the river, and the potential area is more than 1/5 from
the top of the river. On the plane, the middle is almost completely
spread, the edge of the river is not completely spread, and the
potential area is 1/5 ~ 3/10 away from the edge of the river. With
the development of water injection, when the water cut reaches 98%,
the recovery degree is 26%. The directional well is transformed into
a horizontal well, the water cut decreases by 26%, and the recovery
degree increases by 14.6%, which improves the reservoir utilization
degree.

3.4 The mechanism and range of well
pattern adjustment for improving the
producing range

3.4.1 Experimental parameters and purpose

The development experience of the oilfield shows that the
remaining oil with macroscopic distribution can be recovered by
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adjusting development measures and deploying infill wells in a
large range (Zongbin et al., 2013). Combined with the remaining oil
distribution characteristics of narrow channel reservoir in this paper.
A horizontal well is arranged inside the river channel to transfer the
production wells of the original well pattern to the injection wells,
which can change the swept form of the injected water and better
improve the utilization of the reservoir.

The simulation parameters of the experiment are 100 cm in
length, 50 cm in width, 5cm in height, and 8 in permeability
difference. Due to the wide width of the river channel, the remaining
oil is irregularly distributed in the river channel. The deployment
of adjustment wells to improve the well pattern, alleviate the
heterogeneity of the reservoir, and improve the available geological
reserves in the well pattern control area (Figure 17). Therefore, the
production wells at the edge of the river channel are converted to
injection, and a horizontal well is arranged inside to analyze the
mechanism and amplitude of well pattern adjustment to improve the
utilization.

3.4.2 Water drive characteristics in different
development stages

By comparing and analyzing the experimental results of the two
groups, the remaining oil before adjustment is mainly distributed
in the high permeability area inside the river channel and near
the production wells at the edge of the river channel. Through the
adjustment of the well pattern, the sweep pattern of injected water
is changed in the horizontal well of the river channel, and the
remaining oil between the high permeability area in the middle of
the river channel and the injection and production wells at the edge
of the river channel is better utilized, which reduces the unswept area
and improves the utilization of the reservoir (Figure 18).

3.4.3 Production and development index

With the development of water injection, when the water content
reaches 98%, the recovery degree is 33%. After the adjustment of
the well pattern, the water cut decreased by 8%, the recovery degree
increased by 11%, and the reservoir utilization degree was improved
(Figures 19, 20).

4 Conclusion

In this paper, through the three-dimensional physical simulation
experiment of water flooding, the remaining oil distribution law
of different channel widths, permeability differences, adjustment
mode, and cutting mode are analyzed. The main conclusions
are as follows:

(1) sweep rule: sweep form is mainly narrow strip linear
displacement, spindle radial displacement, through the
adjustment of good pattern can change the sweeping form
of injected water, improve the reservoir producing degree;

(2) The influence of channel width: the remaining oil below 200 m

is dispersed in the whole channel, and the distribution of

remaining oil above 200 m is divided into two aspects. On the
plane, it is enriched near and at the edge of the production
well, and in the longitudinal direction, the bottom is fully
affected, and the remaining oil at the top is concentrated. As
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the width increases, the swept shape changes from narrow strip

to spindle ', and the remaining oil around the production well

begins to enrich.
(3) The influence of permeability differential: the larger the
differential, the injected water preferentially advances along
the high permeability area, the worse the sweep degree of
the river edge, and the higher the enrichment degree of the
remaining oil;
(4) The influence of adjustment mode: after the development of
the horizontal well, the water content is reduced, and the
remaining oil enriched near the production well and at the
edge of the river channel is well utilized. However, due to the
strong heterogeneity of the river channel, there is still unused
remaining oil at the edge of the river channel, and the well
pattern adjustment also improves the utilization of remaining

oil inside the river channel.
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