
Journal of Geo-Energy and Environment
http://dx.doi.org/10.62762/JGEE.2026.867883

RESEARCH ARTICLE

Effect of Water Injection Rate on the Distribution of
Water-driven Oil in the Tankou Oilfield

Yuan Yang1 and Ye Yang 2,*

1Exploration and Development Research Institute, Jianghan Oilfield Company, Sinopec, Wuhan 430223, China
2Drilling Company No.1 of Sinopec Jianghan Petroleum Engineering Co., Ltd., Qianjiang, 433123, China

Abstract
Supplementing formation energy through water
injection is the main way to develop old oil
fields. However, formation non-homogeneity leads
to the uncertainty of waterline advancement, which
generates residual oil. In order to study the
effect of water injection rate on the distribution
of water-driven oil, we carried out water injection
simulation experiments using the Tankou oilfield
as an example. The oil saturation contour maps
of several time points in the water-driven oil
process were plotted by determining the trend of
resistance value changes. We studied the drive path
during the water-driven oil process, determined the
location of residual oil distribution in the plane and
longitudinal direction and analysed the reasons for
residual oil generation. The study concludes that
the optimal upper limit of the water injection rate
in this area is 15 ml/min, which is converted to
24 m3/day in the case of low injection and high
recovery. In the case of high injection and low
recovery, the daily water injection rate is 20 m3 to
verify the effect.
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1 Introduction
China’s onshore oilfields have successively entered the
late stage of development, which requireswater-driven
oil development, and this process makes the oilfields
enter the period of high water content, so the recovery
of residual oil is very important [1, 2]. How to
adjust the layer position and control the injection and
recovery parameters under the premise of existing
well network deployment to achieve the uniform
advancement of water-driven profile is an urgent
engineering problem. Among them, the effect of
water injection rate on water-driven residual oil is very
important. Higher water injection rate can increase the
driving efficiency of residual oil and thus improve the
recovery rate [3].
Currently, the research on the injection rate
on water-driven residual oil mainly focuses
on the mechanism, physical experiments and
oilfield applications. Chen et al. [4] used nuclear
magnetic resonance (NMR) analysis experiments
in combination with the classical capillary number
theory to carry out the effect of injection rate on
water-driven in unconventional oil and gas reservoirs.
It was found that increasing the injection rate of tight
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oil cores can significantly increase the recovery rate,
and this significant increase is mainly attributed to
mesopores and micropores. Tan et al. [5] carried
out a study on the resonance-enhanced pulse water
injection to improve the recovery rate through the
construction of a microscopic model. When the pulse
frequency is matched with the intrinsic frequency
of the microscopic model, resonance occurs in the
process of pulse-driven two-phase flow, which results
in the amplitude of the oscillation increasing and
the mobility of crude oil being enhanced. Liu et
al. [6] investigated the effect of wettability on the
microdistribution of oil and water and production
performance in tight reservoirs byNMRmeasurements
and rate-controlled piezomercury tests. It was derived
that, as wettability changed from strong water wetting
to weak oil wetting, oil was adsorbed on the pore
and throat surfaces and migrated from the centres of
larger pores to smaller pores and/or throats. Due to
the narrowing of the two-phase flow zone, the water
saturation at the isotonic point decreases, which affects
the oil seepage and leads to lower water injection
recovery. Saadat et al. [7] carried out a visualisation
study of the unmixed-phase fluids displacing residual
oil in a porous medium by using a microfluidic model
in combination with a flat-plate sandpack model
to evaluate the intrusion patterns, displacement
processes and improvement methods. Xu et al. [8]
developed a three-dimensional homogeneous
model to simulate SAGD scenarios with or without
mitigation, resulting in the proposed use of gas/water
replacement to mitigate the effects of depletion in
order to reduce depletion impacts and improve the
SAGD performance. Zhang et al. [9] carried out
an experimental study of nitrogen foam driving
through one-dimensional core tube experiments.
The oil repulsion characteristics of nitrogen foam
in oil and water reservoirs with thick layers of high
porosity and high permeability were obtained, and
the mechanism of water plugging in the regulating
section was analysed. Shapoval et al. [10] evaluated
the physicochemical interactions in the process of
water injection into reservoirs through geochemical
modeling and experiments, and explained the
mechanism of the influence of capillary force at the
pore scale. Wei et al. [11] carried out experimental
studies on oil repulsion and surfactant-polymer
repulsion by means of microscale oil repulsion
experiments, and carried out experimental studies on
water drive and surfactant-polymer drive for residual
oil distribution and recovery using NMR technique. It
was concluded that the limit of SP drive contribution

to pore throat diameter was much lower than that of
water drive.
However, most of the existing results have a
single research method, mostly software simulation
and phenomenon interpretation, lack of indoor
experiments combined with on-site development
of a comprehensive description, while there is no
specific development programme recommended by
the operating parameters of the preferred [12, 13].
Therefore, this paper takes the X well area of the
Tankou oilfield as the research object, clarifies the
seepage characteristics of different small layers and
residual oil distribution characteristics of different
types of fracture block reservoirs with the help of flat
plate sand filling experiments; explores the influence
of the water injection rate on the distribution of
residual oil under the fixed injection and extraction
methods, and establishes corresponding mathematical
empirical models to depict the morphology of the
water-driven oil flow line and study the replacement
paths. Explore the residual oil distribution in the plane
and longitudinal direction and analyse the reasons for
residual oil generation.

2 Geological setting
Displacement efficiency, permeability adjustment, and
oil-water separation all affect the water injection rate to
different degrees [14]. Firstly, a higher water injection
rate can push water into the formation more efficiently
and reduce the chance of oil-water mixing, which in
turn reduces the saturation of the remaining oil [15].
This will lead to higher replacement efficiency, i.e.,
more remaining oil is driven from the formation;
secondly, higher water injection rate can effectively
adjust the permeability distribution of the formation.
When the water injection rate is higher, the water
will penetrate more rapidly through the channels
with higher permeability to more distant locations,
thus slowing down the water flow rate in the higher
permeability region and increasing the displacement
effect on the low permeability region [16–18]; finally,
the higher injection rate can increase the opportunity
of the oil-water phase contact, and promote the
separation of the oil and water [19]. When the water
injection rate is low, the interfacial tension between
oil and water is greater due to the longer mixing time
between water and oil, resulting in difficulty in driving
the oil out.
The Tankou oil field belongs to the typical complex
fault block reservoir type in eastern China. The
regional structure belongs to the Zhongtan Fracture

164



Journal of Geo-Energy and Environment

Figure 1. Tectonic map of the top surface of submerged 41 in the western slope zone of the Tankou Bulge.

Zone in the north of Qianjiang Depression in the
Jianghan Basin (Figure 1). The X well area is
located in the east of the Tankou oil field. There
are many oil-bearing layers, mainly concentrated
in the Eq41, Eq41x, Eq40, Eq40x, Eq42, Eq43 and
other oil groups [25]. The oil layer buried depth
is 660 m–2945 m, the dip angle of the strata
is 45◦ 60◦, the average porosity of reservoir is
23.8%, permeability 534.2×10−3 µm2, surface crude
oil density 0.863–0.920 g/cm3, surface crude oil
viscosity 21.2–63.8 mPa·s, original formation pressure
12.6–29.5 MPa, saturation pressure 0.70–2.2 MPa,
pressure coefficient 1.12. It belongs to the medium
pore and medium seepage and high steep structure
extremely complex fault block reservoir [20–22].
Its main geological characteristics are as follows:
low-order faults are extremely developed with small
fault blocks; the thickness and permeability of
oil-bearing pay zones vary greatly, resulting in strong
interlayer heterogeneity; the oil-water relationship is
complex and natural energy differs significantly. The
area is generally developed with an inverted nine-spot
well pattern [24]. The area is generally developed
with an inverted nine-spot well pattern, which is
commonly adopted in fault-block reservoirs in eastern

China for its favorable sweep efficiency under complex
geological conditions [23]. Well locations are not
marked due to the confidentiality of geological data.

There are 51 oil wells and 15 water wells in
X well area of Tankou oil field, with daily oil
production of 109.7 t, average daily production of
single well is 2.2 t, comprehensive water content
is 49.4%, daily water injection is 244.5 m3. Until
now, the cumulative oil extraction is 66.8×104 t, the
oil extraction speed of geological reserves is 0.89%
(calculated according to the recalculated reserves),
and the extraction speed is moderately low; the current
injection/extraction ratio is 0.96, and cumulative water
extraction is 44.23×104 m3, cumulative water injection
52.83×104 m3, and cumulative injection ratio is 0.42,
and the formation deficit is serious, and the extraction
degree of geological reserves is low (15.72%). The
current calibrated recovery rate is 38.7%, which has
a large potential for development and adjustment to
increase production, but due to its geological structure,
fluid properties, oil and water system complexity and
specificity [26, 27]. Experimental assistance is needed
to derive development and adjustment measures for
the old oil area, optimise the current development
parameters and achieve stable production.
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Figure 2. Key experimental materials and equipment.

This study focuses on exploring the influence of
water injection rate on the distribution of water-driven
oil in the X-well area of the Tankou Oilfield. A
three-dimensional physical model of water-driven
oil was designed by ourselves, and the experimental
study was carried out under a single influencing
factor without discussing the model inclination angle,
reservoir physical properties, and the coupling of
injection and extraction.

3 Materials and methods
The size of this model is 500mm×500mm×100mm,
divided into 5 layers on average, each layer has 25
resistance detection points distributed evenly in each
plane, a total of 125 resistance detection points. The
whole model is made of stainless steel, which can
fully prevent the corrosion of the injected liquid on
the sand box model, and the upper end of the model

is made of plexiglass panel, which can observe the oil
injection process and the water drive process, the fluid
direction of the first layer on the surface, and record
the observation phenomenon through the camera so
as to correct the experimental scheme in time. The top
view of the model is square, and the overall shape is
rectangular, with 20 openings at the four corners to
simulate the extraction wells and injection wells.

The experimental setting is one injection and one
extraction. The oil saturation contour maps of several
time points in the process of water-driven oil were
plotted through the determination of the trend of
resistance value changes. The driving path in the
process of water-driven oil was studied to determine
the distribution of residual oil in the plane and
longitudinal direction and to analyse the reasons for
the residual oil generation. Finally, the final recovery
rate is estimated from the decline in oil saturation and
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Figure 3. Flow trace diagram of water injection process.

compared with the actual recovery rate.
Materials and equipment: sand box, inclination
adjuster, resistance sensors, measuring terminals
(Figure 2).
The experimental steps are as follows:
1. Fill the sand box of 500 mm × 500 mm × 100 mm

with 200 mesh quartz sand and add the cover to
make sure the experimental device is sealed and
the inclination is horizontal.

2. Inject 2.08 L of paraffin into the inside of the
experimental setup at a constant speed and
pressure of 5 ml/min.

3. Mix 40 g NaCl into 1 L of water and execute the
expulsion at injection rates of 3 ml/min, 6 ml/min,
9 ml/min and 12 ml/min, respectively.

4. Record the flow traces of water and oil; record the
resistance value data during water injection every
3 minutes, and draw the contour plot of resistance
of remaining oil distribution. Measure and record
the time of seeing oil, time of seeing water, time
of pure water, oil production, water production,
liquid production, and the rule of change of each
production with time during the process of water
driving oil.

5. Through the measurement terminal, obtain key
parameters such as oil production rate, water
production rate, liquid production rate, final
extraction degree, and residual oil saturation by
conversion.

4 Results
From oil injection to water injection, we used a camera
to record the flow traces of experimental water and
oil in real time, which facilitated the observation
of residual oil movement as well as the location of
residual oil, and the verification of the subsequent
analyses (Figures 3 and 4).
As can be seen in Figures 3 and 4, with different
injection rates, the water-driven oil flow trajectory is
diagonal arc forward from the injection end to the oil
end, and in the same time, the oil-driving speed and
oil-sweeping area of the 12 ml/min injection rate is
higher than that of the 9 ml/min injection rate, and
the residual oil distribution of the high injection rate is
more scattered compared with that of the low injection
rate.
The resistivity data in the experiment is important
to reduce the saturation of the remaining oil, we
recorded the resistance value data several times every
3 minutes during the injection process, and processed
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Figure 4. Flow trace diagram of the oil injection process.

and analysed the resistance value according to the
theory that oil has higher resistivity than water, and
used the surfer software to produce a contour plot of
the resistance of the remaining oil distribution.
One injection and one production, 9ml/min, 200 mesh
quartz sand, displacement process under horizontal
formation:
It can be seen through Figure 5, blue represents water,
red represents oil, the darker the colour indicates
higher water content, with the increase of water
injection time, the water line along the diagonal
arc to the front of the replacement of oil, with the
increase of the time of replacement, the remaining
oil from the outlet to the left and right sides of the
diagonal gradually move, and ultimately mainly in
the perpendicular to the direction of the water line to
advance the mainstream of the diagonal of the two
sides of the distribution.
The effect of injection rate on the time to see oil and
water. We carried out four groups of experiments as a
control, the parameters in the horizontal inclination,
200mesh quartz sand, one injection and one extraction,
only change the injection rate, take the data of the time
to see water and oil to make the time to see water and
oil with the injection rate change curve (Figure 6).
The figure shows that the larger the injection rate,
the shorter the time to see oil and water. With the
increase of water injection rate, the time of seeing

water-100% water content is shorter. And the effect
of water injection rate on the time to see oil is much
smaller than the effect of the time to seewater aswell as
the time to pure water. Especially, after 3 ml/min and
6 ml/min decline rate is far more, it can be seen that 3
ml/min water injection rate is completely insufficient
to support the driving force required for water-driven
oil experiments.
The effect of water injection rate on oil and water
production rate. The significance of the rate of oil
and water production to the experiment is crucial,
which will directly affect the final crude oil output,
so we chose to analyse the rate of oil, water and
liquid production of these four groups of experiments,
where the rate of oil production = the amount of oil
produced in the water-oil mixture/time, the rate of
water production = the amount of water produced in
the water-oil mixture/time, and the liquid production
is the sum of the two (Figure 7).
As can be seen in the Figure 7, the water and
oil production rates increase exponentially with the
increase of water injection rate within a certain range.
However, the increase in oil production rate is not
obvious, which may be due to the gradual decrease of
crude oil within the model, and the water will be more
easily flushed out after the formation of the dominant
channel.
The effect of water injection rate on the final
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Figure 5. Resistivity contour plots at different stages of
water flooding.

Figure 6. Variation curve of time to see water and oil with
injection rate.

Figure 7. Curve of oil and water discharge rate variation
with water injection rate.

recovery degree. Final recovery degree = final oil
production/total oil in themodel, andwemade a linear
fit to the final recovery degree based on the four sets
of experiments of water injection rate (Figure 8).

Figure 8. Curve of final degree of extraction versus water
injection rate.

The graph shows that the final degree of extraction
increases with increasing injection rate. A one-fold
increase in the injection rate increases the ultimate
extraction level by about 1/4. The ultimate extraction
level increases binomially with increasing injection
rate, and it is expected that the optimal injection rate
is at 15 ml/min, the inflection point of the binomial,
which is about 80%, and then the ultimate extraction
level decreases as the injection rate increases.
Influence of water injection rate on final residual oil
saturation. The final residual oil saturation refers to the
ratio of the residual oil volume in themodel to the total
liquid volume in themodel, and the analysis of the final
residual oil saturation can intuitively understand the
situation of the residual oil in the model, speculate the
location of the residual oil, and guide how to improve
the recovery rate. The final residual oil saturation
diagram of the water injection rate experiment was
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fitted (Figure 9).

Figure 9. Variation curve of final residual oil saturation
with injection rate.

It can be seen from the Figure 9 that the final residual
oil saturation decreases with the increase of injection
rate, and the two have a logarithmic relationship. The
larger the injection rate is, the smaller the remaining
oil is, and the better the extraction effect is.
For different injection rates, the variation of production
with time provides a more intuitive understanding
of oil production and water production rates at
different moments. The following figure shows the
oil production vs. time curves for the four groups of
experiments at different injection rates. The slope of
each curve represents the oil production rate at that
moment.
The fitting functions of oil production with time under
different water injection rates are as follows:
• Injection rate of 3 ml/min:

y = 1962.4 ln(x)− 4652.1, R2 = 0.9858

• Injection rate of 6 ml/min:

y = 1678.1 ln(x)− 2641.1, R2 = 0.964

• Injection rate of 9 ml/min:

y = 1775 ln(x)− 1949.2, R2 = 0.972

• Injection rate of 12 ml/min:

y = 1860.7 ln(x)− 1261.5, R2 = 0.9776

These results are shown in Figure 10.
The fitting functions of water production with time
under different water injection rates are as follows:

Figure 10. Law of change of oil production with time.

• Injection rate of 3 ml/min:

y = 129.29x− 2218.6, R2 = 0.9967

• Injection rate of 6 ml/min:

y = 285.5x− 2426.3, R2 = 0.9993

• Injection rate of 9 ml/min:

y = 536.32x− 3041.7, R2 = 0.9999

• Injection rate of 12 ml/min:

y = 980.84x− 3948.3, R2 = 0.9891

These results are shown in Figure 11.

Figure 11. Law of change of water production with time.

The fitting functions of total production volume with
time under different water injection rates are as
follows:
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• Injection rate of 3 ml/min:

y = 148.08x− 1555.8, R2 = 0.9956

• Injection rate of 6 ml/min:

y = 303.22x− 1489.7, R2 = 0.9968

• Injection rate of 9 ml/min:

y = 529.54x− 1669.6, R2 = 0.9942

• Injection rate of 12 ml/min:

y = 913.88x− 1979.3, R2 = 0.9855

These results are shown in Figure 12.

Figure 12. Liquid production with time change rule.

As can be seen from Figures 10–12, the oil production
increases logarithmically with the water injection time,
while the water and liquid production increase linearly.
When the injection rate is 12 ml/min, the oil, water and
liquid production increase the fastest, and at 3 ml/min,
the increase is the smallest. That is to say, with the
increase of the injection rate, the oil, water and liquid
production increase faster. The 3 ml/min injection rate
exhibits a significant difference in time and acceleration
compared with other rates, indicating that the kinetic
energy at 3 ml/min is too small to effectively drive the
transport of crude oil.
It is further calculated that the oil production, water
production and liquid production vary with the
injection volume multiplier (PV) under different
injection rates. The fitting functions for oil production
as a function of PV are as follows:

• Injection rate of 3 ml/min:

y = −4819.8x2+9747.6x−3838.3, R2 = 0.9992

• Injection rate of 6 ml/min:

y = −4138.6x2+8493.9x−3178.2, R2 = 0.9965

• Injection rate of 9 ml/min:

y = −3149.4x2+7105.8x−2551.4, R2 = 0.9851

• Injection rate of 12 ml/min:

y = −3795.8x2+8109.9x−2611.9, R2 = 0.9939

These results are shown in Figure 13.

Figure 13. Change pattern of oil production with PV.

The fitting functions for water production as a function
of PV under different water injection rates are as
follows:
• Injection rate of 3 ml/min:

y = 2657.5x− 2218.6, R2 = 0.9967

• Injection rate of 6 ml/min:

y = 2934.3x− 2426.2, R2 = 0.9993

• Injection rate of 9 ml/min:

y = 3674.8x− 3041.7, R2 = 0.9999

• Injection rate of 12 ml/min:

y = 5040.4x− 3948.3, R2 = 0.9891
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Figure 14. Changing law of water production with PV.

These results are shown in Figure 14.
The fitting functions for liquid production as a function
of PV under different water injection rates are as
follows:
• Injection rate of 3 ml/min:

y = 3043.8x− 1555.8, R2 = 0.9956

• Injection rate of 6 ml/min:

y = 3116.5x− 1489.7, R2 = 0.9968

• Injection rate of 9 ml/min:

y = 3628.3x− 1669.6, R2 = 0.9942

• Injection rate of 12 ml/min:

y = 4696.3x− 1978.3, R2 = 0.9855

These results are shown in Figure 15.

Figure 15. Change rule of liquid production with PV.

As can be seen through Figures 13–15, the change
rule of oil production, water production and liquid
production is the same as that of time, and the

oil production is gradually levelling off. Water
production, liquid production increases with the
increase of injection volume times, and the larger
the injection rate, the more obvious the increase in
production. It can be seen that the starting point of
each data are different between 0.1PV, but 12ml/min
will be other parameters under the oil production time
pulled relatively large gap.
According to the above experiments, the best recovery
effect can be obtained when the water injection rate
reaches 12ml/min and the injection volume multiplier
reaches 1.0-1.1. The study area belongs to high
steep and extremely complex fault block structure
oil and gas reservoir. The fracture block type is
subdivided into three types: open, semi-closed and
closed. So according to the real working conditions,
the experimental data were converted by similarity
criterion, and the samples of well groups A (water
wells in low part of the formation) and B (oil wells
in high part of the formation), and C (water wells in
high part of the formation) and D (oil wells in low
part of the formation) in the mine site were selected as
the preferred samples (Figure 16). The case study of
water injection project was conducted for 8-12 months
under two scenarios of lowwater injection and high oil
recovery and high water injection and low oil recovery.

Figure 16. Tectonic diagram of low injection and high
extraction (AB) and high injection and low extraction (CD)

well groups.

It can be concluded from Table 1 that, in the
low-injection and high-production well group in the
field, the daily water injection rate of well A (located in
the structurally low position) was gradually increased
from 7.2 t/d to approximately 13 t/d. As a result,
the daily oil production of well B (located in the
structurally high position) increased gradually. When
the injection rate of well A was further raised to about
24 t/d, the daily oil production of well B showed a
rapid upward trend, indicating a clear and positive
response to water injection.
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It can be concluded from Table 2 that, in the
high-injection and low-production well group on site,
the daily injection rate of water well C (located in
the structurally high position) was maintained at
approximately 20 t/d. The corresponding oil well D
showed a gradual decrease in daily liquid production,
while the daily oil production first increased slightly
and then stabilized. When the injection rate of well
C was further increased to about 28 t/d, the daily
liquid production of well D increased, but the daily
oil production decreased, indicating an obvious water
channeling phenomenon.

To sum up, with the increase of water injection rate
in low injection and high recovery, the daily liquid
and daily oil level gradually increase, and under the
high water injection rate, the oil producing wells
respond to injection obviously; high injection and low
recovery wells group, the average injection rate of oil
producing wells respond to injection is lower than the
low injection and high recovery injection rate, with
the further increase of water injection rate, the wells
see the increase of daily liquid level, and the decrease
of daily oil level, and there is obvious water flushing
phenomenon. It shows that the inclination angle of the
formation has an effect on the water injection rate and
oil recovery efficiency: high injection and low recovery
wells group relative to low injection and high recovery
wells group, affected by gravity, the power provided
by the water injection rate is more likely to overcome
the reservoir pore throat capillary force, friction and
other resistance, which corresponds to the wells are
more likely to see oil. Therefore, for the high injection
and low recovery well group, the water injection rate
is smaller than the low injection and high recovery

well group, and beware of the phenomenon of water
channeling.

5 Discussion
5.1 Physical Mechanisms Underlying the Observed

Injection-Rate Effects
The experimental results collectively demonstrate
that water injection rate is a governing parameter
controlling both the displacement dynamics and
residual oil distribution in the Tankou oilfield
fault-block reservoir. The acceleration of oil and
water breakthrough times with increasing injection
rate is consistentwith the capillary-number framework:
higher flow velocities increase the ratio of viscous
forces to capillary forces, mobilising oil that would
otherwise remain trapped by interfacial tension [3].
This observation aligns with the findings of Arab et
al. [19], who established that injection velocity is a
primary determinant of the oil–water force balance
during waterflooding, and with Chen et al. [4],
who demonstrated analogous rate-dependent fluid
mobilisation in tight-oil cores using NMR.
The logarithmic decline of residual oil saturation
with increasing injection rate reflects a pore-scale
mechanism: as injection velocity rises, viscous
pressure overcomes capillary resistance in
progressively smaller pore throats, accessing oil
that is inaccessible at lower rates. This relationship
has a physical upper limit, evidenced by the binomial
inflection in the recovery–rate curve at approximately
15 ml/min. Beyond this threshold, further rate
increases yield diminishing returns because the
capillary pressure in the finest pore throats cannot be
overcome under the prevailing conditions, consistent

Table 1. Comparison of preferred wells for low injection and high recovery.

Times Water well (A) Oil well (B)
Daily injection

level (t)
Daily fluid
level (t)

Daily oil
level (t)

Containing
water (%)

Dynamic
fluid level (m)

2023.3 0 0.9 0.8 11.11 509.5
2023.4 7.2 1.2 1.0 16.67 1013
2023.5 13.3 1.2 1.2 0.00 1018
2023.6 26.1 1.4 1.4 0.00 503.5
2023.7 22.5 1.9 1.9 0.00 501.5
2023.8 23.1 2.4 2.4 0.00 512
2023.9 22.7 2.7 2.5 7.41 512
2023.10 24.2 3.2 2.8 12.50 509
2023.11 24.2 3.0 2.9 3.33 518
average 18.14 1.99 1.88 5.67 –
total 163.3 17.9 16.9 – –
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Table 2. Comparison of preferred wells for high injection and low extraction.

Times Water well (C) Oil well(D)
Daily injection

level(t)
Daily fluid
level(t)

Daily oil
levels(t)

Containing
water(%)

Dynamic
fluid level(m)

2022.12 - 10.1 9.4 6.93 1091.5
2023.1 19.6 10.1 9.5 5.94 1091.5
2023.2 22.5 9.8 9.1 7.14 2183
2023.3 20.1 9.7 9.2 5.15 2183
2023.4 19.5 8 7.6 5.00 2183
2023.5 20 8.4 8 4.76 2183
2023.6 20.3 8.3 7.9 4.82 2183
2023.7 21.5 7.8 7.4 5.13 2183
2023.8 26.4 6.5 6.1 6.15 2183
2023.9 15.8 6.4 6.1 4.69 2183
2023.10 16.4 6.1 4.9 19.67 2183
2023.11 25.8 6.9 6.1 11.59 2193
2023.12 28.5 7.2 6.2 13.89 2193
average 18.3 8.3 7.7 7.76 -
total 256.4 116.6 107.6 7.72 -

with the pore-throat-radius-dependent displacement
limit reported in the literature [13]. The linear growth
of water and liquid production with pore-volume
multiplier, combined with the logarithmic growth
of oil production with time, reflects the progressive
exhaustion of readily mobilisable oil and the onset of
water channeling along high-permeability pathways,
as described by Jiang et al. [16] and Wang et al. [17].

The disproportionately poor performance at 3
ml/min—characterised by significantly longer
production timescales and lower acceleration
compared with the other rates—indicates that this
rate falls below the minimum threshold required
to generate sufficient viscous force for effective
crude oil transport across the model. This threshold
behaviour is consistent with the concept of a critical
capillary number belowwhich displacement efficiency
deteriorates sharply.

5.2 Influence of Formation Dip on Optimal
Injection Rate

A key engineering finding of this study is that
the optimal injection rate differs systematically
between low-injection–high-production (LI-HP)
and high-injection–low-production (HI-LP) well
configurations, and that this difference is attributable
to the high-angle dip structure (45°–60°) characteristic
of the Tankou oilfield. In the LI-HP configuration
(water well in the structurally low position, oil well
in the structurally high position), the injected water

must overcome both capillary resistance and the
gravitational component opposing upward migration,
necessitating a higher injection rate to generate
sufficient kinetic energy. In contrast, in the HI-LP
configuration (water well in the structurally high
position, oil well in the structurally low position),
gravity acts in the direction of displacement, reducing
the injection rate required to initiate effective oil
transport. However, this gravity-assisted driving
force also increases the risk of water channeling:
at excessive injection rates, water preferentially
advances along high-permeability pathways to the
production well, creating an unbalanced sweep
and leaving substantial residual oil in bypassed
zones [15, 16]. These dip-dependent effects highlight
that injection-rate optimisation cannot be divorced
from structural geology, a consideration that is often
insufficiently emphasised in injection-rate studies
conducted on horizontal or low-dip models [6, 14].

5.3 Comparison with Previous Studies and Novelty
of This Work

Previous studies on injection-rate effects in
water-driven oil systems have predominantly
relied on either pore-scale numerical simulation
or single-dimensional core-flooding experiments,
with relatively few incorporating three-dimensional
physical models validated against field data [1, 2].
Sun et al. [12] identified the limitation that
commercial reservoir simulators cannot capture
the dynamic variation of residual oil saturation
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with water drive velocity, and proposed a corrected
numerical framework; the present study provides
complementary physical-experimental evidence
that supports the existence of this rate-dependent
saturation relationship. Wang et al. [17] demonstrated
that the waterflooding front in heterogeneous
low-permeability reservoirs advances non-uniformly
with injection rate, consistent with the diagonal arc
displacement trajectory observed in this study’s
flow-trace visualisation. The present work extends
these findings by simultaneously quantifying the
plane and longitudinal residual oil distribution under
four injection rates in a three-dimensional model
representative of a specific fault-block reservoir, and by
linking the laboratory results to field implementation
through similarity-criterion conversion.

The integrated methodology—combining
three-dimensional physical modelling,
resistance-based oil-saturation mapping, flow-trace
visualisation, and field data verification—represents
an advance over studies that rely on a single
experimental or simulation approach [13]. The
mathematical empirical models established here
(logarithmic for oil production vs. time, linear for
water and liquid production vs. time, binomial for
recovery degree vs. injection rate, and logarithmic for
residual oil saturation vs. injection rate) provide a
practical quantitative framework that can be directly
translated to field injection parameters via similarity
criteria.

5.4 Limitations and Future Work
Several limitations constrain the generalisability of
the present findings. First, the experiments were
conducted exclusively with 200-mesh quartz sand,
which represents a single, homogeneous pore-size
distribution; real reservoir heterogeneity—including
interlayer permeability variation, clay content, and
fracture presence—was not simulated. Second, all
experiments were performed at horizontal inclination
and atmospheric pressure; the combined effects of
formation dip, overburden pressure, and reservoir
temperature on the optimum injection rate remain to be
quantified. Third, the three sample pairs used for field
validation (well groupsA–B andC–D)may not be fully
representative of the entire X well area given the high
structural complexity and block-to-block variability of
the Tankou oilfield. Future work should address these
limitations through: (i) experiments with variable
grain-size distributions and layered heterogeneous
models; (ii) high-pressure, elevated-temperature

simulation to replicate actual downhole conditions;
and (iii) expanded field data collection across a larger
number of well groups to statistically validate the
similarity-criterion conversions.

6 Conclusion
It can be determined through experimental
demonstration that the higher the injection rate,
the higher the recovery rate, but there is an upper
limit. When the injection rate reaches the upper limit,
it can not overcome the capillary force under the
small pore throat radius, so under the real working
condition, the water injection development can only
drive off the remaining oil under a certain pore throat
radius. At the same time we also found:
(1) The 3 ml/min water injection rate shows a
significantly larger difference in time and acceleration
compared with the other rates, indicating that the
kinetic energy of 3ml/min injection rate is too small,
difficult to drive the transport of crude oil; when the
injection rate reaches 12ml/min, the shortest time to
see water and oil, the fastest rate. The final recovery
degree reaches 80%, the final residual oil saturation
reaches 0.15, according to themathematical formula for
fitting the injection rate and the final recovery degree,
the best injection rate of the experiment is expected
to be 15ml/min, which indicates that the kinetic
energy possessed by the injection rate of 15ml/min
has reached the upper limit of the capillary resistance
in the microscopic pore throats of the drive reservoir,
and the recovery degree has reached the maximum
value.
(2) low-injection high-production well group by
gravity, the kinetic energy required to drive oil is
greater than the high injection of low-production well
group, the water injection rate is also greater than
the high injection of low-production well group water
injection rate.
(3) As a next step, the optimal injection rate derived
from the experiment can be converted to the real
injection volume on site through the similarity
criterion, and in the case of low injection and
high extraction, the daily injection of 24 m3can
be implemented; in the case of high injection and
low extraction, the daily injection of 20 m3 can be
implemented to verify the effect.
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