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Abstract: The Yanchang Eastern Oilfield of Ordos Basin is a typical ultra-low permeability shallow
reservoir. Because of the relatively low vertical pressure, horizontal artificial fractures are prone to
take place in the case of oil well fracturing. Given the bigger contact surface between the horizontal
fracture and the waterflood front of the water injection well, the oil well may be flooded fast in a
short time, leading to a low mobilization degree of the reservoir. According to the characteristics
of waterflooding of horizontal fractures, the development mode of waterflooding at the bottom of
oil reservoirs was proposed. Through core sample displacement experiments and nuclear magnetic
resonance online tests, combined with numerical simulation of reservoirs, field tracer test, and other
comprehensive methods, the heterogeneity of reservoirs and the limit of waterflooding parameters
were optimized. The research results show that the waterflooding effect is the best when the variation
coefficient of permeability is less than 0.5, the permeability rush coefficient is less than 1.5, the
permeability contrast is less than 5, the waterflooding rate is 0.06 mL/min, and the waterflooding
pressure is 7 MPa. Through field practice, the daily oil production of a single well in the test well
group increased from 0.054 t/d before the test to 0.179 t/d, the water cut decreased from 15% before
the test to 10%, the formation pressure increased by 0.18 MPa, and it is predicted that the final recovery
would increase by 2%. This study provides an experimental and theoretical basis for water injection
development of ultra-low permeability shallow reservoirs with horizontal fracture, and also plays a
good demonstration role for high-efficiency water injection development of shallow reservoirs.

Keywords: ultra-low permeability; shallow oil reservoir; horizontal fractures; waterflooding at the
bottom; field practice

1. Introduction

The fracture shape has a big impact on the seepage rules, oil well production, and
waterflooding effect of the reservoirs [1–4], and the previous research shows that the shape
characteristics of fracturing cracks of oil layers at different depths are complicated [3,5–8].
It is generally believed that most reservoirs at a depth of 600 m have horizontal fractures,
most reservoirs at a depth of 600–1200 m have complicated fractures, and reservoirs at a
depth of 1000 m and more mainly have vertical fractures. At present, most reservoirs are
still dominated by vertical fractures [9].

Most of the studies in the literature mainly focused on seepage rules and numerical
simulation for waterflooding in low-permeability shallow oil reservoirs with horizontal
fractures [10–13]. Wang et al. [14] researched the mechanical simulation of oil displace-
ment in horizontal fractured reservoirs. Gao et al. [15] studied the influencing factors and
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revealed the mechanism of spontaneous imbibition in the gas/oil recovery from tight reser-
voirs with horizontal fractures. Meng and Cai [16] researched various boundary conditions
of spontaneous imbibition, which have important effects on the imbibition rate and effi-
ciency. Wang et al. [17] studied the moderate water-injection technique based on the double
effects of the imbibition-displacement mechanism, and the water injection development
effect for the ultra-low-permeability fractured reservoirs can be improved significantly.
Ghasemi et al. [18] inferred a new scaling equation for the imbibition process in naturally
fractured gas reservoirs with horizontal fractures. Babadagli and Zeidani [19] deduced
the matrix-fracture dual-media interaction equation of spontaneous imbibition in different
rocks and fluids in shallow reservoirs. Arihara [20] studied the flow process of matrix
fracture in shallow oil reservoirs. Liu et al. [21] researched the propagation law of hydraulic
fractures during multi-staged horizontal well fracturing in a tight reservoir. Wang et al. [22]
inferred an efficient model for nonlinear two-phase flow in fractured low-permeability reser-
voirs. Vodorezov [23] studied the estimation of horizontal-well productivity loss caused by
formation damage on the basis of numerical modeling. Wang et al. [24] developed an inte-
grated workflow to optimize the drilling and completion parameters of horizontal wells by
incorporating productivity prediction and economic evaluation. Fan et al. [25] established
a new model and developed a software module that describes the dynamic changes of
fracture shape and properties based on abundant data of low permeability oilfields.

There are many problems in the waterflood development of ultra-low permeability shal-
low oil reservoirs, including low formation pressure and oil production, the rapid increase of
water cut, and the pressure of the water well approaching fracture pressure [26–29]. Previous
studies about waterflooding in horizontal fracturing cracks mainly focused on seepage rules
and numerical simulation, and most of the results were obtained using performance analysis
of reservoir and under ideal conditions [30–33]. However, few studies and methods discussed
the waterflooding effect of horizontal fractures, water flooding and channeling rules, and
optimization of waterflooding parameters. In this work, according to the waterflooding
characteristics of the ultra-low permeability shallow oil reservoirs with horizontal fractures,
the distribution properties and spread rules of horizontal fractures were studied, the flooding
rules of oil wells with horizontal fractures were revealed, and the development mode of
waterflooding at the bottom was proposed. On this basis, through nuclear magnetic reso-
nance (NMR) online test and core flow displacement experiment, combined with numerical
simulation of reservoirs, field tracer test, and other comprehensive methods, the heterogeneity
of reservoirs and the limit of waterflooding parameters were optimized. The reasonable limit
of waterflooding parameters was obtained. After field practice, the effect of waterflooding, oil
production increase, and water lowering in the test well group were significantly improved.

2. Study Area

The study area of Yanchang Eastern Oilfield is located in the east part of the Yishan
Ramp of Ordos Basin (Figure 1). Ordos Basin is the most important energy base in China.
Its annual output has been ranking first in the country’s oil and gas producing basins
for many years. It plays a pivotal role in national energy security, in which Yanchang
Eastern Oilfield plays an important role. Up to now, the geological oil reserves in use are
9.64 × 108 t, accounting for 40.5% of the produced reserves of Yanchang Oilfield, which
is an important cornerstone for the sustainable and stable production of ten million tons
of Yanchang Oilfield. The Yanchang Eastern Oilfield has been exploited for more than
30 years, and the remaining available reserves are small. The pressure for the oil field to
maintain stable production is great.

The main target layer of the study area is the Chang 6 oil layer in the Yanchang Formation
of the Triassic system. This kind of oil reservoir features a small, buried depth—the average
depth of the oil reservoir of 670 m, poor physical properties-the average porosity of 7–9%
and average permeability of about 0.3–0.5 mD, and relatively small pressure on the overlying
vertical formation. In the process of fracturing, the artificial fractures extend along the
horizontal bedding surface and the horizontal fracture system is relatively developed so that
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the oilfield development has the following characteristics: (1) the single well productivity
is very low; (2) the output of depletion development decreases sharply with small recovery
percent; (3) the reservoir is seriously heterogeneous. The permeability contrast of the Chang
6 oil layer is 112, the rush coefficient is 5.8, the coefficient of variation is 0.82, and there is a big
difference in horizontal/vertical permeability. In the process of waterflooding, because of the
existence of horizontal fracturing cracks, the oil wells may be flooded quickly in a short time,
and the flooding is multidirectional and continuous. This leads to difficulty in governance
and effective supplementation of formation energy. The average oil production of a single
well is only 0.16 t, the comprehensive water cut is 72%, and a lot of crude oil (the remaining
oil saturation is about 75%) is retained in the formation and cannot be effectively mobilized
on a large scale.

Figure 1. Location map of the Yanchang Eastern Oilfield in the Ordos Basin.

3. Study Methodology
3.1. Seepage Characteristics of Horizontal Fractures

As shown in Figure 2, in the early stage of the development of the oil reservoir with
horizontal fractures, the oil is mainly displaced by natural energy without water channeling
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in the oil well. The formation pressure is higher than the opening pressure of the oil
well fractures, which is mainly manifested as the vertical flow of formation fluid to the
horizontal fracturing cracks and the radial flow of fluid in the horizontal fracturing cracks
to the wellbore. During waterflooding, the formation energy is supplemented by water
injection, fluid flows from the middle part of the reservoir to the wellbore and fractures,
and the fluid in the reservoir constantly flows to the fracture so that the fracture pressure
of the oil well continuously increases. When the fracture pressure is higher than the
formation pressure, the advancement speed of the waterflood front increases. Because the
probability of the contact of the waterflood front (i.e., high-permeability channel) of the
waterflooding well with the horizontal fracture is much bigger than that with the vertical
fracture (Figure 3), the contact of the waterflood front with the horizontal fracture will
result in a faster breakthrough and the former may have water channeling more easily
than the later, and it is difficult to manage them by water shut-off, profile control or other
measures. According to the statistical rules of the study area, it is found that the water
breakthrough time of the oil well is positively correlated with the responding time (Figure 4).
The horizontal fracture reduces the responding time of the oil well and accelerates the
breakthrough and flooding of the oil well.

Figure 2. Profile of horizontal fracture water injection development in early stage by natural energy
(a) and mainly waterflooding stage (b).

Figure 3. Comparison of water channeling characteristics of horizontal fractures (a) and vertical
fractures (b).
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Figure 4. Comparison of water breakthrough time in oil wells.

3.2. Bottom Waterflooding Mode
3.2.1. Waterflooding Mechanism

The waterflooding at the bottom means that the bottom of the oil layer in the water
injection well is perforated as well as fractured and the upper part of the layer of the
corresponding oil well is also perforated, as well as fractured in the same single layer,
thereby forming horizontal cracks. The bottom of the oil layer of the corresponding oil well
is only perforated without fracturing, enhanced waterflooding 3–5 times of the conventional
waterflooding is completed in the bottom of the water injection well, and artificial bottom
water with certain energy is formed at the bottom of the oil layer in a short time. On this
basis, gravitational differentiation and capillary force are employed to replace and displace
the crude oil retained in the microscopic pores (the mechanism of increase in oil production
and water lowering is shown in Figure 5). This waterflooding method can effectively
supplement the formation energy, slow down the rapid rush of injected water along with
the horizontal fractures, increase the volume affected by injected water and utilization rate,
reduce the water cut increasing rate, and maintain the stable production of the oilfield
for a long time. As shown in Figure 5, the model of the waterflooding mechanism at the
bottom is established with the numerical simulation software (Eclipse). According to the
actual conductivity and size of the fracture, the permeability of the fracture is calculated to
be 1000 mD, and the horizontal fracture is approximately characterized by the equivalent
permeability method. The model sets one horizontal fracture at the bottom of the water
injection well, with initial permeability of 1000 mD and matrix permeability of 0.65 mD. It
can be seen from the saturation field in Figure 6a that there are obvious changes around
the horizontal fracture at the bottom of the water injection well. The model parameters
are as follows: the initial permeability of the fracture 1000 mD, the permeability of the
matrix 0.65 mD, the porosity 12%, the initial oil saturation 65%, the viscosity of oil and
water 4.5 mPa·s and 0.6 mPa·s, respectively, the temperature of the oil reservoir 42.5 ◦C, the
original formation pressure of the oil reservoir 3.6 MPa, the well spacing 120 m, the daily
waterflooding volume of the water injection well 10 m3/d, the half-length of the horizontal
fracture 50 m, with the fracture treated by equivalent seepage. It can be seen from the oil
saturation, pressure distribution, and development indicators that artificial bottom water
with a certain scale is formed at the bottom of the oil layer after 180 days of waterflooding,
the formation pressure has increased significantly, and the final water cut of the oil well
is much lower than that of conventional waterflooding, and the recovery degree is 2.2%
higher than that of conventional waterflooding (Figure 7).
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3.2.2. Impact of Reservoir Heterogeneity

In the process of oilfield waterflooding, permeability is regarded as the concentrated
expression of heterogeneity. The anisotropy and space distribution characteristics of per-
meability act as the key factors that determine the oil recovery, which reveals the essence
of reservoir heterogeneity. The parameters of variation coefficient of permeability, perme-
ability rush coefficient (means the ratio of the maximum permeability in the selected well
section or single sand layer to its average value), and permeability contrast were used to
comprehensively characterize the layers with or without water channeling, which provide
a basis for waterflooding at the bottom and layer selection.

Figure 5. The mechanism model of bottom water injection.

Figure 6. Cont.
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Figure 6. The change of the oil saturation (a) and pressure distribution (b) by numerical simulation.

Figure 7. Comparison of conventional injection and bottom injection.

Based on the above ideas and findings in the analysis of the variation coefficient of
permeability of reservoirs in the production layers of the wells with or without water
channeling in the study area, from Figures 8–10, we can see that the variation coefficient of
permeability of the layers in the wells with water channeling ranges from 0.271 to 0.773
and the average is 0.529; the variation coefficient of permeability of the layers in the wells
without water channeling ranges from 0.095 to 0.724 and the average is 0.375; in the layers
with water channeling, the variation coefficient of permeability of 78.3% of the output
layers is above 0.5, the permeability rush coefficient of 91.3% of the output layers is above
1.5, and the permeability contrast of 73.9% of the output layers is above 5. Therefore, it is
suggested to select the waterflooding layers with the variation coefficient of permeability
smaller than 0.5, rush coefficient smaller than 1.5, and permeability contrast smaller than 5
for the waterflooding at the bottom so as to avoid the early occurrence of water channeling.
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Figure 8. Distribution histogram of the variation coefficient of permeability in wells with water
channeling (a) and without water channeling (b). Red dotted line means the value of variation
coefficient of permeability is 0.5.

3.2.3. Reasonable Waterflooding Rate

Oil recovery by spontaneous imbibition refers to the process in which the non-wetting
phase is replaced by the wetting phase with the capillary force. It is the main mechanism of
the increase of oil production for waterflooding at the bottom. Imbibition mainly occurs
in small pores. Theoretically, the longer the time of spontaneous imbibition, the better the
effect of oil displacement. Waterflooding rate is the key factor affecting the oil displacement
effect. Displacement mainly occurs in big pores or fractures. With the online displacement
experiment of NMR, one can study the changes of oil-bearing in big and small pores during
displacement and quantitatively characterize the degrees of influence on oil displacement
effects under different displacement rates.
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(1) Experimental Method

Taking the tight and shallow Chang 6 oil reservoir with horizontal fractures in Yan-
chang Eastern Oilfield as an example, spontaneous imbibition-displacement experiments
were done. The core sample diameter is 2.50 cm, the length is 4.41 cm, the porosity is 9.96%,
and the permeability is 0.55 mD.

As shown in Figure 11, the core sample was placed in NMR online tests system for
conducting imbibition-displacement experiments. The core sample was processed by
cutting flat, washing oil, drying, weighing, etc., for experimental use. There are four main
steps for experiments. First, core is saturated to No. 5 white oil by vacuum saturation device.
Then, the saturated core is put into an Amott cell that contains the simulated formation
water for spontaneous imbibition processes. During the imbibition, the volume of the
produced oil is recorded with time by NMR online tests. Finally, different displacement
rates experiments are carried out after washing and saturating the core sample again.

Figure 9. Distribution histogram of the permeability rush coefficient in wells with water channeling
(a) and without water channeling (b). Red dotted line means the value of permeability rush coefficient
is 1.5.



Energies 2022, 15, 6973 10 of 17

Figure 10. Distribution histogram of the permeability contrast in wells with water channeling (a) and
without water channeling (b). Red dotted line means the value of permeability contrast is 5.

(2) Experimental Result and Discussion

According to the T2 spectrum distribution curve and the result of spontaneous imbibi-
tion in the core sample as shown in Table 1 and Figure 12, we can see that the imbibition
efficiency is relatively low before 48 h, and the oil displacement efficiency and increase
range increase after 48 h. When the core imbibes for 168 h, the oil displacement efficiency
is 33.79%. The online displacement experiment of NMR was done based on spontaneous
imbibition. According to the T2 spectrum distribution curve and result of displacement, as
shown in Table 2 and Figure 13, we can determine the best displacement rate. When the
core displacement rate is 0.06 mL/min, the big and small pores of the core with a diameter
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of 1.31–678.94 µm are effectively mobilized with the highest oil displacement efficiency.
Therefore, this displacement rate is identified as the best and most reasonable.

Figure 11. NMR online tests system.

Table 1. Oil displacement efficiency of spontaneous imbibition at different times.

Imbibition Time, h Oil Displacement Efficiency, % Increase Amplitude, %

0 0 0
5 5.92 5.92

24 8.32 2.40
48 12.49 4.17
96 25.26 12.77
168 33.79 8.53

Figure 12. The T2 spectrum distribution curve of spontaneous imbibition in core sample.
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Table 2. Results of oil displacement experiment.

Oil Displacement Rate, mL/Min Oil Displacement Efficiency, % Mobilized Range, µm

0.02 28.04 0.99–782.65
0.04 33.80 0.88–764.24
0.06 59.94 1.31–678.94
0.08 38.16 1.33–757.65
0.10 30.69 1.51–746.62

Figure 13. The T2 spectrum distribution curve at different displacement rate, 0.02 mL/min (a),
0.04 mL/min (b), 0.06 mL/min (c), 0.08 mL/min (d) and 0.10 mL/min (e).

3.2.4. Reasonable Waterflooding Pressure

The principle of reasonable waterflooding pressure is as follows. Sufficient displacement
pressure systems should be established in the oil layer and overcome the starting pressure
gradient existing in the tight reservoir itself. It should be ensured that the pressure is lower
than the formation fracture pressure, avoiding the one-way rush of injected water along the
dominant migration pathways such as fractures which leads to flooding and channeling of oil
wells in a short time, and maintaining the uniform advancement of the waterflood front of
injected water as much as possible to achieve the best oil displacement effect.

(1) Displacement Experiment

First, the oil displacement efficiency under different waterflooding pressures is ob-
tained with the oil displacement experiments of the core sample to determine the reasonable
waterflooding pressure. Taking the tight and shallow Chang 6 oil reservoir with horizontal
fractures in Yanchang Eastern Oilfield as an example, the core sample diameter is 2.50 cm,
the length is 6.73 cm, the porosity is 10.24%, and the permeability is 0.48 mD. Different
displacement pressure experiments were carried out after washing and saturating the
core sample. Figure 14 depicts the relationship between waterflooding pressure and oil
displacement efficiency of the tight and shallow Chang 6 oil reservoir with horizontal
fractures in Yanchang Eastern Oilfield, with the increase of waterflooding pressure, the oil
displacement efficiency in the water-free stage generally has a downward trend and the oil
displacement efficiency in the water-cut stage gradually increases. When the waterflooding
pressure is greater than 9 MPa, the oil displacement efficiency has a downward trend.
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At this time, by increasing the waterflooding pressure, we can only increase the seepage
speed of the injected water in the seepage channel that has been formed and accelerates the
flooding of the oil well, but it has little effect on oil displacement efficiency.

Figure 14. Relation curve of waterflooding pressure and oil displacement efficiency.

(2) Waterflooding Indicator Curve

Secondly, the indicator curve of waterflooding pressure and waterflooding volume in
the water injection well can be used to determine the reasonable waterflooding pressure.
From the waterflooding indicator curve shown in Figure 15, it can be seen that when the
waterflooding pressure is greater than 9 MPa, the curve has an obvious inflection point
and the waterflooding pressure changes little if continuing to increase the waterflooding
volume. It indicates that microfractures are opened at this time, which is easy to cause the
one-way rush of the injected water along the fracture, so the waterflooding pressure should
be lower than 9 MPa.

Figure 15. Relation curve of waterflooding volume and waterflooding pressure. Red dotted line
means the value of waterflooding pressure is 9.

(3) Field Tracer Test

Finally, through the dynamic monitoring technology of well-to-well tracer, the ad-
vancement speed of the waterflood in front of injected water in the formation under
different waterflooding pressures can be obtained. On this basis, it is proposed for the first
time to determine the reasonable waterflooding pressure by establishing the relationship
between the waterflooding pressure and the advancement speed contrast of the waterflood
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front (definition: the ratio of the maximum value of the advancement speed of the wa-
terflood front to the minimum value of the advancement speed of the waterflood front).
Taking the tracer monitoring of water injection wells in the study area as an example, from
the relation curve between the speed contrast of the waterflood front and waterflooding
pressure shown in Figure 16, it can be seen that the advancement speed contrast of the
waterflood front is the smallest when the waterflooding pressure is 7 MPa and less than
9 Mpa. It can be concluded that it is easier to advance the waterflood front uniformly under
this waterflooding pressure, the one-way rush of injected water can be avoided. Therefore,
7 MPa can be confirmed as a reasonable waterflooding pressure.

Figure 16. Relation curve of waterflooding pressure and advancement speed contrast of the water-
flood front. Red dotted line means the value of waterflooding pressure is 7.

4. Application of Waterflooding at the Bottom in the Oil Field

According to the above theoretical and experimental study, the bottom waterflooding
development mode is put forward and verified through oil field tests. Well groups Y50-5,
G639-4, and G639-6 of Yanchang Eastern Oilfield were selected for the first stage pilot test
of waterflooding at the bottom. The oil-bearing area in the test area was 0.35 km2, the
geological reserves 20.3 × 104 t, the medium depth of the oil reservoir 675 m, the effective
thickness 14.9 m, the original formation pressure 2.54 MPa, the saturation pressure 1.2 MPa,
the reservoir porosity 8.36%, the permeability 0.36 mD, the daily oil production of a single
well 0.26 t, the composite water cut 27.5%, and the daily waterflooding volume of a single
well 2.8 m3. For the G639-4 water injection well, the water flooding at the bottom started in
June 2019. The daily waterflooding volume was 10 m3 and the accumulative waterflooding
volume was 1492 m3. The oil production of the corresponding output well G636-7 increased
from 0.0075 bpd before the test to 0.025 bpd at present, an increase of 3.3 times. The water
content decreased from 15% before the test to 10%. The effect of the increase in oil output
was obvious. According to the explanation of the pressure buildup test, the formation
pressure of the test well group increased from 1.29 MPa before the implementation to
1.47 MPa at present, up by 0.18 MPa. It was predicted that the final recovery increased from
11.2% before the implementation to 13.3%. Compared with the conventional water injection
in the same area, the water control effect is obvious, the water content rises slowly, and
the cumulative oil increase of the test well group is 1130 tons. In the second stage, 20 well
groups will be injected at the bottom, with an estimated annual oil increase of 1300 tons.

5. Discussion

The study area, Yanchang Eastern oil field, is a typical ultra-low permeability shallow
reservoir, involving 1.1 billion tons of geological reserves. Due to the small vertical pressure
of this type of reservoir, it is easy to form horizontal artificial fractures during the fracturing



Energies 2022, 15, 6973 15 of 17

of oil wells, resulting in a larger contact surface of the water drive front. After conventional
water injection, it is easy to cause rapid water flooding and water channeling of oil wells in
a short time, and even the phenomenon of flooding upon injection. In conventional water
injection development, due to the particularity of horizontal fracture location, the oil and
water flow lines for water injection in horizontal fractures are very different from those in
vertical fractures. On the plane, the contact probability and contact surface between the
water drive front (i.e., high permeability channel) of water injection wells and horizontal
fractures are much greater than those in vertical fractures. Horizontal fractures are easier
to water channel than vertical fractures. After water channeling, the water content rises
rapidly, forming rapid water flooding, and the water flooding direction is multi-directional,
which is difficult to control. In order to overcome this technical problem, the bottom
water injection development mode is innovatively proposed by using the characteristics of
horizontal fractures.

Compared with the previously performed studies, this paper discussed the water-
flooding effect of horizontal fractures, water flooding and channeling rules, and especially
researched the reasonable limit of waterflooding parameters, which provides an experi-
mental and theoretical basis for horizontal fracture water injection development of shallow
reservoirs and plays a good demonstration role for high-efficiency water injection develop-
ment of shallow reservoirs. It may be a good idea to study more on oil field experimental
tests with larger areas and well groups in future research.

6. Conclusions and Understandings

(1) The model of waterflooding at the bottom is innovatively proposed in this study. The
optimal and reasonable waterflooding speed of 0.06 mL/min is obtained through the
NMR online test and core sample flow displacement experiment. At this waterflood-
ing rate, the big and small pores of the core with a diameter of 1.31–678.94 µm are
effectively mobilized, and the oil displacement efficiency is the highest.

(2) This study determined the reasonable waterflooding pressure by establishing the
relationship between the waterflooding pressure and the advancement speed contrast
of the waterflood front. It can be concluded that the advancement speed contrast
of the waterflood front is the smallest when the waterflooding pressure is 7 MPa, at
which it is easier to advance the waterflood front uniformly and the one-way rush of
injected water can be avoided.

(3) The anisotropy and space distribution characteristics of permeability are the key
factors that determine the waterflood recovery efficiency factor. The parameters of
variation coefficient of permeability, permeability rush coefficient, and permeabil-
ity contrast are used to comprehensively characterize layers with or without water
channeling. The waterflooding effect is the best when the variation coefficient of
permeability is less than 0.5, the permeability rush coefficient is less than 1.5, and the
permeability contrast is less than 5, which provides a basis for waterflooding at the
bottom and layer selection.

(4) Through field practice, the daily oil production of a single well in the test well group
increased 3.3 times, and it is predicted that the final recovery would increase by 2%.
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