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The research area of tight sandstone oil reservoirs was selected, a numerical
model of the oil reservoir was developed, and a study of the development
options and influencing factors was carried out to analyze the influence of
different development methods, physical and engineering parameters on the
development dynamics. Study shows that the two main factors limiting the
efficient development of tight sandstone reservoirs are reservoir properties and
formation energy. Fractured horizontal well injection huff and puff
development can effectively improve reservoir physical properties and timely
replenish formation energy, which is suitable for the development of such oil
reservoirs. In dense sandstone reservoirs, its impact on production capacity is
also relatively small when the permeability ratio is small. Due to both gravity and
reservoir physical properties, the permeability ratio increases, the cumulative oil
production of positive rhythm reservoirs decreases and that of reverse rhythm
reservoirs increases, and the location of high-quality reservoirs in the upper part
of producing wells is conducive to increasing the final recovery rate. A lower oil
to water viscosity ratio can significantly increase the swept volume and improve
development effect. Hydrophilic reservoirs can reduce the injection pressure
and increase the spread range, effectively improving the problem of inability to
inject, and improving reservoir hydrophilicity through surface activators can
increase reservoir recovery. The water injection rate determines the recovery
rate of formation energy. Generally, the faster the rate, the higher the
cumulative oil production. Therefore, the rate of water injection should be
increased as much as possible, taking into account construction conditions and
economic evaluation. Additionally, the effect of water injection on the
development effect is different at different stages, so the appropriate timing
of water injection is very important to the water injection huff and puff
development effect, and the use of early water injection in this research
area is not conducive. Soaking can promote pressure and fluid redistribution
and improve water injection huff and puff development effect, but soaking for a
long time can lead to reservoir contamination and reduce crude oil production,
so the preferred time for a soaking is about 20 days.
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Introduction

In recent years, the rapid development of the global
economy has led to an increasing demand for oil and gas
resources. Since tight oil and gas is widely distributed around
the world (Liu; Shi etal.,; Zhang et al., 2022a; Zou, 2014), it has
attracted widespread attention worldwide due to its resource
potential and exploration value, and the exploration and
development of oil and gas is striding from conventional to
unconventional oil and gas fields (Hu et al., 2018; Zou et al,,
2018; Sun et al, 2019). As a typical tight sandstone oil
reservoir with low porosity, low permeability and complex
pore roar structure, the H oil reservoir of Liaohe oilfield is a
low-porosity and low-permeability reservoir (Wang et al,
2014; Ji, 2016; Wu et al, 2018), and has remarkable
of tight Its
production is high in the early stage of development, but it

characteristics reservoir  development.
decreases rapidly, with the rate of decrease reaching more than
50% (Liu, 2022). Therefore, the efficient and sustainable
development of tight oil reservoirs has become the focus
and difficulty of current study.

At present, horizontal well technology combined with
segmented multi-stage fracturing technology is commonly
used worldwide to achieve efficient development of tight oil
reservoirs (Jiang et al, 2017; Zhang, 2020; Guo et al.,, 2021;
Zheng et al., 2021), and the recovery rate can be improved by
increasing the stimulated reservoir volume. However, the
fracture expansion of tight oil reservoirs is influenced by their
own geological conditions with diverse situations (Zhao et al,,
2015; Penget al., 2016; Zhao et al., 2017; Li et al., 2020; Peng et al.,
2020), some reservoirs are strongly heterogeneity with positive
and reverse rhythm in the vertical direction (Li et al., 2019a;
Zhang et al, 2022b), and the two-phase or even three-phase
seepage is superimposed on the influence of engineering factors
on the development process (Ma et al., 2021; Shen et al,, 2022),

FIGURE 1
Core-scale experimental device for tight oil reservoirs.
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which makes the seepage mechanism and development law of
tight reservoirs very complex (Zafar et al., 2020; Zhao et al,
2021), and the dominant seepage channel is not clear (Li et al,
2019b). At present, the relevant research is still at the core scale
(Jing et al., 2021) (Figure 1), and the lack of understanding of the
development rules and factors influencing production capacity
cannot effectively guide the preparation of development plans for
such reservoirs. Based on the numerical model of H reservoir in
Liaohe oilfield and comprehensively considered the effects of
gravity, capillary force and imbibition, this paper extracts the
characteristic wells in typical blocks and conducts a study on the
selection of development methods and factors affecting
production capacity through the control variables approach to
analyze the production performance and remaining oil
distribution of characteristic wells in tight oil reservoirs under
different development methods, different geological conditions
and different engineering conditions, optimize a reasonable
development method, analyze the influence laws of different
factors, put forward reasonable development strategy
suggestions, and provide certain technical support for the

preparation of tight oil reservoir development plans.

Typical reservoir characteristics

The top depth of the H reservoir in the Liaohe field is
2,759.4 m and the bottom depth is 5,507.35 m, with a total
thickness of 2,747.95 m. Generally, the reservoir thickness is
large and the effective thickness is 100-500 m. The lithology
of the block is mainly fine sandstone, siltstone, oil shale and
dark red mudstone, with a small amount of sand
conglomerate (Figure 2), and the reservoir space is mainly
primary pore space, with a very small amount of secondary
pore space formed by dissolution (intergranular pores and
intra-grain pores, Figure 3). It was found through the
porosity and permeability statistics of 203 rock samples
from the H reservoir that the reservoir rock gas test
permeability was mainly distributed in the range of
1um? x 1077 um®~16.5 um> x 107> um®, with an average
permeability of 0.1 pm* x 107° um®, which belonged to the
ultra-low permeability type, and the porosity was generally
distributed between 2 and 18%, with an average porosity of
7.13%, and the reservoir porosity evaluation was poor.
Influenced by sedimentation, diagenesis, dissolution and
the degree of filling, the reservoir not only has extremely
low porosity and permeability, but also exhibits strong
reservoir inhomogeneity, with the local reservoir showing
obvious positive and reverse rhythmic features in the
longitudinal direction.
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Siltstone

FIGURE 2

Photographs of representative rock samples from the H oil reservoir in the Liaohe Qilfield.

Mudstone

Siltstone cast flakes (10X )
FIGURE 3
Rock cast flake of tight oil reservoir in H reservoir of Liaohe oilfield.

Model building and development
solution optimization

A numerical oil reservoir model of the H oil reservoir in the
Liaohe oilfield was established, and the characteristic well of the
target block-W well was selected for a single well numerical
simulation after historical fitting to ensure the accuracy of the
model, and a rectangular reservoir with I x J x K of 600 m x
300 m x 100 m was intercepted as the research area (Figure 4),
with a grid step of 10 m and a total grid number of 18,000 (60 x
30x10), and the detailed geological parameters are shown in
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Table 1. In the middle of the research area, there is a horizontal
well with a length of 380m, which is both a production well and
an injection well.

The research area is being developed with horizontal wells
without fracturing for depletion development, horizontal wells
after fracturing for depletion development and horizontal wells
after fracturing for water injection huff and puff, their
development scheme and fracture parameters are listed in
Table 2 and Table 3, respectively. As shown in Figure 5, the
daily production and cumulative oil production of W wells under
three different development methods, from which it can be seen
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3930m

3840m

Schematic diagram of the burial depth and well location in the research area of well W in the H oil reservoir of the Liaohe oilfield.

TABLE 1 Values of reservoir properties and fluid properties parameters
in the research area.

Model parameter Value Unit
Reservoir thickness 100 m
Depth at top of reservoir 3,840 m
Porosity 0.145 —
Permeability 0.1 mD
Initial oil saturation 0.7 —
References pressure 30 MPa
Rock Compressibility 0.00025 MPa™!
Water Density 1,000 kg/m’
Crude oil Density 800 kg/m®
Viscosity of water 1 mPa-s
Viscosity of crude oil 12 mPa-s

that the effect of reservoir physical properties on production
capacity is significant in the early stages of development, with the
daily production rate of a single well in a fractured horizontal well
being more than five times the capacity of the well in a horizontal

TABLE 2 Specific parameters for different development methods.

Horizontal wells without
fracturing for depletion

Development method

development
hydraulic fracture X
BHP 25
water injection rate —
water injection time —
soaking time —
development time 10

Frontiers in Energy Research

well without fracturing measures, but as development progresses
this difference decreases rapidly with the decay of formation
energy, with better reservoir physical properties and faster decay
of daily production in fractured horizontal wells.

Significantly, the formation pressure drops rapidly in the
horizontal well fracturing followed by depletion development
(Figure 6) in the middle and late stages. Because the depletion
development cannot replenish the bottom energy timely and the
formation is not supplied with enough fluid, the daily production rate
of horizontal wells after fracturing for depletion development
decreases rapidly and the daily production rate is extremely low,
just like horizontal wells without fracturing for depletion
development, and even appears to be lower in the middle and
late stages. In contrast, the adoption of horizontal well fracturing
followed by water injection huff and puff development can effectively
and timely replenish the formation energy, and the high pressure
fluid around the fracture timely replenishes the formation pressure
deficit and delays the formation pressure drop, which can relatively
steadily keep a certain daily production continuous production and
thus obtain the highest cumulative oil recovery. In the early stage of
development, reservoir energy is sufficient and reservoir physical
properties are the main factor controlling single well production. But

Horizontal wells after Horizontal wells after Unit

fracturing for depletion fracturing for water

development injection huff and
puff

v v -

25 25 MPa

— 6 m*/day
30 day
30 day

10 10 year
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TABLE 3 Fracture parameters of fractured horizontal Wells.

Fracture parameter Value Unit
Length of horizontal section 380 m
fracture interval 20 m
number of fractures 20 —
fracture half-length 100 m
fracture width 0.002 m
fracture height 10 m
Permeability of fracture 10,000 mD

in the middle and late stages of development, the formation energy
becomes the main factor limiting the production. Therefore, water
injection huff and puff development after horizontal well fracturing
can effectively improve the reservoir properties of tight reservoirs and
timely replenish the underlying energy to achieve stable production
in the block.

Impact of physical parameters on
water injection huff and puff
development

The main physical parameters that affect the effectiveness
of water injection huff and puff in tight sandstone reservoirs
include reservoir permeability distribution, oil to water
viscosity ratio and reservoir wettability (Sun et al., 2021;
Zhu et al., 2021).

10.3389/fenrg.2022.1007224

Impact of permeability on development
effectiveness

Usually speaking, tight sandstone oil reservoirs exhibit
strong reservoir inhomogeneity, and the local reservoirs show
positive rhythm and reverse rhythm characteristics in the
longitudinal direction. According to the reservoir physical
conditions of H reservoir in Liaohe oilfield, the influence of
different permeability ratios (Table 4) on the development
effect under positive and reverse rhythm conditions was
designed in conjunction with the permeability statistics of
reservoir rock samples.

As shown in Figure 7, the two curves are the cumulative oil
production for different permeability ratios under positive and
reverse rhythm conditions respectively. It can be seen, from the
figure, that the positive rhythm reservoirs, with increasing
permeability ratios, show a decreasing trend in cumulative oil
recovery and  overall show a  negative  phase
relationship. Conversely, cumulative oil recovery from reverse
rhythm reservoirs increases with increasing permeability ratio in
a positive correlation. Bounded by a permeability ratio of 4, when
the permeability ratio is less than 4, production is less affected by
permeability, and when the permeability ratio is greater than 4,
production capacity varies significantly with permeability. The
main reason for this is that the permeability of tight reservoirs is
extremely small, and changes in permeability ratio in the range
0-4 have a small effect on permeability; when the permeability
ratio is greater than 4, the permeability of the upper part of the
reservoir is reduced by an order of magnitude and the

permeability of the lower part of the reservoir is significantly
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FIGURE 5

Daily and cumulative oil production curves for well W under different development methods.
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horizontal wells without horizontal wells after
fracturing for depletion fracturing for depletion fracturing for water injection
development development huff and puff
FIGURE 6

Pressure distribution under different development methods in metaphase development.

24000kPa

horizontal wells after

improved, resulting in significant changes in cumulative
production.

Statistics on the ratio of the production in the upper and
lower parts of the reservoir to the geological reserves under
different permeability ratios (Figure 8) show that the production
share of both the upper and lower part of the positive rhythm
reservoir decreases to different degrees as the permeability ratio
increases. As the producing wells are in the middle of the
reservoir, the decrease in the production share in the lower
part of the reservoir is more pronounced due to the influence
of gravity. Although the physical properties of the lower part of
the reservoir become better, no effective seepage channel is
established between the reservoir and the wellbore, so it
cannot make an effective contribution to production; with the
increase in permeability ratio, the physical properties of the
upper part of the reverse rhythm reservoir are significantly
improved, and the production share of the lower part of the

reservoir decreases, but the decrease is smaller, making the
overall trend of reservoir production increase.

Impact of oil to water viscosity ratio on
development effectiveness

The oil to water viscosity ratio is the ratio of the viscosity of
the crude oil in the reservoir to the viscosity of the replacement
fluid (water is used in this research), which not only affects the
area swept efficiency but also the volume swept coefficient. In
order to investigate the effect of different viscosity ratios on the
development effect of tight oil reservoirs, the influence law of oil-
water viscosity ratio from 1 to 60 on the cumulative oil
production of H oil reservoir was designed. Figure 9 shows
the cumulative oil production for different oil-water viscosity
ratios, which is clear that the cumulative oil production is

TABLE 4 Distribution of oil reservoir permeability at different permeability ratios.

Permeability  Level Level Level Level Level Level Level Level Level Level
grade 1(um?» 2 (um?) 3 @um?’) 4(um?) 5@m?) 6(um?) 7 um’) 8(um?> 9 (um?) 10 (um?)
difference

121 0.0909 0.0927 0.0945 0.0964 0.0982 0.1 0.1025 0.105 0.1075 0.11

2.25 0.0667 0.0733 0.0800 0.0867 0.0933 0.1 0.1125 0.125 0.1375 0.15

4 0.0500 0.0600 0.0700 0.0800 0.0900 0.1 0.125 0.15 0.175 0.2

16 0.0025 0.0220 0.0415 0.0610 0.0805 0.1 0.175 0.25 0.325 0.4

25 0.0200 0.0360 0.0520 0.0680 0.0840 0.1 0.2 0.3 0.4 0.5

100 0.0100 0.0280 0.0460 0.0640 0.0820 0.1 0.325 0.55 0.775 1
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Cumulative oil production from W wells under different permeability ratios in positive and reverse rhythm.
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negatively related to the oil-water viscosity ratio, and the
cumulative oil production corresponding to different oil-water
viscosity ratios varies greatly. When the crude oil viscosity
changes from 1mPas to 60mPas, the cumulative oil
production corresponding to an oil-water viscosity ratio of
60 is less than 1/4 of the oil production corresponding to an
oil-water viscosity ratio of 1. From the start of production, the
low oil-water viscosity ratio shows an obvious production
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advantage, laying the foundation for the highest recovery rate
in the end.

Comparing the pressure distribution in the layer with
wellbore at the completion of the oil recovery phase of the
first water injection huff and puff cycle under different oil-
water viscosity ratios (Figure 10), it can be found that the
pressure spreading range gradually decreases with the increase
of oil-water viscosity ratio, only the four corners of the
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FIGURE 9
Cumulative oil production versus oil to water viscosity ratio curve.

31000kPa
25000kPa

FIGURE 10

Pressure sweep range for different oil to water viscosity ratios at the end of the first production phase.
reservoir are difficult to spread under 1 mPa s condition, while Impact of wettability on development
under 40 mPas, and 60 mPa s conditions, the pressure can effectiveness
only spread to a very small part of the area near the wellbore
and the fracture. During the injection stage (Figure 11), Reservoir wettability will affect the distribution of reservoir
reservoirs with low oil-water viscosity ratios are able to fluids within the pores of the rock and the ability of the oil and
spread the energy replenished to the formation relatively water phases to percolate through the reservoir porous media.
evenly throughout the reservoir, while the larger the oil- When the oil and water saturation in the reservoir are the same,
water viscosity ratio, the smaller the spread of replenished the wettability of the reservoir rock will have a decisive influence
energy, holding pressure near the wellbore and fractures, on the final effect of water injection huff and puff development.
making the injection water repeatedly flush near the well The relative permeability curves (Figure 12) of different
and near the fractures, which cannot effectively improve wettability obtained experimentally were substituted into the
the final recovery. In practice, the oil to water viscosity numerical model, and the cumulative oil recovery results
ratio can be reduced by reducing the viscosity of the crude obtained for the research area under different wettability
oil or increasing the viscosity of the replacement fluid, thereby conditions are shown in Figure 13, with the final oil recovery
increasing the recovery of the reservoir. from hydrophilic reservoirs being significantly higher than that
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FIGURE 11
Pressure sweep range for different oil to water viscosity ratios at the end of the second injection phase.

31000kPa

25000kPa

from oleophilic reservoirs. It is easy to see, combined with the
bottom well flow pressure (Figure 14) and the pressure
distribution of the different wetting reservoirs at the end of
the second injection phase (Figure 15), that the bottom well
flow pressure of the oil-wet reservoir is always higher than the
bottom well flow pressure of the water-wet reservoir during water
injection, and the high-pressure zone near the wellbore and
fracture of the reservoir is more widely distributed; while the
pressure ripple range is smaller than that of the water-wet
reservoir during production. When water is injected, water in
the oil-wet reservoir as a non-wetting phase has a greater
resistance to percolation, which is not conducive to pressure

diffusion to replenish the energy deficit of the formation. In the
actual production process, surface activators can be used to
change the reservoir wettability to achieve the purpose of
improving the water injection huff and puff effect.

Impact of engineering parameters on
water injection huff and puff
development

The main engineering parameters that affect the effect of
water injection huff and puff in tight sandstone reservoirs
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Cumulative oil recovery of reservoirs with different wettability.

include injection rate, injection volume and soaking time
(Wang et al, 2021), and the effect of these engineering
parameters on the development effect was studied for the
sixth round of water injection huff and puff.

Impact of water injection rate on
development effectiveness

Keeping the water injection volume and production pressure
differential constant, the production of a single well in round six
was simulated at water injection rates of 3 m3/d, 6 m3/d, 9 m3/d,
12 m3/d, 15 m3/d, 18 m3/d and 30 m3/d respectively. It is easy to
see from Figure 16 that if the water injection rate is kept constant,
the higher the water injection rate is, the greater the cumulative
oil production from the reservoir, and the rate of increase in
cumulative oil production gradually slows down as the water

injection rate increases; while when the water injection rate is
30 m3/d, the rate of increase in cumulative oil production is
already very small, and increasing the water injection rate has less
impact on the increase in production. The flow pressure at the
bottom of the producing well increases gradually with the rate of
water injection, which effectively replenishes the formation
energy and is an important reason for increasing the rate of
water injection to increase production, and the injection rate can
be increased as much as possible to increase crude oil production
while meeting the construction pressure conditions.

Impact of water injection volume on
development effectiveness

Holding the injection rate and production pressure

differential constant, the reservoir production was

— oilwet -- water wet
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Bottom flow pressure in well W under different wettability conditions.
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Pressure distribution in reservoirs with different wettability at the end of the second phase of water injection.
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FIGURE 16

Cumulative oil recovery for the first six rounds and

bottomhole flow pressure for the sixth round at different injection

rates.

simulated for injection volumes of 90 m?, 180 m®, 360 m’,
540 and 720 m® respectively. As shown in Figure 17, the
relationship between cumulative oil production, cumulative
water production and water injection, i.e., cumulative oil
production from the reservoir gradually decreases with
increasing water injection, and the two are negatively
correlated, but cumulative water production rises rapidly
with increasing water injection, and the two are positively
correlated. This phenomenon is due to the turns of water
injection selected for this research was at the pre-
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Sub-cumulative oil and water production from the first six
rounds (pre-development) under different water injection
conditions.

development stage, with high remaining recoverable

reserves and sufficient formation energy. Excessive
injection water formed a high pressure zone near the
wellbore and fractures (Figure 18), which impeded the
percolation of crude oil into the wellbore and fractures,
while the extremely poor physical properties of the dense
reservoir made it difficult for both injection water and energy
to spread to the far well zone. When the well is opened up

again, the injection water is rapidly produced to the surface
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FIGURE 18
Reservoir pressure distribution after the sixth round of water injection under different water injection conditions.

along the fracture and wellbore, resulting in ineffective
circulation of the injection water. In the later stages of
development, after a long period of production, the
reservoir when water can

energy deficit, injection

effectively replenish the formation energy, the cumulative

oil production within a round rises gradually with the
increase of water injection (Figure 19). Although water
injection can effectively replenish the energy of the
formation, the right timing and volume of water injection
should be selected in the actual production process.
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FIGURE 19
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Impact of soaking time on development
effectiveness

The water injection rate, water volume and production
pressure differential were kept constant, and soaking times of
0, 10, 20, 30, 60, and 90 days were designed to investigate the
effect of it on the development effect.

The relationship between oil recovery and soaking time for
the sixth round is shown in Figure 20, which shows that as the
soaking time increases, the cumulative oil recovery first increases,
then decreases and finally plateaus. When the soaking time is less
than 20 days, the time for pressure and fluid redistribution in the
reservoir is more adequate as the soaking time increases, avoiding
the accumulation of injection water and supplementary
formation energy in the near-well zone (Figure 21), which is
conducive to improving the water injection huff and puff effect.
However, with the further increase of the soaking time,
influenced by the capillary force, the injection water enters the
deep part of the formation and contaminates the reservoir, which
is not conducive to improving the recovery rate. The optimal
soaking time for this research area is 20 days.

10.3389/fenrg.2022.1007224

Conclusion

1) Reservoir physical properties and formation energy are
the two key factors limiting the efficient development of
tight sandstone reservoirs; water injection huff and puff
development of fractured horizontal wells can effectively

reservoir

improve physical properties

replenish the formation energy deficit, which is the

and timely

optimal development method for H oil reservoirs in
Liaohe oilfield.

2) The cumulative oil production in positive rhythm reservoirs is
negatively correlated with the permeability ratio, while it in
reverse rhythm reservoirs is positively correlated with the
permeability ratio. In tight reservoirs, when the permeability
ratio is lower than 4, the effect of permeability ratio on
production capacity can be ignored. In the actual
development process, formation classification should be
based on reverse rhythm as far as possible. The oil-water
viscosity ratio is negatively correlated with cumulative oil
production, the larger the oil-water viscosity ratio, the smaller
the spread area, in the actual development process, the oil-
water viscosity ratio can be reduced by reducing the viscosity
of the crude oil or increasing the viscosity of the replacement
fluid to improve recovery. Hydrophilic reservoirs can
effectively reduce water injection pressure and expand the
swept area, which is conducive to water injection huff and
puff development.

3) The injection rate determines how quickly the formation
energy is replenished and is also an important factor
affecting the construction cycle, the best injection rate for
this research area is 15 m*/d~18 m’/d. Water injection can
effectively replenish the formation energy, but in the actual
production process should choose the right timing of water
injection, this research area can try to replenish the formation
energy by water injection in the middle and late stages.
Soaking can promote the redistribution of pressure and
fluid in the reservoir and improve the development effect
of water injection huff and puff, but shutting in the well for
too long can lead to reservoir contamination and reduced

FIGURE 21
Reservoir pressure distribution before and after soaking.
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crude oil production. The optimum soaking time for the
research area is 20 days.
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