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Abstract: Low permeability tight sandstone reservoirs have a high filtrational
resistance and a very low fluid flow rate. As a result, the propagation speed of
the formation pressure is low and fluid flow behaves as a non-Darcy flow, which
typically displays a highly non-linear behavior. In this paper, the characteristics
and mechanism of pressure propagation in this kind of reservoir are revealed
through a laboratory pressure propagation experiment and through data from an
actual tight reservoir development. The main performance mechanism is as fol-
lows: A new pressure cage concept is proposed based on the pressure variation
characteristics of the laboratory experiments. There are two methods of energy
propagation in the actual water injection process: one is that energy is transmitted
to the deep reservoir by the fluid flowing through the reservoir, and the other is
that energy is transmitted by the elasticity of the reservoir. For one injection well
model and one production well model, the pressure distribution curve between the
injection and production wells, as calculated by the theoretical method, has three
section types, and they show an oblique “S” shape with a straight middle section.
However, the actual pressure distribution curve is nonlinear, with an obvious pres-
sure advance at the front. After the injection pressure increases to a certain level,
the curve shape is an oblique and reversed “S” shape. Based on the research, this
paper explains the deep-seated reasons for the difference in pressure distribution
and proposes that it is an effective way to develop low permeability tight reser-
voirs using the water injection supplement energy method.

Keywords: Low permeability tight reservoir; pressure propagation; pressure cage;
formation energy

1 Introduction

Propagation speed occurs due to low permeability tight sandstone reservoirs having a low permeability,
a high seepage resistance and a very low fluid flow rate. Formation pressure is low, and fluid flow belongs to
non-Darcy flow, which is a nonlinear flow. Pressure propagation occurs relatively fast near injection wells
and production wells but occurs very slowly far away from production wells. In the actual production
process, it is difficult to inject water into a low permeability oilfield without a fracture system. Oil
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production mainly depends on formation energy in the process of oilfield development. When formation
pressure drops to a certain extent, the productivity of oil wells is poor. It is necessary to supplement
formation energy with water injection to continue production and improve oil recovery. In this way, a
correct understanding of the law of pressure propagation plays an important role in improving the
development effect of tight sandstone reservoirs.

The pressure propagation law of a low permeability reservoir is mainly studied from two aspects: pressure
distribution and pressure propagation. The pressure distribution can be obtained by establishing the percolation
model of a low permeability reservoir and by solving it, while the pressure propagation can be described by the
influence radius [1]. Generally, the shut-in recovery curve, MBH method, MDH method, Dietz method and
extended Muskat method are used to determine formation pressure overseas [2–4]. All these data must be
able to shut favourably for well testing. Conventional methods are not applicable to low permeability oilfields
because of slow pressure propagation and long pressure recovery time. For the influence radius, and different
from Darcy seepage in the high permeability reservoir, there is a flow area radius for non-Darcy seepage in
infinite formation, which is directly proportional to the production pressure and inversely proportional to the
starting pressure gradient. Some scholars have further found that in the three seepage modes of plane parallel
seepage, plane radial seepage and spherical centripetal seepage, the time required for the same distance of
pressure wave propagation for the plane parallel seepage is twice that of the plane radial seepage, and the
plane radial seepage is 1.5 times that of the spherical centripetal seepage [5–7]. Many scholars have studied
the pressure propagation law in low permeability oilfields. Most of the studies are based on unstable seepage
flow to establish pressure transfer equations to calculate and analyse the pressure distribution [8–20]. Some
scholars consider the starting pressure and stress sensitivity to analyse the pressure propagation and test
pressure distribution through a one-dimensional core flow experiment [21–23]. They believe that the starting
pressure gradient and stress sensitivity have a greater influence on the pressure propagation. Some scholars
also reveal the law of pressure wave propagation and its influence on productivity in low permeability
reservoirs through numerical simulation technology [24]. Through calculations or experiments, some scholars
also believe that the pressure blocking coefficient and medium deformation will affect productivity [25–27].
However, these results do not fully explain the pressure propagation characteristics, pressure propagation
speed and their differences in different interwell locations of low permeability reservoirs. Additionally, the
guiding role of the pressure propagation characteristics for actual production is not definitive. In this paper, a
one-dimensional flow model is established using actual low permeability tight reservoir cores. To analyse the
pressure propagation process, a number of measuring points are set between the entrance and the exit end of
the long cores to monitor the pressure change at different locations. The pressure change characteristics are
different between the experimental results and the theoretical calculation. At the same time, the effect of
pressure propagation characteristics in low permeability reservoirs on oil well production is illustrated by
combining a theoretical model and production data.

2 Experimental Study

Core experiments are an important way to study the migration law of oil and gas. Core experiments are
helpful for understanding the seepage mechanism of oil and gas migration in special pore media with low
permeability and tight reservoirs. Additionally, core experiments have good guidance and reference
functions for the scientific and efficient development of low permeability and tight reservoirs. The cores
used in conventional core physical simulation experiments are relatively short, usually only 5–8 cm. The
end effect of the sample is notable in that the results cannot reflect the pressure propagation
characteristics inside the core in the process of seepage. This experimental study used a 96.5 cm long
core combination and a multiple pressure point seepage simulation system to overcome the end effect
produced by short core experiments. The pressure dynamic propagation characteristics of low
permeability and tight reservoir cores during single phase seepage and constant pressure of water flooding
processes were studied, and these conditions truly reflected the seepage characteristics of low
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permeability and tight reservoirs. Considering the actual production of low permeability and tight reservoirs,
the pressure propagation law in the process of the water flooding and depletion development was simulated,
and the exit end pressure of the long cores was set to atmospheric pressure and formation pressure.

The cores of this experiment were taken from a low permeability oilfield A and tight reservoir B. The
cores were spliced into long cores of 96.54 cm and 90.16 cm. The weighted average permeability was
11.51 mD and 6.77 mD. The pressure distribution characteristics were tested by using a multi-point
pressure measurement system. The production modes in the experiment were constant pressure
displacement, constant speed displacement and depleting development, and the exit end pressure of the
long cores was set to atmospheric pressure and bottom hole flow pressure.

2.1 Pressure Propagation Characteristics under Constant Pressure Displacement
Two experiments under constant pressure displacement were designed: one group with an entrance end

pressure of 20 MPa and an atmospheric exit end pressure; the other group with an entrance end pressure of
30.5 MPa and an exit end pressure of 27.5 MPa. The pressure data of different measuring points at different
times were measured every 5 min. Representative data were selected, and the pressure distribution along the
long cores was plotted and analysed. Figs. 1 and 2 show the pressure testing data of each pressure measuring
point at the different injection times under the entrance end pressure of atmospheric pressure and 27.5 MPa.

Figs. 1 and 2 show that the pressure distribution along the long core is nonlinear. With increasing
cumulative injection time, the pressure drop from the exit end of the long core gradually propagates to
the entrance. According to the experimental data, the following characteristics can be revealed:

1. Different pressure measuring points reflect that the changes in pressure vary by the distance from the
entrance end. The farther the position is away from the entrance end, the faster the pressure decreases;
the closer the position is to the entrance end, the slower the pressure decreases. This indicates that the
pressure propagation from the exit end to the entrance end is slowed down gradually.

2. Fig. 1 shows that when the cumulative injection time is 240 min and the injection pore volume multiple
reaches 0.16 PV, the pressure at pressure measuring point 1 reaches 19.96 MPa, which is equal to the
pressure at the inlet.

Figure 1: Pressure distribution curves along the core under constant pressure displacement (the exit pressure
is at atmospheric pressure)
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3. The pressure gradient near the entrance is the smallest, the middle pressure gradient is the largest, and the
pressure near the exit decreases. The pressure at point 2 is the pressure inflection point, after which the
regional pressure drops rapidly.

4. Comparing the pressure propagation velocities of different pressure systems in Figs. 1 and 2, the exit end
of high pressure and the exit end of low pressure have the same characteristics of pressure conduction. The
pressure propagation velocity of the experiment with a large pressure difference is greater than that with a
small pressure difference.

2.2 Pressure Propagation Characteristics under Constant Speed Displacement
Two experiments under constant speed displacement were designed: one group with an entrance end

pressure of 20 MPa and an atmospheric exit end pressure; the other group with an entrance end pressure
of 30.5 MPa and an exit end pressure of 27.5 MPa. The pressure data of different measuring points at
different times were measured every 5 min. Representative data were selected, and the pressure
distribution along the cores was plotted and analysed. Figs. 3 and 4 show the pressure testing data of

Figure 2: Pressure distribution curves along the core under constant pressure displacement (the entrance
pressure is at 27.5 MPa)

Figure 3: Pressure distribution curves of each measuring point under constant speed displacement (the
entrance pressure is at atmospheric pressure)
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each pressure measuring point at different injection times under the entrance end pressure of atmospheric
pressure and 27.5 MPa.

The graphs shown in Figs. 3 and 4 demonstrate the pressure variation characteristics at each measuring
point during constant speed displacement, and the results are as follows:

1. After the pressure wave reaches the measuring points, the pressure at each measuring point begins to
increase. The pressure increases quickly in the initial stage and then slows down in the later stage,
which indicates the nonlinearity characteristics of the pressure distribution.

2. The closer the position distance is from the entrance end, the faster the pressure increases. The slower the
pressure increases at the position closer to the exit end, which indicates that the position is closer to the
exit, the faster the pressure propagates. That is, the velocity of pressure propagation in the entrance and
exit ends are faster than that in the intermediate part of the core.

3. According to the pressure distribution along the core, there is a pressure inflection point in the process of
pressure propagation. The pressure gradient of the inflection point along the exit direction is larger, while
the pressure gradient of the inflection point along the entrance direction is smaller.

4. The characteristics of pressure conduction with high pressure at the exit end are similar to those with low
pressure at the exit end under constant speed displacement. Pressure propagation can be divided into two
stages: ① Pressure accumulation stage: At this time, the pressure propagates slowly, and the injection
system is in the energy accumulation stage. As shown in Fig. 3, when the cumulative injection time
does not exceed 75 minutes, the pressure value at pressure measuring point 1 is small. ② The rapid
release stage of pressure propagation: When the pressure accumulates to a certain extent, the pressure
releases rapidly. As shown in Fig. 3, when the cumulative injection time exceeds 75 minutes, the
pressure value at pressure measuring point 1 increases rapidly, and the propagation speed is the
highest. The injection pressure of the whole injection system has an obvious first accumulation stage
and then a release process. As shown in Fig. 3, under constant speed displacement, the pressure
accumulates at the entrance for a long time until the entrance pressure increases to 5 MPa. After the
pressure exceeds 5 MPa, the pressure begins to release and spread rapidly. That is, there is a pressure
accumulation process in the initial stage of water injection in the low permeability or tight reservoir,
which needs to maintain a certain injection time to achieve the effect of energy transmission and to
complement recovery.

Figure 4: Pressure distribution curves of each measuring point under constant speed displacement (the
entrance pressure is at 27.5 MPa)

FDMP, 2020, vol.16, no.3 429



2.3 Pressure Distribution Characteristics under Depletion Development
Two experiments under depletion development were designed: one group with an entrance end pressure

of 20 MPa and an atmospheric exit end pressure; the other group with an entrance end pressure of 30.5 MPa
and an exit end pressure of 27.5 MPa. The pressure data of different measuring points at different times were
measured every 5 minutes. Representative data were selected, and the pressure distribution along the core
was plotted and analysed. Figs. 5 and 6 show the pressure testing data of each pressure measuring point
at different injection times under the entrance end pressure of atmospheric pressure and 27.5 MPa.

The graphs shown in Figs. 5 and 6 demonstrate the pressure variation characteristics at each measuring
point during depletion development, and the results are as follows:

1. Similar to the depletion development pressure drop process, the pressure at each point begins to decrease
when the experiment starts. The closer the injection distance is from the entrance end, the faster the
pressure decreases.

2. The pressure drop rate along the core is fast at the initial stage and decreases slowly as time proceeds.

Figure 5: Pressure distribution curves of each measuring point under depletion development (the outlet
backpressure is at atmospheric pressure)

Figure 6: Pressure distribution curves of each measuring point under depletion development (the pressure of
the entrance is 27.5 MPa)
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3. During depletion development, the exit end of high pressure and the exit end of low pressure have similar
characteristics of pressure conduction. As the pressure curve revealed above from the central point to the
outlet area, the pressure has an accelerated downward trend.

3 Comparison of the Experimental Test Pressure Distribution and Predicted Pressure Propagation
Law

There are mature theoretical prediction methods for the pressure distribution law of depletion
development and for the supply of energy development. Based on the experimental results, the difference
between the pressure distribution characteristics of the experimental test and the theoretical prediction is
further analysed.

3.1 Mechanism of Formation Pressure Propagation in a Low Permeability Reservoir
Formation pressure reflects the rich degree of formation energy, and oil well production is a process of

formation energy release. One of the main purposes of water injection is to supplement the formation energy.
There is a difference between the supplement formation energy and release of formation energy. The release
of the formation energy results in the continuous production of the well, and the fluid flowing is the energy
release process. Generally, the production of oil wells depends on the release rate. After the well opens, the
formation fluid flow mainly depends on the elastic energy of the formation. The elastic energy of the
formation release is shown in the figure below.

Elastic energy mainly includes two kinds: rock elastic energy (as shown in Fig. 7) and fluid elastic
energy (as shown in Fig. 8). Both the rock and the saturated fluid are compressible, and rock and fluid
produce elastic forces during the oil and gas flow processes. When the formation pressure drops, the
pressure difference between the overburden pressure and the formation pressure increases, the rocks are
more closely arranged, and the pore volume decreases. The elastic energy of the rock tends the fluid
towards the bottom of the well, as shown in Fig. 7. When the formation pressure drops, the fluid volume
expands. The elasticity of the fluid causes the fluid to reach the bottom of the well, as shown in Fig. 8.
With increasing production time, the elastic energy near the bottom of the well decreases gradually,
forming a typical pressure drop funnel.

3.2 Description of Pressure Distribution under Depletion Development
According to the description of the elastic unstable seepage law, the pressure distribution characteristics

at any location in the reservoir under a closed boundary constant bottom hole pressure condition are shown in
Fig. 9 [13].

As shown in Fig. 9, the formation pressure propagation under a closed boundary constant bottom hole
pressure condition is divided into 2 stages. The first stage is that the pressure wave does not propagate to the

Figure 7: Rock releases elastic energy
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boundary, and the second stage is that the pressure wave propagates to the boundary. From the moment the
first stage starts, the pressure drops continue to deepen at anywhere in the layer except at the well point, and
the scope of the pressure drop funnel continues to expand. When the pressure wave propagates to the
boundary, the boundary pressure decreases continuously because there is no external energy to
supplement the boundary pressure until the pressure at any location in the formation equals the bottom
hole pressure. The pressure distribution curve during the pressure propagation process at each stage is a
standard nonlinear upper convex curve.

3.3 Description of Pressure Distribution between Two Wells: One for Injecting and the Other for

Producing
Because of the rapid decrease in formation pressure during the development of low permeability or tight

reservoirs, it is often necessary to inject a displacing medium to supplement the formation energy. The
pressure formula of stable flow between one injection well and one production well is as follows [11]:

Figure 8: Fluid releases elastic energy

Figure 9: Pressure distribution characteristic curves at any location in the reservoir under a closed boundary
constant bottom hole pressure condition
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where P is the pressure, Pa; B is the volume factor; q is the flow rate, m3/s; Piwf is the injection well bottom
hole flowing pressure, Pa; rw is the well radius, m; r is the distance between the calculation point to the
injection well, m; L is the distance from the injection well, m; h is the reservoir thickness, m; and α1, α2,
and b are model parameter values.

Based on the core experimental data, the model parameter values α1, α2, and b are obtained, and the
reservoir parameters are applied. Eq. (1) is used to calculate the distribution curve of position and
pressure at different locations from the injection well, as shown in Fig. 10.

Fig. 10 shows the pressure distribution characteristics between the injection and production wells. The
pressure at the injection end and the production end drops rapidly. The closer the distance from the injection
or production well is, the greater the pressure gradient. With an interwell area of 30 m from the injection well
and 30 m from the production well, the pressure clearly decreases. The pressure distribution in a conventional
reservoir undergoes the same distribution rule. The pressure distribution feature is three-stage, and the
pressure distribution between wells is linear. The shape of the pressure distribution curve near the bottom
of the injection well is concave down, the shape near the bottom of the production well is upper convex,
and the shape in the interwell is a straight line.

3.4 Differences between the Pressure Distribution by the Experimental Test and Pressure Distribution by

the Theoretical Calculation
Figs. 9 and 10 describe the characteristics of the pressure change from the bottom hole to the supply

boundary under the depleting development and under the supplementary energy development,
respectively. Currently, this is the interwell pressure distribution described by the classical theory The
compressibility of reservoir rocks and fluids continues to change and the elastic energy release
characteristics are not taken into account by the theoretical prediction method in the process of
establishing an equation. Therefore, there are differences between the pressure distribution by the
experimental test and the pressure distribution by the theoretical calculation.

Figure 10: Typical curves for the pressure distribution between injection and production wells in the A
oilfield low permeability reservoir
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3.4.1 Differences between the Pressure Distribution by the Experimental Test and Pressure Distribution by

the Theoretical Calculation under Depleting Development
The theoretical pressure distribution curve from the production well to the closed boundary under a

depleting development is shown in Fig. 9. The distribution curve of pressure from the supply boundary to
the production bottom hole is upward convex; that is, the pressure drops rapidly near the production well.
The experimental pressure distribution is different from the theoretical pressure distribution, as shown in
Fig. 11. The experimental pressure is lower than the theoretical pressure in the area from the exit end to
the centre. The distribution curve of pressure from the middle area to the production well bottom hole is
concave down. The exit end of high pressure and the exit end of low pressure have a similar curve of
pressure distribution under depletion development; that is, the same pressure distribution characteristics
are shown. The difference between pressure distribution curves by the experimental test and theoretical
calculation under depleting development is shown in Fig. 11.

The reasons for this difference are as follows: according to the percolation theory, the seepage resistance
near the bottom hole is the largest and pressure loss is fast, so the pressure near the bottom hole drops quickly.
However, the compressibility coefficients of rock and fluids are regarded as a constant in the process of
establishing a seepage equation without considering the change in compressibility coefficients of the
reservoir rocks and fluids. When an actual well is put into production, the pressure decreases from the
bottom of the well and spreads rapidly to the boundary. The transmitted energy comes from the release of
the fluid and rock elastic energy. Because of the change in compressibility coefficients of rocks and
fluids, the elastic energy has an accelerated release process in an area near the bottom of the well due to
the large pressure difference. Therefore, the pressure drop rate in an area near the bottom of the well is
faster than the theoretical calculation; that is, the actual pressure is lower than the theoretical calculation,
and this result is generated in the experimental pressure distribution curve in Fig. 11.

3.4.2 Differences between the Pressure Distribution by the Experimental Test and Pressure Distribution by

the Theoretical Calculation under Supplementary Energy Development
The pressure distribution between the injection and production wells, as calculated by the steady seepage

formula of one injection well and one production well, has obvious three-stage characteristics, as shown in
Fig. 10. The pressure near the bottom of injection-production wells decreases rapidly, with non-linear

Figure 11: Pressure distribution curves by the experimental test and the theoretical calculation under
depleting development

434 FDMP, 2020, vol.16, no.3



characteristics. The pressure clearly descends in the interwell area, with linear characteristics. The shape of
the complete curve is an oblique “S” shape. The curve is an inclined “S” shape.

However, the pressure distribution characteristics of the experimental test are significantly different from
those of the theoretical calculations. The whole pressure characteristic of the experimental test under constant
speed displacement is non-linear. The pressure distribution characteristics are divided into two stages, as
shown in Figs. 3 and 4, respectively. In the first stage, the curve shape is an oblique “S” at the beginning
of injection. In the second stage, after the injection pressure is increased to a certain level, the curve
shape is an oblique and reversed “S” shape. When the injection pressure accumulates to a certain extent,
the pressure drop at the injection end and the production end of the experimental test is different from
that of the theoretical calculation. This shows that the pressure drops from the injection well to the
middle area are relatively slower compared with the theoretical calculation, and the pressure drop is
slower from the middle area to the production well. The pressure distribution difference between the
experimental test and theoretical calculation under supplementary energy development is shown in Fig. 12.

The main reasons for this difference include the following:

1. The pressure drop from the injection well to the middle area is relatively slower compared with that of the
theoretical calculation, and the main reason is that the release of rock and fluid elastic energy expansion
accelerates the fluid flow and pressure propagation in the area near the production well bore. The decrease
in pressure of the experimental test in the area near the bottom of the well is faster than that of the
theoretical calculation. That is, because of the large pressure difference at the experimental exit end or the
actual production bottom hole, the energy release is fast, and the phenomenon of accelerated decline occurs.
However, the elastic compression coefficient considered in the theoretical calculation is treated as a constant,
without considering the dynamic change in the compression coefficient of pressure release with pressure.

2. For the process of starting production and injection, the pressure drop at the injection end is gentle
because the pressure transmission at the production end has not yet arrived via spreading. After
injection for a period of time, a certain amount of energy accumulated at the injection end starts to
propagate towards the outlet, and the pressure drop from the injection end to the front of the pressure
step becomes stable.

3. Since the energy at the injection end accumulates and then propagates, a significant pressure step leading
edge appears. A large pressure gradient appears outward at the leading edge of the pressure step, and this

Figure 12: Interwell pressure distribution curves of the experimental and theoretical calculations under
depleting development
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indicates that the overall pressure distribution curve is nonlinear without a straight line segment in the
middle. Therefore, the water injection process in a low permeability tight reservoir is a nonlinear flow.

For low permeability tight reservoirs, the velocity of the pressure reduction and outward propagation in
the production bottom hole during development is faster than the theoretical predictions. The key ideas for
actual production is as follows: the pressure of the injection well ends increase to a certain extent during the
production process, and the pressure accelerates the propagation. Therefore, it is necessary to keep the water
injection wells filled with enough water. The production bottom hole pressure decreases faster than the
theoretical prediction, and the production of oil wells decreases rapidly. Therefore, it is important to
determine the reasonable drawdown pressure and liquid producing capacity to maintain stable production
or decrease the decline rate. It is necessary to avoid the phenomenon of enlarging the differential pressure
production for actual production scenarios, which results in a decrease in pressure and a bottom hole
liquid supply deficiency.

3.4.3 Proposal of the “Pressure Cage” Concept
When a constant velocity is injected, the pressure distribution curve appears in two forms. Its practical

physical meaning is to supplement the formation energy at the beginning of fluid injection. Because of low
permeability and high seepage resistance, it is difficult for pressure to diffuse outward. However, the injection
pressure increases to a certain extent, as in Figs. 2 and 3 at 5 MPa, and the pressure begins to diffuse outward.
The pressure diffusion mechanism can be divided into two forms. One is that fluid flow leads to pressure
diffusion, which supplements formation energy. Second, the energy is transferred by elastic medium, and
the injected energy gathers to a certain extent and then propagates outward through the elastic medium.
Similarly, the energy of production wells can be supplemented, and at this time, the pressure distribution
curve has an anti-S shape.

In the injection experiment, the pressure at the injection end accumulates to form a high pressure area,
which is defined as a pressure cage. For the actual water injection well, its physical meaning is that with the
increasing of the cumulative injection amount at the injection end, the accumulated energy gradually spreads
out through the fluid and elastic medium, forming a high-pressure area, which is called pressure cage. Taking
the injection well as the centre, the circular high-pressure zone is formed within the leading edge of the
pressure step with the water injection well as the centre. The pressure profile between injection and
production wells can be regarded as a pressure step near the injection wells, as shown in Figs. 1 and 2,
between pressure point 2 and the injection end. The guiding effect of pressure cage on the actual
production of low-permeability oilfield is as follows: It is difficult to inject water into low-permeability
oilfield, and it is easy to fail to inject water. But if we keep water injection, the injected energy can be
transferred by elastic medium. So, the energy can be supplemented, and enough production pressure
difference can be maintained to maintain production well production. However, in the actual oilfield
development process, the formation energy declines rapidly, and the recovery degree is low and
completely dependent on the formation energy; thus, water injection is necessary for supplement
formation energy. The existence of a pressure cage tells us that water injection can supplement formation
energy. It is not necessary to pursue the water drive effect and water breakthrough to understand that
energy is replenished. The transmission of energy by the elastic medium is also a good way to replenish
energy, and the adequate injection volume must be maintained. The larger the pressure cage area is, the
better the pressure propagation.

4 Application of Pressure Distribution of the Experimental Test

Based on the experimental data under constant speed displacement with the exit end pressure being
atmospheric pressure, the velocity of pressure propagation and its application are analysed. As shown in
Fig. 3, the pressure propagation characteristics are as follows: first, the pressure accumulates, and second,
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the pressure releases rapidly; then, the velocity of pressure propagation slows down. The pressure
propagation in different stages is analysed.

4.1 Calculation and Application of Pressure Accumulation Stage
Based on the experimental results under constant speed displacement with the exit end pressure at

atmospheric pressure, when the ratio of cumulative injection volume to core pore volume is
approximately 0.1, the pressure starts to release rapidly. Take reservoir A as an example to calculate the
pressure accumulation time. The pattern of the reservoir is a five-spot pattern with 300 m well spacing.
The reservoir thickness is 2 m, the porosity is 16.2%, and the daily injection volume is 20 m3. According
to the ratio of cumulative injection volume to core pore volume, which is approximately 0.1, we can
calculate the cumulative time for pressure accumulation. The result of the cumulative time is 110 days.
The pressure begins to propagate rapidly when the cumulative injection time reaches 110 days.

4.2 Calculation and Application of Rapid Release Pressure Velocity after Pressure Accumulation
Based on the experimental results under constant speed displacement with the exit end pressure at

atmospheric pressure, the curve of the increasing pressure velocity of each measuring point of the long
core is plotted in Fig. 13. We can calculate the rapid release pressure velocity after pressure accumulation.

According to the pressure rise rate curves of each measuring point, when the cumulative injection time is
80 min, the value of the pressure rise rate at pressure measuring point 1 is the highest. When the cumulative
injection time is 85 min, the value of the pressure rise rate at pressure measuring point 2 is the highest. The
distance from pressure measuring point 1 to pressure measuring point 2 is 25 cm. The time it takes for the
pressure to propagate from pressure measuring point 1 to pressure measuring point 2 is 5 min. Therefore, we
can calculate that the rapid release pressure velocity after pressure accumulation is 5 cm/min. This pressure
velocity is the pressure rapid release velocity under constant speed displacement after pressure accumulation.
After the pressure spreads rapidly, the pressure propagation returns to a slow rate again.

4.3 Calculation of Time of Injected Water Energy Propagation to the Bottom of the Production Well
The velocity of pressure propagation is related to the real rate of flow under constant speed displacement.

Assuming that the leading edge propulsion speed velocity Vf is linearly related to the real rate of flow v, the
relationship can be expressed by the following equation:

Vf ¼ k � v (2)

Figure 13: Pressure rise rate curves of each measuring point
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where k can be obtained according to the experimental results of constant displacement, and the range of k is
from 2 to 10.

When the seepage mode is plane radial flow, the real rate of flow can be described as follows:

v ¼ q

2prhf
(3)

The pressure leading edge propulsion model of the plane radial flow is established. Suppose that the
distance between the production well and injection well is L, the time of the pressure transfer from
the injection wells is t, and the time for the pressure leading edge conducting to any position from the
injection wells (r) can be calculated by the following equation:

dt ¼ dr

Vf
(4)

Substituting Eqs. (2) and (3) into Eq. (4) gives:

Z t

0
dt ¼

Z L

r

2prhf
kq

dr (5)

Integrating Eq. (5) gives:

t ¼ phf
kq

ðL2 � r2Þ (6)

where q is the injection rate, m3/d; f is the porosity; t is the time of the pressure leading edge conducting to
any position from injection wells (r), d; L is the distance between the production wells and water wells, m; h
is the reservoir thickness, m; and k is the coefficient between the leading edge propulsion velocity (Vf) and the
real rate of flow (v), where the range of k is from 2 to 10.

Taking reservoir A as an example where the value of k is 5. According to the experimental results, we
can determine that the time of injected energy propagating to the bottom of the production well is 345 days.
That is, the response time of oil wells is 345 days.

The model assumes that the leading edge propulsion speed velocity (Vf) is linearly related to the real rate
of flow (v), and the relationship is Vf = f(v). The experimental data can also be used to fit the relationship
curve between the pressure leading edge propagation velocity and the real rate of flow to improve the
mathematical model above. The simplified model establishes the relationship between time, water
injection volume and pressure propagation distance, which can be used to analyse the rationality of
advanced water injection, production allocation and well spacing optimization of reservoirs.

5 Discussion

The experimental results and the law of pressure propagation can effectively guide the actual
development of the reservoir:

1. Water injection is the most economical and effective way to replenish formation energy. During the
injection process, the formation energy transmission can be transmitted to the production well through
reservoir rocks and fluids. Keeping a reasonable and adequate injection rate is the basis for ensuring
the output of oil wells. In the actual injection process, there will be problems such as poor injection
capacity and high injection pressure. One way that injection energy can spread to the bottom of
production well is through the elastic medium of the reservoir through cyclic waterflooding. For the
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formation of cyclic waterflooding, when the high ratio of the stop injection is 2, the degree of reserve recovery
is highest. The second way is to generate hydrodynamic waves to change the physical properties of the
reservoir by pulse water injection and accelerate the energy propagation through the reservoir.

2. When the production well is put into operation, the output of the well is due to the contribution of fluid
and rock elastic energy. For energy-rich reservoirs or differential pressure amplification, oil production
can be increased in a short time. According to the analysis of pressure propagation characteristics in
the front, the decline of formation pressure near production wells is accompanied by an accelerated
decline in well production. That is, when the fluid propagates energy, the elastic medium also releases
the elastic energy by expansion, and the formation pressure is accelerated to decrease. If the pressure
difference is too large, the release of elastic energy of the elastic shale is too fast, and a pressure-
sensitive effect will appear, which results in a rapid decline in oil production or even no oil
production. In the actual production process, it is necessary to determine the reasonable production
pressure difference and liquid producing capacity of oil wells according to the formation pressure
level. According to the experimental analysis of the pressure propagation law, it is better to control the
pressure difference between 2 and 5 MPa. If the pressure difference exceeds 5 MPa, the production
wells will accelerate the energy transmission, that is, the pressure-sensitive effect will appear.

6 Conclusion

This paper reveals the characteristics and mechanisms of pressure propagation in low permeability
reservoirs through laboratory pressure propagation experiments and actual development data and draws
the following conclusions.

1. There are two methods of energy transmission in the actual water injection process: one is through fluid
flow to the deep reservoir, and the other is through the elastic transmission of the reservoir itself. The layer
energy performance first accumulates and then propagates at the bottom of the water injection well, and
rapid acceleration characteristics appear at the bottom of the production well.

2. For low permeability tight reservoir waterflooding, a new pressure cage concept is proposed based on the
characteristics of pressure variation in laboratory tests. That is, the pressure first gathers at the bottom of
the water injection well and then begins to propagate outward after reaching a critical value. When the
formation pressure is low, the formation pressure begins to propagate outward after increasing to
5 MPa. When the formation pressure is high, the formation pressure rapidly spreads outward after
increasing to 2 MPa.

3. Based on the research, it is proposed that water injection and replenishing energy in low permeability tight
reservoirs are the basis for effective development. Combined with the actual low permeability reservoir
development, suggestions for improving the water injection effect are given. The pressure propagation
velocity characterization equation is given in combination with the experiment to clarify the actual
injection time of the actual reservoir.
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