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1. Introduction 
 

Thermal recovery technology is an effective means to 

improve the fluidity of heavy oil reservoir and enhance 

recovery efficiency (Mahdavi et al. 2018, Kim et al. 2016, 

Zhang et al. 2019). However, the formation pressure must 

be reduced before thermal recovery in heavy oilfield 

(Deshamukhya et al. 2019, Wang et al. 2018a, Wang et al. 

2018b, Shalaby et al. 2017). The flows of fluid in heavy oil 

reservoir are complicated because of the existence of  
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multiple wells, which causes the complexity of the reservoir 

pressure distribution (Cavicchio et al. 2018, Bader et al. 

2018, Wang et al. 2019, Ziabakhsh-Ganji et al. 2017). 

Therefore, it is of great significance to fully understand the 

dynamic change process of reservoir pressure in heavy 

oilfield (Wang et al. 2018c, Kumar et al. 2017, Riazi et al. 

2015, Wang et al. 2018d). Several theoretical and 

experimental studies have been carried out in the past to 

investigate the reservoir pressure distribution 

characteristics, and analyze multiple parameters on the 

reservoir pressure in heavy oil reservoir. 

Taghizadeh (2018) considered the effective stress, 

porosity and permeability were affected by the multi-

physical coupling of thermal, hydraulic and mechanical 

processes in heavy oil reservoir, which resulted in a 

complex interaction of geomechanical effects and 

multiphase flow in the porous media. Rostami (2017) found 

that the oil viscosity reduction and oil swelling were the 

most influential mechanisms of enhanced heavy oil 

recovery. Doranehgard (2018) studied the process of hot 

water injection into oil reservoirs with temperature 

dependent viscosity and proposed the relative permeability 

functions. Meanwhile, he used an improved streamline 

approach to enhance computational performance. Osgouei 

(2018) carried out an experimental study to investigate the 

role of various clay and non-clay minerals present in heavy 

oil reservoir formations on steam distillation process. 

Oskouel (2017) developed a new multi-component kinetic 

model to simulate the non-equilibrium gas ex-solution 
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process in heavy oil. The new model revealed that there 

must be a minimum excess concentration of the dissolved 

gas in the oil phase to drive the bubble formation reaction. 

Salmo (2017) pointed out that saturation-induced crossflow 

into water channels at homogeneous permeability was 

found to be strongly affected by wettability, viscosity ratio 

(oil/water), and the width of water channels. Jahani-

Keleshteri and Bahadori (2017) thought that the viscosity 

had great effect on the fluid flow characteristic and oil 

recovery prediction. Hasanvand (2017) performed a series 

of laboratory experiments on heavy oil sample to determine 

its kinetic and thermodynamic properties and found that the 

particle size and distribution of oil were sensitive to 

temperature and pressure. Kumar and Okuno (2015) 

presented a new method for reservoir fluid characterization 

that directly perturbed the attraction and covolume 

parameters of pseudo components from the n-alkanes’ 

values. Arciniegas and Babadagli (2014) classified the 

characteristics of asphaltene in terms of the shape, size, and 

amount for different oil/solvent types, pressure, and 

temperature. 

However, these achievements mentioned above were 

mainly based on the assumption that the reservoir pressure 

changed regularly. The research object of this paper is the 

heavy oil reservoir of Gudao oilfield in Dongying city of 

Shandong province in China. The whole area is about 1 km2 

and fifteen oil wells are located in the area based on field 

measured data. The area cannot be viewed as an infinite 

region. The reducing pressure process is dynamic before 

thermal mining. The available models may not be suitable 

for modeling the oil reservoir in Gudao oilfield. Moreover, 

studies about the effects of construction and geological 

parameters on dynamic pressure distribution in heavy oil 

reservoir are rare. 

The motivation of this paper is to better understand the 

dynamic change characteristics of the reservoir pressure 

during drainage and to study the implementation and the 

formation factors influencing the reservoir pressure in the 

heavy oilfield. Based on the the potential superposition 

principle, an reservoir pressure distribution model of the 

heavy oil reservoir was built. The initial conditions, the 

auxiliary equations and the boundary conditions were used 

to solve the model to realize the numerical simulation of 

reservoir pressure distribution pattern. The proposed model 

was used to analyse the influence of drainage rate and 

formation permeability on the reservoir pressure. Research 

results provide a reference basis for studying the dynamic 

pressure field distribution before thermal recovery 

technology in heavy oilfield and optimizing construction 

parameters. 
 

 

2. Reservoir pressure distribution model and 
numerical simulation 
 

2.1 Distribution of reservoir pressure field around 
multiple production wells 

 

When multiple wells work simultaneously in the 

reservoir, any change in the working state of a well will 

inevitably result in the change of the output or the flowing  

 

Fig. 1 The pressure distribution diagram of two 

interferential wells 
 

 

bottomhole pressure of the other wells. This phenomenon is 

called the well interference phenomenon (Amirian et al. 

2018a, b, 2015). As long as there are more than a well in the 

oil layer, there will be interference between wells which 

cannot be inevitable. Before the change of the well 

operating state, multiple wells are in a stable state. The 

energy supply and consumption in the entire reservoir are in 

a temporary equilibrium. The change in the working state of 

any well will destroy the original energy balance, causing 

the change of the entire seepage field, so the pressure in the 

strata will be redistributed. 

The paper has established a reservoir pressure 

distribution model based on two production wells. We 

assume that the oil reservoir is a circle with the radius of R. 

The two wells work together with the output q1 and q2, 

respectively. When the oil layer has not been developed yet, 

all the points in the stratum are the original formation 

pressure. Its value is expressed by solid line H-H’ which is 

shown in Fig. 1. We assume that only Well A is in 

producing and the output is q1. It consumes the formation 

energy to form the pressure drop funnel as shown by dotted 

line A2B1. The bottom hole pressure drop of Well A is AA2, 

which leads to a pressure drop of BB2 near the bottom of 

Well B. Meanwhile, the pressure drop near Well B forms an 

extra pressure drop (AA1) of Well A. When both Well A and 

Well B produce together with the original output q1 and q2, 

the bottom-hole pressure of Well A drops to the dot A3. And 

that A2A3 is equal to AA1. For the whole stratum, the 

pressure distribution of each point in the formation is 

distributed by the curve CA3M3B3D when the two wells 

produce at the same time. 

The substance of well interference is the rebalance of 

energy in the stratum. The magnitude of energy is expressed 

by pressure, so the final result is the pressure redistribution 

in the oil reservoir. This redistribution is based on the 

principle of the pressure drop superposition, which means 

the pressure drop of any point is the algebraic sum of the 

pressure drop when each well works alone. 

In oil reservoir, fluid elements flow to the point sink. If 

we draw a circle with the center of the circle located at the 

point sink, the flow rate of plane radial seepage is 

dr

dpKrh
q



2
=

 
(1) 

where K is the permeability; r is the radius of the circle; h 

stands for the thickness of the reservoir; μ is the fluid 

viscosity. 
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dr

d

r

qh 


=

2  
(2) 

where qh is the flow rate of unit-thickness reservoir, qh=q/h; 

ϕ is velocity potential, ϕ =K.p/μ. 

Separating variables and doing integration, the potential 

at any point in a plane is shown as below (Inarrea et al. 

2019, Kurek et al. 2018) 

Cr
qh += ln
2


 

(3) 

where C is the integration constant confirmed by boundary 

conditions. 

Because of the additivity property of potential, the 

potential at any point is shown as follows when multiple 

wells work simultaneously. 

Cr
qn

i

i
hi +=

=1

ln
2


 

(4) 

where ri is the distance from any point to the wellbore. 

The potential at the supply boundary is (Jiang et al. 

2017) 

Cr
qn

i

e
hi

e +=
=1

ln
2


 

(5) 

where ϕe is the potential at the supply boundary; re is the 

supply radius. 

Subtract Eq. (5) from Eq. (4), the pore pressure at any 

point is shown as below 
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The pore pressure at the bottom hole is 
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(7) 

where pe is the pore pressure at the supply boundary; rw is 

the radius of oil well; φ  is the reservoir porosity; Θ 

stands for the reservoir porosity coefficient. 
 

2.2 Initial conditions and auxiliary equations 
 

At the initial stage of development, the reservoir 

pressure can be expressed as 

𝑃(𝑥, 𝑦, 𝑧, 𝑡 = 0) = 𝑓(𝑥, 𝑦, 𝑧) (8) 

where 𝑓(𝑥, 𝑦, 𝑧) is the known function of the reservoir 

pressure. 
The linear flow in porous media is consistent with 

Darcy’s law, which reflects the relationship between 
pressure gradient and fluid flow velocity. 
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(9) 

where Vs the is seepage velocity, μ is fluid viscosity, k is the 

permeability, ρ is the fluid density, θ is the included angle 

between horizontal plane and the positive direction of Vs. 

When the fluid flows in the porous media, the fluid 

mass will neither increase nor decrease. According to the 

mass conservation law, the continuity equation can be 

written as 

ttt

dVdV

dVtzyxGdAVnVt
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(10) 

where ∑ is volume element, dV stands for the volume of the 

volume element, σ is the boundary, t is the time, G(x,y,z,t) is 

the intensity of the source or sink. 

 

2.3 Boundary conditions 
 

2.3.1 Internal boundary 
The flow pressure in the wellbore can be thought as a 

constant when the oil well parameters are determined, such 

as the diameter and the length of the wellbore. The internal 

boundary conditions are 

)0(),(),0,0,0( = tRRPtP lzu  
(11) 

where Pu is the flowing pressure in the wellbore, Rz is 

effective radius controlled by a single well, Rl stands for 

wellbore effective length. 

 

2.3.2 External boundary 
The constant pressure of the boundary is often defined 

as the first boundary condition. The pressure distribution at 

any point on the outer boundary 1  can be written as 

)0(),,,(),,,( 1 = ttzyxPtzyxP a  
(12) 

The constant flow rate of the boundary is called the 

second boundary condition. It is thought that the boundary 

2  is closed and that no fluid passes through it. The 

boundary expressions are as follows 

)0(0
),,,(

2 =



 t

n

tzyxp

 
(13) 

where pa (x,y,z,t) is stress function, 
2

p

n 



  stands for the 

derivative of the boundary pressure along the outer normal 

direction of boundary 2 , pf is the initial stress in the 

reservoir. 
 

2.4 Numerical solution 
 

To improve the efficiency of the proposed mathematical 

model, we develop the calculating program by using the 

Visual basic computer language. The program is named 

“Reservoir pressure distribution software for multiple well 

area in heavy oilfield”, and is shortened to ResPreDist. Fig. 

2 presents the flowchart of ResPreDist simulator. It is 

composed of four parts, e.g., data input, mathematical  
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Fig. 2 Flowchart for ResPreDist simulator 

 

 

model and solution, results and output, and applications. 

First, the input data is composed by two parts. One is the 

data obtained by geologic information, which include the 

reservoir pressure, thickness, permeability, the whole area, 

length and width of the teat region. The other one are the 

construction parameters, such as the viscosity and density 

of fluid, the well diameter, the liquid amount and the 

drainage speed. They are identified automatically by the 

simulator and are assigned to the corresponding array for 

the later calculations. The pressure distribution of any point 

in the reservoir field can be obtained during the solution of 

the mathematical model. In the model solving process, the 

boundary conditions including internal boundary and 

external boundary are important auxiliary equations. Then, 

these calculation results can be output with different types, 

e.g., figure, table and text. Lastly, we can use above 

calculating results to evaluate the drainage efficiency and 

optimize the construction parameter, to predict the pressure 

drop process of the whole area, and to calculate the pressure 

value for the wellbore. 

By using ResPreDist, the test block of heavy oil 

reservoir including fifteen oil wells in Dongying city are 

simulated, and the effects of drainage rate and formation 

permeability on reservoir pressure are investigated. The 

construction parameter of the test block can be optimized 

based on the calculating results. The field data can be 

monitored to verify the accuracy and reliability of the 

mathematical model. 
 

 

3. Simulation results and analysis 
 

Gudao oilfield in Dongying city adopted water flooding 

formerly in the mining. In order to increase oil production, 

it is necessary to convert from conventional waterflooding 

to heat recovery steam injection of heavy oil in Gudao 

oilfield. According to process requirements, the reservoir 

pressure must be reduced to a certain range before thermal 

recovery technology. So we stopped the water flooding 

from injection wells and kept the production wells 

continuing to produce to reduce the reservoir pressure. It 

can make the formation reach a certain deficit, so as to 

achieve reducing the reservoir pressure. The average 

thickness of the oil reservoir is 11.8 m. The area of the test 

site of Gudao oil field is about 1km×1km and fifteen oil  

 

Fig. 3 Finite element grid model of the test site of Gudao 

oil field 
 

Table 1 Simulation parameters of reservoir pressure field 

No. Items Unit Value 

1 Well number  15 

2 Reservoir pressure MPa 9.6 

3 Permeability mD 1560 

4 Porosity % 6.4 

5 Reservoir thickness m 11.8 

6 Fluid viscosity mPa.s 1 

7 Area of the test region km2 1 

8 Total liquid amount m3 2780000 

9 Length of the test region m 1000 

10 Width of the test region m 1000 

11 Fluid density kg/m3 1000 

12 The well diameter mm 139.7 

13 The well effective length m 11.5 

14 The well effective radius m 126 

15 Drainage speed of a single well m3/d 96 

 

 

wells are located in the area. The wellbore is very small 

relative to the whole region, so the fluid flow can be 

assumed as horizontal radial seepage. Based on the field 

measured data, the content of oil in produced liquid is low. 

So the parameters of water can be used in numerical 

simulation. 

According to the reservoir pressure distribution model 

established in Section 2, the numerical simulation model is 

built based on the in-situ data of test site in Gudao oilfield. 

The numerical model is shown in Fig. 3. It is a square with 

both side length of 1000 m and the area of 1000 m2. The 

directions of X, Y axes represent the length and the width of 

the test area, respectively. In this area, there are fifteen oil 

wells which are marked by the well number. The model is 

modeled in proportion of 1:2000 with 5398 nodes and 9401 

elements. Based on field measured data, the reservoir 

pressure drops 1MPa if 0.2 million m3 of water and oil has 

been produced. Total liquid amount of the test site is 2.78 

million m3 and the reservoir pressure is 9.6 MPa. It would  
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(a) 60 days 

 
(b) 180 days 

Fig. 4 The diagram of reservoir pressure distribution 

 

 

Fig. 5 The curve of reservoir pressure over time 
 

 

meet the technological requirements of steam-injected 

thermodynamic oil exploitation when the production 

reaches 1 million cubic meters. In order to show the model 

diagram more clearly, different proportions of X axis and Y 

axis are used. Table 1 lists the parameters used in the 

numerical simulation. 

 

3.1 Evaluation of pressure drop in heavy oilfield 
 

Fig. 4 presents the reservoir pressure distribution in X-Y 

plane. The reservoir pressure drop is a dynamic process. 

The pressure keeps falling with the fluid in the formation 

continues to be produced. In the figure, the closed lines 

colored in black are isobars with the pressure values marked 

on them. The area between Well-7 and Well-6 has lower 

reservoir pressure. The further away from the area, the 

higher the reservoir pressure is. The pressure decreases 

faster near the bottom hole, this is because the seepage area 

is smaller and the seepage resistance is greater. The 

influence reduces gradually with increasing distance from 

the bottom of the well. The change in reservoir pressure 

also becomes slow, which are rendered in X-Y plane: the 

farther the distance away from the borehole, the sparser the 

isobaric lines distribute. The point that the reservoir 

pressure drops the fastest is close to Well-7. So the casing 

pipe of Well-7 suffers the greatest force. We should closely 

monitor the drainage rate to prevent the casing damage. Fig. 

4(a) and Fig. 4(b) are the reservoir pressure distribution 

plots after the discharge for 60 days and 180 days 

respectively. After 180 days of production, the reservoir 

pressure decreases dramatically. And the pressure difference 

of the whole research region decreases greatly. 

On the basis of above analyses, it is shown that the area 

between Well-7 and Well-6 has the lower reservoir pressure. 

So in order to better study the influence law on reservoir 

pressure, the point which is 7.1 m far from Well-7 is studied 

as a key research object. The location-specific information 

of the point A is shown in Fig. 3, which locates the line 

between Well-7 and Well-6. Fig. 5 shows the relation 

between reservoir pressure and time of point A. As is shown 

in the graph, the pressure decreases exponentially with time 

at the condition of drainage speed is 96 m3/d. In the early 

stage, the descent velocity is faster while it becomes slow in 

the middle and late stage. The corresponding fitting curve 

of reservoir pressure and time is also shown in Fig. 5 which 

is marked by blue line, and the relationship equation is 

shown below. 

𝑃𝑅 = 1.38047E − 5𝑇2 − 0.02083𝑇 + 9.34545 (14) 

where 𝑃𝑅 is the reservoir pressure, MPa; 𝑇 is the time, d. 

 

3.2 Parametric research on reservoir pressure 
 

By using the numerical simulation model established in 

Section 3.1, the effects of multiple parameters including 

drainage rate and formation permeability on reservoir 

pressure distribution are studied. 
 

3.2.1 Effect of drainage rate on reservoir pressure 
To investigate the effects of the drainage rate of a single 

well on the reservoir pressure, the drainage rate is taken as 

36, 48, 60, 72, 84, 96, 120, 156 and 180 m3/d respectively. 

Because the reservoir pressure is the most sensitive in the 

early stage of reservoir drainage, the mining time is set as a 

constant to study the impact of drainage rate on reservoir 

pressure. The other parameters used in the simulations are 

valued as listed in Table 1. 

Fig. 6 shows the reservoir pressure distribution of 

different drainage rates (72 m3/d and 180 m3/d) and the 

production time is 45 days. With the increase of the 

drainage rate, the total amount of drainage also increases by 

a large margin in the same construction time. As the liquid 

is discharged from the stratum, the reservoir pressure 

decreases gradually. The reservoir has greater pressure 

losses leading to faster pressure drop when the drainage rate 

is higher. In the actual construction process, we should 

avoid too fast drainage rate. It may result in the exploitation  
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(a) Drainage rate is 72 m3/d 

 
(b) Drainage rate is 180 m3/d 

Fig. 6 The reservoir pressure distribution diagrams of 

different drainage rates after 45 days production 

 

 

Fig. 7 The pressure distribution from Well-7 to Well-6 at 

different drainage rates after 20 days production 
 

 

failure in the late production. The reservoir skeleton 

compresses rapidly and the permeability decreases fast 

because of the high drainage rate. 

For being convenient to study the reservoir pressure 

distribution, the points on the line between Well-7 and Well-

6 are the research objects. The distance between Well-7 and 

Well-6 is 188.6 m. Fig. 7 shows the pressure distribution 

from Well-7 to Well-6 at different drainage rates after 20 

days production. From the figure, we know that the 

pressures of the points decrease with increasing drainage 

rate. The pressures are the lowest and the speed of pressure 

drop is the fastest when it has the largest drainage rate (180 

m3/d). Increasing drainage rate results in decreasing  

 

Fig. 8 The relationship between bottom hole pressure and 

drainage rate after 20 days production 
 
 

reservoir pressure and bottom-hole pressure, especially the 

latter. The pressures near the wellbore are influenced most 

by the drainage rate. Lower flowing bottom-hole pressure 

may lead to the casing damage, so optimization calculation 

should be carried out to select the best drainage speed. 

Based on the field test, the drainage rate of 96 m3/d can 

both satisfy the pressure drop speed and prevent casing 

damage to make water drainage proceed smoothly. 

Fig. 8 is the relationship plot between bottom hole 

pressure and drainage rate when reservoir permeability is 

1560 mD. The bottom hole pressure decreases 

approximately linearly as the drainage rate rises. For 

example, the bottom hole pressures are respectively 9.24 

MPa and 7.35 MPa when the drainage rates are 36 m3/d and 

180 m3/d after 20 days production. The function relation 

between them is as follows. 

P = 9.6 − 13.13 × 10−3𝑞 (15) 

where P is the bottom hole pressure, MPa; q is the drainage 

rate of a single well, m3/d. 
 

3.2.2 Effect of formation permeability on reservoir 
pressure 

To study the effect of the formation permeability on the 

reservoir pressure distribution, formation permeabilities 

valued as 496, 851, 1206, 1560, 1915, 2270, 2624 and 2980 

mD are simulated. The mining time is 20 days. The other 

parameters are valued as listed in Table 1. 

In this section, Well-7 is set as the research objects. Fig. 

9 gives the bottom hole flowing pressure of Well-7 at 

different permeabilities. Known from the figure, the bottom 

hole pressure is proportional to the permeability in the case 

of the fixed drainage rate. The two parameters present the 

exponential relationship. The permeability has a significant 

effect on bottom hole pressure when its value is low, 

especially when the drainage rate is high. As the liquid is 

produced from the formation, the pressure supported by the 

fluid is gradually reduced and the reduced pressure is 

transferred to the solid particles. As the reduced pressure 

increases, the gap between the particles is constantly 

compressed. At the macro level, when the bottom hole 

pressure is constant, the drainage rate is decreasing. The 

drainage rate is decreasing when the bottom hole pressure is 

a constant in the actual operation. 

The functional relations between bottom hole pressure  
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Fig. 9 The relation curve between bottom hole pressure 

and permeability after 20 days production 

 

 

Fig. 10 The pressure distribution from Well-7 to Well-6 at 

different permeabilities after 20 days production 
 

 

and permeability are shown as follows 

(1) The drainage rate of 84 m3/d 
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(2) The drainage rate of 96 m3/d 
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(17) 

(3) The drainage rate of 120 m3/d 
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(18) 

(4) The drainage rate of 180 m3/d 
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3925

1032944.6

1037209.510169809.1

02461.032928.6

K

KK
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−

−−

−
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(19) 

where K is the permeability, 10-3μm. 

Fig. 10 shows the pressure distribution between Well-7 

and Well-6 at different permeabilities when the drainage 

rate is the constant of 84 m3/d. From the figure, we know 

that the pressures of the points are in proportion to the 

permeability. The reservoir pressure increases as the 

permeability rises. Meanwhile, the effect of the hole suction 

effect decreases with the increase of permeability in the 

same range. As the permeability increases, the reservoir 

pressure difference between the two wells reduces greatly. 

For example, the pressures of Well-7, Well-6 and the 

maximum value are 9.13 MPa, 9.22 MPa and 9.33 MPa 

respectively, when the permeability is 2980 mD. The 

maximum reservoir pressure difference is 0.20 MPa. When 

the permeability is 496 mD, the pressures of Well-7, Well-6 

and the maximum value are 6.25 MPa, 6.76 MPa and 7.43 

MPa respectively. At this time, the maximum reservoir 

pressure difference is 1.18 MPa which is nearly 5.9 times 

larger than the former. 
 

 

4. Conclusions 
 

The paper has established the reservoir pressure 
distribution model, and the numerical simulation model is 
based to study the distribution law and influencing factors 
of pressure field distribution before thermal recovery 
technology in Gudao oilfield. The following conclusions 
can be drawn. 

• The reservoir pressure drops most at the wellbore. The 
farther the distance away from the borehole, the sparser the 
isobaric lines distribute. The reservoir pressure of the whole 
area declines over time, and the pressure difference of the 
whole research region decreases greatly. The descent 
velocity of reservoir pressure is faster in the early stage 
while it becomes slow in the middle and late stage. 

• The reservoir pressure decreases with increasing 
drainage rate. Increasing drainage rate results in decreasing 
reservoir pressure and bottom-hole pressure, especially the 
latter. The pressures near the wellbore are most influenced 
by the drainage rate. Lower flowing bottomhole pressure 
may lead to the casing damage. 

• When reservoir permeability is 1560 mD, the bottom 
hole pressure decreases approximately linearly as the 
drainage rate rises. The function relation between them is 
: P = 9.6 − 13.13 × 10−3𝑞. 

• The permeability has a significant effect on bottom 
hole pressure when its value is low, especially when the 
drainage rate is high. The bottom hole pressure increases 
with increasing permeability, however the growth rate 
decreases gradually. The effect of the hole suction effect 
decreases with the increase of permeability. 

•Based on the field test, the drainage rate of 96 m3/d can 
both satisfy the pressure drop speed and prevent casing 
damage to make water drainage proceed smoothly. 
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