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Abstract: At present, the optimization of the plunger mechanism is shale gas wells is mostly based on empirical methods, which lack a relevant rationale and often are not able to deal with the quick variations experienced by the production parameters of shale gas wells in comparison to conventional gas wells. In order to mitigate this issue, in the present work, a model is proposed to loosely couple the dynamics of gas inflow into shale gas wells with the dynamics of the liquid inflow. Starting from the flow law that accounts for the four stages of movement of the plunger, a dynamic model of the plunger lift based on the real wellbore trajectory is introduced. The model is then tested against 5 example wells, and it is shown that the accuracy level is higher than 90%. The well ‘switch’, optimized on the basis of simulations based on such a model, is tested through on-site experiments. It is shown that, compared with the original switch configuration, the average production of the sample well can be increased by about 15%.
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Nomenclature



	
QG

	gas well gas production, 104 m3/d



	
QL

	gas well liquid production, m3/d



	
c

	as well exponential equation coefficient, 104 m3/d/MPa2n



	
J

	gas well fluid production index, m3/d/MPa



	
mp

	quality of plunger, kg



	
ml

	quality of liquid column, kg



	
g

	weight acceleration, kg ⋅ m/s2



	
a(i)

	acceleration of the plunger motion when the plunger is in the first segment, m/s2



	
px(i)

	lower end pressure when plunger is in section, MPa



	
pstl(i)

	pressure at the top of the plunger and liquid column when the plunger is in the first section, MPa



	
At

	tubing cross section area, m2



	
Ffl(i)

	friction resistance between the liquid column and the tubing when it is in the first stage, N



	
Ffp(i)

	friction resistance between plunger and tubing in stage, N



	
fl

	friction coefficient between plunger, liquid column, and tubing



	
K

	correction factor of friction coefficient between plunger and tubing



	
ρl

	density of liquids, kg/m3



	
ρp

	average plunger density, kg/m3



	
vup(i)

	upward speed of plunger and liquid column, m/s



	
Hl

	length of liquid column, m



	
lp

	length of plunger, m



	
D

	tube diameter, m



	
mstl(i)

	quality of the upper liquid when there is still a section of the upper liquid column on the plunger, kg



	
x(i)

	length of liquid segment on plunger, m



	
qlo(i)

	the amount of liquid flow through the wellhead throttle valve when the liquid column on the plunger is left with stage i, m3/d



	
Cd

	the liquid flow coefficient through the wellhead throttle valve, 0.987



	
dti

	wellhead pipeline diameter, m



	
Δmtg(t)

	gas mass change in the annulus of the oil jacket and in the oil pipe at t moments, kg



	
Δmeg(t)

	gas mass produced by strata at t time, kg



	
Δmgo(t)

	gas quality discharged through wellhead throttle valve at t times, kg



	
Fdg(t)

	buoyancy exerted by the plunger dropping in the air column at t moment, N



	
Fdfg(t)

	friction resistance of a plunger dropping in the air column at t moment, N



	
Vp

	volume of plunger, m3



	
fg

	the coefficient of resistance of the plunger falling in the gas column, dimensionless



	
ρg

	density of gas, kg/m3



	
vdg

	drop speed of plunger in gas column, m/s



	
Fdl(t)

	buoyancy exerted by the plunger dropping in the liquid column at t moment, N



	
Fdfl(t)

	friction resistance of a plunger dropping in the liquid column at t moment, N



	
fdl

	resistance factor, dimensionless, for plunger falling in liquid column



	
vdl

	drop speed of plunger in liquid column, m/s





The plunger drainage gas lift process is a drainage gas recovery method that uses the formation energy to push the plunger in the tubing to reciprocate up and down to discharge the wellbore liquid by intermittently switching wells for natural gas development. The plunger drainage gas recovery process is one of the main drainage and recovery technology measures in the current gas well production. The research on the optimal design of the plunger gas lift production working system is of great significance to ensure the efficient development of gas wells and improve the work efficiency of field managers. Nonetheless, since large-scale fracturing is commonly used in the current large-scale development and application of shale gas fields, liquid production is relatively large in the early stage of development. Then the liquid production continues to decline slowly, and the production parameters change relatively faster than in conventional gas wells. The gas lift working system will become unsuitable at present. It is difficult for the on-site plunger gas to lift well to be in an optimal production state, and timely adjustment is required to ensure the long-term and efficient development of the plunger gas lift well. The laws are complex, and the structure of horizontal wells is complex, so there is still a lack of suitable design and optimization methods. Although the related research on plunger gas lift has been started at an early stage, most of them are carried out on oil wells, and there are few pieces of research on gas wells.

In the 1960s, Foss et al. [1] established the static operation model of plunger gas lift for the first time based on the field data of many gas wells in gas fields, and drew a series of more general plunger lift dynamic curves. In 1980, Abercrombie [2] established and improved the static model with a large amount of plunger drop velocity data. In 1982, Lea [3] established the first dynamic model, the essence of which is to describe the change of the speed of the plunger with time and depth. In 1985, Mower et al. [4] established a dynamic model similar to the Lea model by introducing the liquid loss term based on field data. In 1987, Beeson et al. [5] finally obtained a nomogram representing the characteristics of a plunger gas lift by analyzing some data. In 1994, Marcano et al. [6] established a dynamic model of plunger gas lift considering the fluid loss during the lifting process. In 1995, Baruzzi et al. [7] proposed a dynamic model that simply describes the plunger gas lift based on experiments. In 1997, Gasbarri et al. [8] further improved the plunger lift dynamic model. The model presents a more complete description of the discharge system. The simulation results also show that the discharge system directly affects the casing pressure, liquid column size, and rising velocity.

In 2000, Maggard et al. [9] established a dynamic model of a plunger gas lift that can be used in tight gas wells. In 2008, Chava et al. [10] proposed a new method to simulate the lift of the plunger, which can more accurately reflect the actual dynamics of the plunger. In the same year, Tang et al. [11,12] proposed a new model that describes the movement of the plunger, which took into account the effects of changes in oil jacket pressure, fluid accumulation, liquid fallback, and plunger resistance. In 2010, Sask et al. [13] explored the effects of wellbore trajectory and fluid retention on the plunger performance through examples. In 2011, Kravits et al. [14] conducted a theoretical study on applying the plunger gas lift drainage gas recovery technology in horizontal wells, and proved that the plunger gas lift technology can be applied in large inclination angles of horizontal wells.

In 2015, Nascimento et al. [15] studied three shale gas wells with different trajectories. Its findings guide optimizing horizontal shale well startups and designing optimal shale well trajectories for plunger lift operations. It highlights the role of transient simulations in the planning stage of shale development. In 2017, Arun et al. [16] established the first instance of modeling complex system of plunger lift using a standard hybrid system model framework. The resulting model is used to present insight into plunger lift operation, including an efficient simulation of multiple plunger cycles and analysis of the effect of uncertainties on the well behavior. In 2021, the new model proposed by Zhao et al. [17] can obtain the basic parameters of the plunger lift cycle. And calculate the hydrocarbon mixture properties in gas wells through component models, thus providing more accurate and reasonable predictions of tubing and casing pressures.

It can be seen that the research on plunger gas lift has gradually changed from the early empirical model to the theoretical model, from application in oil wells to application in oil and gas wells, from application in vertical wells to application in complex wells such as inclined wells and horizontal wells. The research has become more and more abundant and gradually become better. However, for the shale gas horizontal wells that have been completed, the well structure is complex, and the production conditions are complex and changeable. There are few studies that require long-term and efficient development, and few are feasible after on-site scale verification. Given this, it is necessary to conduct research that is more in line with the production gas-liquid inflow dynamics of shale gas wells and the corresponding research on the design method of the plunger gas lift simulation model to guide the development of a more reasonable well opening and closing work system on site, and ensure the rapid development and efficient operation of shale gas fields.

1  Theoretical Model

1.1 Gas-Liquid Inflow Dynamic Method for Shale Gas Wells

Different from conventional reservoir rocks, shale reservoirs have the characteristics of small pore throats (micron-nanoscale), complex and diverse pore structures, and strong heterogeneity, which leads to the influence of pore structure on shale gas storage performance and fluid seepage characteristics are more obvious [18]. Based on the gas-bearing and gas-producing test data of shale gas wells, some scholars divide shales into three types by electrical characteristics: type I low resistance (less than 1 
Ω⋅m
), low gas content and gas production, over-mature organic matter, and gas-bearing. The properties and gas production are poor; Type II medium-high resistance (10–200 
Ω⋅m
), the organic matter is in a favorable stage for gas generation and gas production, and the gas bearing and gas production properties are good; Type III high or extra-high resistance (more than 200 
Ω⋅m
), the reservoir is relatively tight, with poor porosity and permeability, which is unfavorable for exploitation [19].

In general, the geological conditions and development techniques of shale oil reservoirs are quite different from those of conventional oil reservoirs. The geological characteristics of shale oil reservoirs are complex, and the storage space has multi-scale characteristics, including nano-pores, micro-pores, micro-cracks, and fractures; shale has low porosity and extremely low permeability. Shale oil wells generally have no natural productivity and need to be developed by horizontal wells and large-scale hydraulic fracturing. In addition, shale oil passes through natural fractures and artificial fractures step by step, making the process more complicated. This differs from the theory of conventional oil and gas reservoirs [20–22].

Therefore, in actual production, conventional productivity prediction methods cannot be used, and it is urgent to determine the production model of shale gas through more in-depth research to provide a foundation for the study of the flow state in the shale gas wellbore and the theoretical study of the prediction of fluid accumulation.

In this paper, through the analysis of a large number of field production data of horizontal gas wells, it is found that the ratio of water production to gas production in horizontal gas wells is not constant. Among them, the changing law of water production is complex and changeable, which is affected by the initial flow back rate. It is also related to the location of the pressure fractures flowing into the reservoir and the size of the gas production in the reservoir. Small, the fluid production in the middle and late drainage process mostly shows a fluctuating pattern of high and low (the production fluid flows out of the horizontal wellbore one by one). The variation law of gas production is slightly simpler than that of water production, and the overall performance trend is consistent with that of water production. The initial gas production is large, and the gas production gradually decreases as the production time becomes longer. In a relatively short period of time, gas production showed a slow decline, and the change rule of fluctuating highs and lows was not obvious, which was mainly affected by water output. The proportion of gas-liquid inflow is not necessarily fixed. Therefore, this paper loosely couples gas inflow dynamics and liquid inflow dynamics in shale gas wells, and each gas and liquid follows its own inflow dynamic equation. Among them, the dynamic inflow equation of formation gas production can use the binomial equation or other gas well productivity prediction methods such as the exponential equation. Taking the exponential equation as an example, the equation is [23]:


QG=c(pr2−pwf2)n, n=0.5∼1
(1)

The dynamic inflow equation of formation fluid can be a fluid production exponential equation, such as the Vogel equation, Fetkovich equation, Petrobras equation, etc. Taking the fluid production exponential equation as an example, the equation is:


QL=J⋅(pr−pwf)
(2)

where 
QG
is the gas well gas production, 104 m3/d; 
QL
is the gas well liquid production, m3/d; c is the gas well exponential equation coefficient, 104 m3/d/MPa2n; J is the gas well fluid production index, m3/d/MPa.

1.2 Plunger Gas Lift Design Method

Usually, the entire movement process of the plunger gas lift is divided into four stages: the plunger ascending stage, the freewheeling production stage, the plunger descending, and the pressure recovery stage. The force analysis of each movement stage can be obtained separately according to the momentum conservation equation.

1.2.1 Plunger Up Stage

When the plunger and the liquid column do not reach the wellhead, the following Fig. 1 is shown:
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Figure 1: The plunger goes up and does not reach the wellhead

During the process of plunger rise, the whole well segment is divided into i segments, and each segment is subjected to force analysis concerning the well depth trajectory as follows:

Force analysis is performed on the plunger and the upper fluid segment. As shown in Fig. 1, the forces acting on the plunger are: pressure 
pstl(i)
acting on the plunger and the upper end of the liquid column, pressure 
px(i)
acting on the lower end of the plunger, gravity 
Gp
of the plunger, and friction resistance 
Ffp(i)
between the plunger and the oil pipe. According to the force analysis, Newton’s second law is:


∑F=mt⋅a(i)=[px(i)−Pstl(i)]At⋅106−Ffp(i)−Ffl(i)−(mp+ml)⋅g⋅sin⁡θ
(3)

Among them, the frictional resistance between the plunger and the tubing is calculated, and the frictional resistance between the plunger and the tubing is calculated by the method of liquid phase friction resistance. However, in the actual simulation process, it is found that the friction resistance of the plunger in the large inclined well or horizontal well is a factor that cannot be ignored in the actual production, but the existing literature has not conducted theoretical research on the friction coefficient of the plunger. Therefore, the coefficient k is added to the original liquid column friction resistance calculation method by the same type of analogy. The specific k-value is calculated by inversion from the actual data of the site during the simulation optimization process to obtain the piston friction coefficient under different well types.


Ffl(i)=flρlvup(i)2Hl2D
(4)


Ffp(i)=Kflρlvup(i)2lp2D
(5)

where 
mp
is quality of plunger, kg; 
ml
is quality of liquid column, kg; g is weight acceleration, kg · m/s2; 
a(i)
is acceleration of the plunger motion when the plunger is in the first segment, m/s2; 
px(i)
is lower end pressure when plunger is in section, MPa; 
pstl(i)
is pressure at the top of the plunger and liquid column when the plunger is in the first section, MPa; 
At
is tubing cross section area, m2; 
Ffl(i)
is friction resistance between the liquid column and the tubing when it is in the first stage, N; 
Ffp(i)
is friction resistance between plunger and tubing in stage, N; 
fl
is the friction coefficient between plunger, liquid column and tubing; k is the correction factor of friction coefficient between plunger and tubing; 
ρl
is density of liquids, kg/m3; 
ρp
is average plunger density, kg/m3; 
vup(i)
is upward Speed of Plunger and Liquid Column, m/s; 
Hl
is length of liquid column, m; 
lp
is length of plunger, m; D is the tube diameter, m.

When the liquid column reaches the wellhead, Fig. 2 below shows it:
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Figure 2: Diagram of the plunger going up to the wellhead

When the upper liquid segment of the plunger reaches the wellhead, the fluid segment begins to drain out of the well bore. This stage starts with the liquid slug in the upper part of the plunger reaching the wellhead. When all the liquid segments in the upper part of the plunger are discharged from the wellhead, the discharging stage ends, and the distance of movement is equal to the height of the liquid segment in the upper part of the plunger. The liquid column height on the top of the plunger is evenly divided into n segments, making i = n, n − 1, 
…
, 2, 1, indicating that the liquid column on the plunger still has stage i.

The force analysis is carried out on the plunger and the upper non-drained liquid section, which is the same as Fig. 2. The difference is that as the liquid is drained, the length of the liquid section decreases continuously, and the gravity and friction generated by the liquid column change. In this stage, the liquid in the upper part of the plunger reaches the wellhead position, where the wellhead oil pressure is equal to the surface pressure of the liquid in the upper part of the plunger, that is:


Pwh(i)=Pstl(i)
(6)

During this stage, the liquid in the upper part of the plunger is continuously discharged, and the liquid quality in the upper part of the plunger becomes:


mstl(i)=x(i)Atρl
(7)

Assuming that the well head has a throttle valve, with the expansion of the annulus air body and the formation produced gas and liquid flowing into the tubing, pushing the plunger upward, the liquid slug above the plunger gradually discharges from the well head, and the liquid quality discharged through the throttle valve is:


Δmlo(i)=qlo(i)ρlΔt
(8)

Among them, the size of fluid flow 
qlo(i)
flowing through the wellhead throttle valve is determined by the wellhead oil pressure 
Pwh(i)
, the hole diameter d of the wellhead throttle valve and the pressure 
Pzh
behind the mouth, that is:


qlo(i)=1.106d2Cd[pwh(i)−Pzh(1−(ddti)4)ρl]0.5
(9)

where 
mstl(i)
is quality of the upper liquid when there is still a section of the upper liquid column on the plunger, kg; 
x(i)
is length of liquid segment on plunger, m; 
qlo(i)
is the amount of liquid flow through the well head throttle valve when the liquid column on the plunger is left with stage i, m3/d; 
Cd
is the liquid flow coefficient through the well head throttle valve that is 0.987; 
dti
is wellhead pipeline diameter, m.

1.2.2 Continuous Flow Stage

When the plunger reaches the wellhead and is captured by the trap, the wellhead enters the continuous flow production stage while the wellhead is still open for production.

The continuous flow production stage means that after the liquid slug has completely entered the production pipeline, the plunger stays in the wellhead catcher position and continues to open the well until the well closes, as shown in Fig. 3. The stage is divided into n segments according to the continuous flow production time, making t = 1, 2, 3, 
…
, n, which indicates the state of the plunger well at time t.

[image: images]

Figure 3: Freewheeling production stage

According to the law of gas mass conservation, the gas mass produced by the wellhead is determined by 
Δmtg(t)
of the gas mass change in annulus and tubing, and the 
Δmeg(t)
of gas mass produced by formation, that is:


Δmtg(t)+Δmeg(t)=Δmgo(t)
(10)

where 
Δmtg(t)
is gas mass change in the annulus of the oil jacket and in the oil pipe at t moments, kg; 
Δmeg(t)
is gas mass produced by strata at t time, kg; 
Δmgo(t)
is gas quality discharged through wellhead throttle valve at t times, kg.

1.2.3 Plunger Down Stage

During plunger descent, the whole well segment is divided into i segments, and each segment is subjected to force analysis regarding the well depth trajectory as follows: The force analysis of the plunger is carried out. As shown in Fig. 4, the force acting on the plunger during the plunger falling is: The gravity 
Mp
of the plunger itself, the buoyancy 
Fdg(t)
of the plunger falling in the air column, and the friction resistance 
Fdfg(t)
of the plunger falling in the air column. Using Newton’s second law are:
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Figure 4: The plunger goes down in the gas


∑F=mp⋅a(t)=mpg⋅sin⁡θ−Fdg(t)−Fdfg(t)
(11)

where:


Fdg(t)=ρggVp
(12)


Fdfg(t)=fgρpvdg2lp2D.
(13)

where 
mp
is quality of plunger, kg; 
Fdg(t)
is the buoyancy exerted by the plunger dropping in the gas column at t moment, N; 
Fdfg(t)
is friction resistance of a plunger dropping in the gas column at t moment, N; 
Vp
is the volume of the plunger, m3; 
fg
is coefficient of resistance of the plunger falling in the gas column, dimensionless; 
ρg
is the density of gas, kg/m3; 
vdg
is drop speed of plunger in gas column, m/s.

The force analysis of the plunger is carried out. As shown in Fig. 5, the force acting on the plunger during the falling of the plunger in the liquid column is: the gravity M of the plunger itself, the buoyancy F of the plunger when it falls in the liquid column, and the friction resistance G of the plunger when it falls in the liquid column. Using Newton’s second law are:
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Figure 5: The plunger descends in the liquid


∑F=mp⋅a(t)=mpg⋅sin⁡θ−Fdl(t)−Fdfl(t)
(14)

where:


Fdl(t)=ρlgVp
(15)


Fdfl(t)=fdlρpvdl2lp2D
(16)

where 
Fdl(t)
is the buoyancy exerted by the plunger dropping in the liquid column at t moment, N; 
Fdfl(t)
is friction resistance of a plunger dropping in the liquid column at t moment, N; 
fdl
is the resistance factor, dimensionless, for plunger falling in the liquid column; 
vdl
is drop speed of plunger in the liquid column, m/s.

1.2.4 Recovery Stage

After shut-in, as the gas and liquid produced by the formation continuously flow into the wellbore, it enters the pressure recovery stage. According to the shut-in time, this stage is divided into N sections, t = 1, 2, 3, …, N represents the state of the plunger well at time t.

During shut-in, the gas and water produced by the formation enters the tubing and casing at the same time, causing changes in the casing pressure. It is assumed that the average cross-sectional area of gas and liquid produced by the formation enters into the tubing and casing annulus in equal proportions, which causes changes in the liquid level, oil pressure, and casing pressure of the tubing and the annulus at the same time. The gas and liquid produced by the formation are related to the bottom-hole flow pressure in any period of time, and are calculated by the calculation method in Section 1.1. The initial value of the pressure and their respective volumes at the beginning of the recovery stage of the tubing and casing annulus (considering the volume of liquid and the volume lost in the casing entering the tubing in the previous cycle), after the recovery period, the respective pressures of the tubing and the casing annulus and their respective volumes. The size of the volume can be calculated from the conservation of mass and the state of the gas.

According to the principle of mass conservation, the gas mass 
Δmlg(t)
produced by a formation should be equal to the sum of the gas mass change 
Δmtg(t)
in the oil pipeline and the gas mass change 
Δmcg(t)
in the annulus (exhaust volume), that is:


Δmcg(t)+Δmtg(t)=Δmlg(t)
(17)

1.2.5 Plunger Design Process

Before the implementation of the plunger gas lift, it is necessary to optimize the design of its process parameters. The main working parameters of the optimized design include the cycle time of the opening well, the cycle time of the closing well, minimum casing pressure, maximum casing pressure, single-cycle lifting fluid volume, and the number of plunger cycles. Based on the principle of node analysis, the specific flow chart of the plunger gas lift design under a certain switching time working system is shown in Fig. 6.
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Figure 6: Fixed-time mode (Fixed switching time or the freewheeling recovery time) plunger gas lift optimization design flow chart

The plunger gas lift is often in a non-optimal production state during the production process, as shown in Fig. 7. The optimization of the plunger gas lift production process is mainly to optimize the plunger gas lift working system, so that the plunger gas lift is always in a high-efficiency state, that is, to obtain a lower average bottom hole flow pressure and high gas production or liquid discharge as much as possible.

[image: images]

Figure 7: The state in which the piston gas lift is produced

Therefore, the optimization of the plunger gas lift production process is actually: the search process of the minimum coordinated production casing pressure. In view of this, a basic optimization (intelligent optimization) strategy in the time optimization mode is proposed, and the detailed optimization process is shown in Fig. 8 below.

[image: images]

Figure 8: Fixed-time mode (Fixed switching time or freewheeling recovery time) plunger gas lift production system optimization flow chart (Time mode basic optimization strategy)

2  Validation of Calculation Examples and Optimization of Work System

2.1 Example 1 Well Simulation Calculation Verification

2.1.1 Example 1 Well Theory Model Validation

The specific parameters of Well Example 1 is shown in Table 1, the software simulation results are shown in Fig. 9, and the software simulation optimization results are shown in Fig. 10.
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Figure 9: Theoretical simulation results of Well 1
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Figure 10: Theoretical simulation and optimization results of Well 1

The software simulation specific data and optimization data are shown in Table 2:

[image: images]

2.1.2 Field-Instance Applications

The measured data verification results are shown in Table 3:

[image: images]

According to the recommended working system of software simulation optimization and the actual situation of the field, the working system of the example well is adjusted. The specific comparison value is the average value of the production data of a period of relatively stable production before adjustment and the average value of a period of stable production after adjustment. The time period is generally one to two weeks. The specific adjustment effects are shown in Table 4, Figs. 11 and 12 are the daily water/gas comparison diagrams before and after the adjustment of Well 1 and Well 2.

[image: images]
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Figure 11: Well 1 adjustment before and after comparison results
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Figure 12: Well 2 adjustment before and after comparison results

3  Conclusion

For the shale gas horizontal wells that have been completed, the well structure is complex, and the production conditions are complex and changeable. There are few studies that require long-term and efficient development, and there are few comparisons with on-site verification. A method is proposed to loosely couple the gas inflow dynamics and liquid inflow dynamics of shale gas wells, and the gas and liquid follow their respective inflow equations. Combined with the four motion laws of the plunger, a plunger gas lift considering the real wellbore trajectory is established. Dynamic simulation model. On this basis, software development is carried out. It is verified by field example verification analysis, which shows that:

(1)   The model can reflect the relationship between the residence time at the wellhead (after-flow time) and the gas production during the after-flow process at the wellhead, and can describe the relationship between the upward and downward velocity of the plunger and the casing pressure and time, following the conservation of mass and momentum Theorem, forming a strict theoretical closed loop.

(2)   Based on the same production data and parameters, such as the up and down time of the plunger, the simulated output is compared with the actual output through the simulation calculation, and the error is within 10%. It shows that the plunger gas lift design under the simulation model has a high accuracy.

(3)   The actual gas production can be increased by about 15% after adjusting the well switching time through simulation optimization and performing on-site verification. It shows that the established simulation model and the developed software have practical guiding significance for the actual design optimization in the field.
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Table 1: Basic parameters of Well 1

Well parameters Unit Value
Formation pressure MPa 11.98 (Bottom flow
pressure)
Fluid extraction index m’/d/MPa 0.2415
Relative density of crude oil - -
Relative density of water - 1.02
Water content Percentage 100%
Wellhead oil pressure (Oil pressure from plunger to MPa 3.48
wellhead)
Vertical depth of well m 2446.4
Setting depth of retainer (Vertical depth) m 2426.01
Water yield m’/d 3
Inner diameter of casing mm 114.3
Plunger mass kg 33
Wellhead temperature °C 20
Bottom hole temperature °C 84.55
Relative gas density - 0.56
Gas production index 10* m*/d/ 0.007036
MPa’
Tubing inner diameter mm 50.6
Gas production 10* m*/d 2.36
Well diameter mm 244.5
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Table 3: Verification of each well

Well  Actual gas  Simulate gas Gas Actual Simulate liquid Liquid

number production production (10* production liquid production (m*/d)  production
(10* m*/d) m?/d) (Theoretical  error production (Theoretical error

models) (m>/d) models)

1 2.36 2.30 2.54% 3 291 3%

2 245 2.50 2.04% 2 2.11 5.5%

3 3.24 3.09 4.63% 2 1.86 7%

4 6.19 5.72 7.59% 2 1.88 6%

5 3.65 3.43 6.03% 3 2.82 6%
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Table 4: Optimization verification of each well

Well  Pre-adjustment Adjusted work Average daily  Optimized  Increase Average daily Optimized
number work system  system gas production average daily by liquid output  average
before gas margin  before daily fluid
Well , Well - Well , Well optimization production optimization  output
opening off  opening off (10* m%/d) (10* m%/d) (m3/d) (m3/d)
time time time time
1 110min 120 60min 50  2.252 2.60 15.45% 3.18 4.375
min min
2 160 min 120 50min 60  2.428 2.73 12.44% 2.5 2.14
min min
3 735min 63  300min 60  3.382 4.418 30.6% 1.94 2
min min
4 1370 90 390min 80  6.03 6.94 15.09% 2.44 2.8
min min min
5 850 min 60 110 min 60  2.7553 3.2315 17.28% 3.29 2.36
min min
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Table 2: Related data of Well 1

Plunger uptime (min) Gas production (10* m*/d) Liquid production (m’/d)

Actual data 20 2.36 3
Simulation data 20 2.2989 291
Simulate optimization data 19.91 2.5049 3.35
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