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Abstract

:

In underground coal gasification (UCG), it is essential for UCG production to accurately control the temperature of the gas produced at the wellhead of the production well and correctly calculate the variation law of the temperature field in the whole wellbore. UCG wellbore structures use three wellbore sprayed water cooling schemes. These schemes consider the heat exchange mechanism between the wellbore and the formation, the division of the production wellbore into the spray chamber section and the non-spray section, and the established temperature field model of the whole wellbore. The research shows that, due to the large temperature gradient formed in the wellbore heat transfer route under the spray tubing water injection cooling scheme, the temperature of the produced gas drops the most. The annular water injection cooling scheme can protect the cement sheath to a certain extent and is easier to implement; therefore, it is more suitable to use this scheme to cool the production well. It is feasible to control the temperature of the production wellhead by controlling the temperature of the spray chamber. The greater the daily output of produced gas or the thermal conductivity of the tubing, the smaller the temperature change between the bottom hole and the wellhead, and the more the spray water temperature rises.
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1. Introduction


Traditional coal mining methods have low utilization efficiency, have a great impact on the environment [1], and accidents often occur during the mining process. As a new chemical coal mining technology, UCG is the process of controlling the combustion of underground coal seams and generating combustible gas through chemical and thermal effects [2,3,4]. During UCG, the temperature of the underground gasification chamber can be as high as 1200 °C [5,6], and high-temperature crude gas is produced on the surface through a production well. After reaching a steady state, the wellhead temperature of the production well is about 600 °C. If the wellhead is not cooled down by spraying water, the high temperature will cause risks such as wellhead uplift and casing deformation, which will seriously affect the gas well’s production life and wellbore integrity [7,8]. In the spraying process, it is necessary to adjust the amount of sprayed water in the production wellbore according to different production conditions to ensure the wellhead temperature and the temperature requirements of the produced gas. However, different spraying schemes will have a more significant impact on the cooling effect of the wellhead device, structural design, and production process. Therefore, a reasonable spraying scheme plays a vital role in the production cost and operational safety of UCG.



There has been much analysis of the wellbore temperature field. Ramey considered the thermal resistance of the wellbore and assumed that the heat conduction in the wellbore is steady, and the heat conduction to the surface is unsteady [9]. Alves considered the influence of the Joule–Thomson effect on the energy equation and the influence of well inclination, single-phase flow, and two-phase flow and established a comprehensive wellbore transient temperature model [10]. Hasan regarded the wellbore as a heat sink with a finite radius in an infinitely active medium, considered the heat transfer resistance of various components of the wellbore, established a robust model of two-phase flow in a geothermal well by using the drift flux method, simulated the heat transfer between wellbore fluid and formation, and compared it with other models [11]. Mao established the wellbore transient temperature field model during horizontal well drilling, discretized the model with the finite volume method, and solved it with the underrelaxation iterative method [12]. Gao analyzed the dissociation of hydrate by establishing a heat transfer model between the deep water drilling of wellbores and reservoirs, combined with the physical and physical equilibrium of hydrate [13]. Cheng presented a new formation heat-transfer model considering wellbore heat capacity and obtained a novel analytical transient heat transfer time function that depends on dimensionless time and the ratio of formation heat capacity and wellbore heat capacity [14]. Wang calculated the temperature distribution of heavy oil wells based on the coupling of an electromagnetic field and a temperature field. In order to improve the accuracy of temperature calculation, temperature-dependent reservoir thermos-physical parameters were specifically considered in the heat transfer equation and wave equation [15]. Li proposed a coupled reservoir/wellbore model of horizontal wells in a steam injection, which considers the three-dimensional simultaneous flow of three phases in the reservoir and the gas–liquid two-phase flow in the wellbore [16]. Xiao considered both the heat source and variations in the thermophysical properties of drilling fluids and tubular string with temperature and pressure, established a transient heat transfer model for high-temperature wells during the drilling process, and used an iterative method to calculate the annular temperature distributions [17]. Mao presented a wellbore transient model that depends on the boundary conditions at a finite radial distance from the wellbore [18]. You proposed a fully implicit numerical model of wellbore heat transfer, in which the fluid energy equation is treated as transient; however, the wellbore part still adopts Ramey’s steady-state heat transfer assumption [19]. Song improved on the Ramey model, only considering the wellbore fluid as a steady state, changed the wellbore medium to unsteady heat transfer, and analyzed the temperature field distribution of the wellbore gas production process [20]. Zhong established a time and space of unsteady pressure drop and heat transfer differential equation system based on the conservation of mass, momentum and energy during the blowout test process, and used the Newton–Raphson method to solve the equations [21].



At present, research on the high-temperature wellbore temperature field mainly includes steam huff and puff high temperature for heavy oil thermal recovery, electric heating heavy oil thermal high temperature, and other wellbore types [22,23,24]. However, the maximum temperature of these wellbores does not exceed 300 °C. In addition, none of these studies analyzed the temperature field of a high-temperature wellbore under the spray cooling state. In order to ensure the safety of UCG, it is necessary to analyze the production well temperature in the state of ultra-high-temperature spray cooling and reasonably control its temperature.



Because of the temperature characteristics of UCG production wells, firstly, we propose three different spray cooling schemes and establish temperature field models of the wellbore during the spray cooling process. Secondly, a more suitable spraying scheme is discussed based on the cooling effect of the produced gas and engineering difficulty. Finally, the sensitivity of wellbore temperature field parameters is analyzed, which plays a guiding role in wellbore spray cooling and wellbore design in UCG.




2. Heat Transfer Model


2.1. Model Assumptions


The spray cooling of the production well can be achieved in three ways: spray tubing water injection cooling, annulus water injection cooling and concentric tubing water injection cooling. A heat transfer model is established for each working condition, and differential equations are solved. Since heat transfer is involved during casing, cement sheath, and formation spraying, and in order to simplify the calculation, the following assumptions need to be made before establishing the wellbore temperature field prediction model:



(1) All parameters in the same section in the wellbore are consistent, and the gas in the wellbore flows stably in one dimension.



(2) From the wellbore to the second interface (the interface between the cement sheath and the formation) and then to the formation, there is one-dimensional stable heat transfer and one-dimensional unstable heat transfer.



(3) Ignoring the heat transfer along the well depth, and the radius of the heat loss in the wellbore and formation.



(4) The geothermal gradient is known, and the formation temperature along the radial direction varies linearly with depth and is axisymmetric, being distributed axially along the wellbore.



(5) The interfaces of casing, cement sheath and the formation of the surrounding rock are closely connected.




2.2. Spray Tubing Water Injection


Figure 1 shows the spray tubing water injection spray cooling of a UCG production well. A hanging spray tubing is positioned in the production tubing, nitrogen is injected into the annulus between the production tubing and technical casing, and the spray tubing is injected with sprayed water. The produced gas flows from the annulus between the production tubing and the spray tubing. The sprayed water exchanges heat with the produced gas during the water injection process.



Figure 2 shows a micro element of a wellbore cement sheath formation using spray tubing water injection. According to the principle of energy conservation, for a wellbore under steady heat transfer, the fluid temperature in the wellbore can be expressed as follows.



The energy conservation equation for spray is:


   w 1   c  p 1     d  T 1    d z   + 2 π  r d   U d     T 1  −  T 2    = 0  



(1)







Moreover, the energy conservation equation of produced gas can be written as:


   w 2   c  p 2     d  T 2    d z   − 2 π  r d   U d     T 2  −  T 1    − 2 π  r h   U  h 1      T 2  −  T h    = 0  



(2)







The heat transferred from produced gas in the wellbore to the second interface is equal to the heat transferred from the second interface to the formation, and the expression can be described as:


  Q = 2 π  r h     T 2  −  T h    =   2 π  k c     T h  −  T e      f    t D       



(3)







The right side of Equation (3) represents the amount of heat transferred from the second interface to the formation. The heat diffusion of the wellbore fluid causes the temperature of the surrounding formation to gradually increase. Even under the condition of stable production, the heat diffusion from the wellbore to the formation will change with time, but as time increases, its rate of change becomes smaller, so we introduce a transient heat transfer function   f (  t D  )   to represent [25,26,27].


        f ( t ) = lg     2     α  t D      0.5      r h  / 12     − 0.29      t D  > 1.5       f ( t ) = 1.1281  t D     0.5     1 − 0.3  t D     0.5          t D  < 1.5        



(4)







Combined with the above formulas, the general formula for calculating the wellbore temperature field when using spray tubing is obtained as follows:


   w 2   c  p 2     d  T 2    d z   − 2 π  r d   U d     T 2  −  T 1    −   2 π  r h   U  h 1    k e     T 2  −  T e       r h   U h  f    t D    +  k e    = 0  



(5)







Finally, by solving the differential Equations (1) and (5), the wellbore temperature field distribution of the spray tubing cooling method can be obtained.



Similarly, the expression of the cement sheath temperature field is:


   T c  =   f    t D     r h   T 2  +  k e   T e     k e  + f    t D     r h     



(6)







Under the condition of steady-state heat transfer, the total heat transfer parameters of the wellbore (tubing–casing–cement sheath) is:


   U  h 1   =        r  t o      r  t i    h f    +    r  t o   ln    r  t o      r  t i        k  t u b     +    r  t o      r  c o   ⋅ (  h c  +  h r  )   +    r  t o   ln    r  t o      r  c i        k  c a s     +    r  t o   ln    r h     r  c o        k e        − 1    



(7)








2.3. Annulus Water Injection


Figure 3 shows the annulus water injection spray scheme. In this scheme, spray water is injected from the annulus between the technical casing and the production tubing. The produced gas and the spray water exchange heat through the production tubing and then the heat is exchanged with the formation through the cement sheath and the surface casing.



Figure 4 shows a micro element of wellbore cement sheath formation under annulus water injection. The fluid temperature in the wellbore under annulus spray is expressed as follows:



The energy conservation equation of sprayed water is:


   w 1   c  p 1     d  T 1    d z   − 2 π  r  t i    U t     T 1  −  T 2    = 0  



(8)







The energy conservation equation of produced gas can be described as:


   w 2   c  p 2     d  T 2    d z   + 2 π  r  t i    U t     T 1  −  T 2    − 2 π  r h   U  h 2      T 2  −  T h    = 0  



(9)







Moreover, the general calculation formula of a wellbore temperature field is expressed as follows:


   w 2   c  p 2     d  T 2    d z   + 2 π  r d   U d     T 1  −  T 2    −   2 π  r h   U  h 2    k e     T 2  −  T e       r h   U  h 2   f    t D    +  k e    = 0  



(10)







The temperature field expression of the cement sheath is:


   T c  =   f    t D     r h   T 2  +  k e   T e     k e  + f    t D     r h     



(11)







Under the condition of steady-state heat transfer, the total heat transfer parameters of a wellbore (casing–cement sheath) is:


   U  h 2   =        r  t i   ln    r  c o      r  c i        k  c a s     +    r  t i   ln    r h     r  c o        k e        − 1    



(12)








2.4. Concentric Tubing Water Injection


Figure 5 is the UCG production well concentric tubing water injection scheme. In this scheme, concentric tubing is added between the production tubing and the technical casing, and the sprayed water is injected between the production casing and the concentric tubing. Nitrogen is injected into the annulus between the concentric tubing and the technical casing for heat insulation. Similarly, during the injection process, the sprayed water exchanges heat with the produced gas through the production tubing and the heat is then exchanged with the formation through the nitrogen annulus and the cement sheath.



Figure 6 shows a micro element of a wellbore cement sheath formation using concentric tubing water injection. According to the calculation model of the temperature field of annular water injection, the calculation differential equations of the production wellbore temperature field using concentric tubing water injection spray cooling are similarly deduced as follows:



The energy conservation equation of sprayed water can be described as:


   w 1   c  p 1     d  T 1    d z   − 2 π  r  t i    U t     T 1  −  T 2    = 0  



(13)







The energy conservation equation of produced gas can be expressed as follows:


   w 2   c  p 2     d  T 2    d z   + 2 π  r  t i    U t     T 1  −  T 2    − 2 π  r h   U  h 3      T 2  −  T h    = 0  



(14)







The general calculation formula of a wellbore temperature field is:


   w 2   c  p 2     d  T 2    d z   + 2 π  r d   U d     T 1  −  T 2    −   2 π  r h   U  h 3    k e     T 2  −  T e       r h   U  h 3   f    t D    +  k e    = 0  



(15)







The temperature field expression of the cement sheath is:


   T c  =   f    t D     r h   T 2  +  k e   T e     k e  + f    t D     r h     



(16)







The total heat transfer parameters of a wellbore (casing–annulus–cement sheath) under steady-state heat transfer can be written as:


   U h    3  =        r  t i      r  t i    h f    +    r  t i      r  c o   ⋅ (  h c  +  h r  )   +    r  t i   ln    r  c o      r  c i        k  c a s     +    r  t i   ln    r h     r  c o        k e        − 1    



(17)









3. Temperature Field Analysis of a Spray Wellbore


3.1. Analysis of Spray Water Consumption


For the convenience of calculation, the wellbore is divided into a spray chamber section and a non-spray section.



Assuming that the spray water in the spray chamber is completely gasified and the spray target temperature is reached at the top of the spray chamber, the heat absorbed by the spray water is equal to the heat released by the produced gas, that is, the relationship between the spray amount, output and the target temperature is as follows:


   Q g  ρ (  C  P l 2   ×  T  p 2   −  C  P l 2     ′  ×  T  p 2     ′  )  = G     C  P l 1     ′  ×  T  p 1     ′  −  C  P l 1   ×  T  p 1      



(18)







By setting the spray water temperature at the outlet to 50 °C and analyzing the amount of spray water at different gas outputs and different target temperatures, as shown in Figure 7, when the target temperature is constant, the higher the gas production, the greater the spray amount.




3.2. Analysis of Temperature Field in Spray Wellbore


Before solving the model, it is necessary to define boundary conditions and initial conditions.



Boundary conditions are as follows:



The temperature of the spray water injected into the production wellhead    T 2    is known and constant,


   T 2  =  T  i n   = c o n s t  



(19)







The formation temperature is a known function of depth,


   T e  =  T e  ( h )  



(20)







The external boundary condition is defined as the temperature at the wireless distance from the wellbore equal to constant geological temperature,


   T e  ( r = ∞ ) = c o n s t  



(21)







The inner boundary condition is defined as the interface between the cement sheath and the formation,


   T e  ( r =  r h  ) =  T h   



(22)







Initial conditions are as follows:



The wellbore temperature is reduced to 400 °C at a depth of 700–1000 m.



The spray water temperature at the wellhead is set at 30 °C.



The temperature field calculation models of the three spray cooling processes were respectively calculated, and the temperature field relationship between the spray water and the produced gas was obtained. Table 1 shows the relevant parameters.



3.2.1. Analysis of Wellbore Temperature Field in Spray Tubing Water Injection


As shown in Figure 8, the temperature of spray water increases slowly from the wellhead to the bottom of the well, reaching about 50 °C at a depth of 700 m, while the temperature of produced gas decreases by about 200 °C from the bottom of well to the wellhead, and the temperature at the wellhead is about 205 °C; however, the temperature of the cement sheath slowly decreases from 95 °C at the bottom of well to 75 °C at the wellhead.




3.2.2. Analysis of Temperature Field using Water Injection in a Wellbore Annulus


Figure 9 shows that the temperature of spray water changes little from the wellhead to the bottom of well. The temperature of the produced gas drops by about 150 °C from the bottom of the well to the wellhead, and the produced gas temperature at the wellhead is about 250 °C. In contrast, the temperature of cement sheath remains basically unchanged because the heat from the underground gas is absorbed by the spray water. The cement sheath temperature is slightly higher than the spray water temperature because the formation temperature increases with the increase in the well depth.




3.2.3. Analysis of Temperature Field in Annular Water Injection in Concentric Tubing


As can be seen from Figure 10, the temperature of spray water increases slightly from the wellhead to the bottom of the well. In contrast, the produced gas temperature decreases by about 140 °C from the bottom of the well to the wellhead, and the wellhead gas temperature is about 250 °C. There is little difference between the wellbore temperature curve under the annulus spray cooling condition. Although the nitrogen annulus is added, the cooling effect is not obvious.





3.3. Spray Scheme Selection


From the above analysis, it can be found that the temperature of the produced gas decreases the most by using the spray tubing spray cooling scheme because the heat from the produced gas needs to be transferred to the water in the spray tubing and the formation at the same time, forming two different high temperature heat transfer processes. However, the annulus water injection and concentric tubing water injection are a single produced gas–spray water–formation heat transfer process. The temperature gradient formed in their heat transfer route is small, so the heat transfer is less than that of the spray tubing scheme.



The overall temperature field distribution of a 0–1000 m wellbore can be obtained by combining the cooling of the spray chamber and the cooling of the wellbore. It can be seen from Figure 11 that spray cooling decreases the temperature the most at a well depth of between 700 m and 1000 m, followed by the wellbore 0–700 m section, because the water in the spray chamber is directly gasified and absorbs heat. Although the cooling effect of the produced gas is better under the spraying method of the spray pipe, in terms of process selection, the cement sheath in the non-spraying section can be better protected by the annular water injection cooling method. It is also simpler and more feasible than the spray tubing and concentric tubing water injection schemes.





4. Sensitivity Analysis of Wellbore Temperature Field Parameters after Spraying


The previous description analyzed the distributions of the wellbore temperature field under three spraying schemes, and the annulus water injection spraying process was selected. However, in the spraying process, the amount of spray water, the daily output of produced gas, and the thermal conductivity parameters of tubing are also closely related to the temperature field after spraying, which is of great significance when considering the spray amount.



4.1. Daily Output of Produced Gas


It can be seen below that when the daily output of produced gas is 5 × 104–2.5 × 105 m3/d, spray water is under different spray target temperatures. Analysis of the temperature field distribution of produced gas in the wellbore range of non-spray section under the same target temperature of the spray chamber and different daily output is shown in Figure 12. The temperature decreases by about 100 °C at 2.5 × 105 m3/d and 300 °C at 5 × 104 m3/d, which indicates that the greater the gas output production, the smaller the impact of spray cooling on the variation in the wellbore temperature field within the well depth range, and this trend becomes more and more evident with the increase in gas production. Because the output changes from 2.5 × 105 m3/d to 2 × 105 m3/d, the difference in the produced gas temperature is significantly less than 1 × 105 m3/d to 5 × 104 m3/d. When the daily output is 5 × 104 m3/d, the temperature of the spray water increases by about 33 °C due to a lesser spray amount, as shown in Figure 13, while in the case of high output, the temperature of produced gas does not change much, and the higher the output, the more stable it is.




4.2. Target Temperature of Spray Chamber


As shown in Figure 14, when the spray chamber temperature is set to be 350–550 °C, there is little difference in the decreased range of produced gas temperature, which shows that it is feasible to control the wellhead temperature by controlling the spray chamber temperature.




4.3. Thermal Conductivity of Production Tubing


Different thermal conductivities have apparent effects on the temperature of spray water and produced gas. The temperature field conditions of production tubing thermal conductivity of 2.5–12.5 W/m·°C were analyzed with gas production, spray water amount, and other conditions. As shown in Figure 15 and Figure 16, as the thermal conductivity of the tubing increases, the more the produced gas temperature decreases and the more the spray water temperature increases. Because the production tubing is located between the spray water and the produced gas, it directly determines the heat exchange efficiency between them, which is significant for the temperature control of the spray water and produced gas.




4.4. Total Thermal Conductivity of Cement Sheath Casing


Under certain other conditions, analyzing the wellbore temperature distribution is important when the total thermal conductivity is 6–14 W/m·°C. It can be seen from Figure 17 and Figure 18 that different total thermal conductivity parameters have little effect on the temperature distribution of spray water in the wellbore. The greater the total thermal conductivity, the smaller the increase in spray water temperature. This is because after the increase in total thermal conductivity, the heat transfer from produced gas to formation increases, so the temperature difference between produced gas and spray water decreases, and the heat transferred becomes less. However, under the different total thermal conductivity, the temperature of the produced gas hardly changes, which shows that the total thermal conductivity of the cement casing has little effect on the wellbore temperature distribution after spraying.





5. Conclusions


In this paper, we studied the temperature fields of production wellbores in the process of UCG. Based on the principle of energy conservation and the heat transfer law, three schemes of the wellbore temperature field using spray cooling were analyzed, and the conclusions are as follows:



(1). Using the same target temperature for the spray chamber, the spray tubing water injection spray cooling scheme has a better cooling effect. The annulus water injection spray cooling scheme can protect the cement sheath at the bottom of well and is easier to implement. Considering this, the annulus water injection spray method is preferable.



(2). With the increase in gas production, the temperature from the bottom of well to wellhead increases, and this trend becomes more obvious with the increase in production. In the process of UCG, excessive gas production will easily lead to excessive high wellhead temperatures of the production well and increase production risk.



(3). Using different temperatures in the spray chamber, the variation trend of the produced gas temperature changes in a similar way, which indicates that the wellhead temperature can be controlled indirectly by controlling the temperature of the spray chamber.



(4). The thermal conductivity of production tubing has a great influence on the temperature change in the produced gas. With the increase in the thermal conductivity of production tubing, the temperature of the produced gas decreases more, while the total thermal conductivity of the cement sheath casing has little effect on the temperature of the produced gas.
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Nomenclature




	Cp1
	Specific heat capacity of spray water, KJ/(kg·°C);



	Cpl1
	Specific heat capacity of spray water at Tp1, KJ/(kg·°C);



	Cpl1′
	Specific heat capacity of steam at Tp1′, KJ/(kg·°C);



	Cp2
	Specific heat capacity of produced gas, KJ/(kg·°C);



	Cpl2
	Specific heat capacity of produced gas at Tp2, KJ/(kg·°C);



	Cpl2′
	Specific heat capacity of produced gas at Tp2′, KJ/(kg·°C);



	G
	Spray water volume, t/d;



	Te
	Formation temperature, °C;



	Th
	Second interface temperature (interface between cement sheath and stratum), °C;



	T1
	Spray water temperature, °C;



	T2
	Produced gas temperature, °C;



	Tc
	Cement sheath temperature, °C;



	Tp1
	Water temperature before spraying, °C;



	Tp1′
	Water vapor temperature after spray water gasification, °C;



	Tp2
	Initial temperature of produced gas, °C;



	Tp2′
	Temperature of produced gas after spraying, °C;



	Qg
	Daily output of produced gas, m3/d.



	rci
	Casing inner diameter, m;



	rco
	Casing outer diameter, m;



	rd
	Outer diameter of spray pipe, m;



	rh
	Outer diameter of cement sheath, m;



	rti
	Tubing inner diameter, m;



	rto
	Tubing outer diameter, m;



	Ud
	Thermal conductivity of spray pipe, W/(m·°C);



	Uh1
	Total heat transfer coefficient of wellbore (tubing-casing-cement sheath), W/(m2·°C);



	Uh2
	Total heat transfer coefficient of wellbore (casing-cement sheath), W/(m2·°C);



	Uh3
	Total heat transfer coefficient of wellbore (casing-annulus-cement sheath), W/(m2·°C);



	Ut
	Thermal conductivity of tubing, W/(m·°C);



	kcas
	Thermal conductivity of casing, W/(m·°C);



	kc
	Thermal conductivity of cement sheath, W/(m·°C);



	ktub
	Thermal conductivity of tubing, W/(m·°C);



	kgas
	Thermal conductivity of produced gas, W/(m·°C);



	f(tD)
	Formation transient heat transfer function;



	tD
	Heat transfer time, h;



	hc
	Annular convective heat transfer coefficient, W/(m·°C);



	hf
	Film heat transfer coefficient, W/(m·°C);



	hr
	Annular radiation heat transfer coefficient, W/(m·°C);



	ρ
	Density of produced gas, kg/m3;



	w1
	Spray water volume, t/d;



	w2
	Produced gas production, t/d.
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Figure 1. Spray tubing water injection spray cooling process. 






Figure 1. Spray tubing water injection spray cooling process.



[image: Processes 10 01149 g001]







[image: Processes 10 01149 g002 550] 





Figure 2. Calculation model of temperature field using spray tubing water injection cooling. 
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Figure 3. Annulus water injection spray cooling process. 
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Figure 4. Temperature field calculation model of annular water injection spray. 
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Figure 5. Concentric tubing water injection spray cooling process. 
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Figure 6. Calculation model of water injection spray temperature field in concentric tubing. 
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Figure 7. Relationship between spray water volume and target temperature under different levels of gas production. 
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Figure 8. Temperature distribution of spray tubing injection wellbore. 
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Figure 9. Temperature distribution of annulus water injection wellbore. 
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Figure 10. Temperature distribution of concentric water injection wellbore. 
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Figure 11. Distribution of produced gas temperature field after wellbore spraying. 
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Figure 12. Temperature distribution of produced gas under different outputs. 
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Figure 13. Temperature distribution of spray water under different outputs. 
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Figure 14. Temperature distribution of produced gas at different spray chamber temperatures. 






Figure 14. Temperature distribution of produced gas at different spray chamber temperatures.



[image: Processes 10 01149 g014]







[image: Processes 10 01149 g015 550] 





Figure 15. Temperature distribution of produced gas using different thermal conductivities of production tubing. 
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Figure 16. Temperature distribution of spray water using different thermal conductivities of production tubing. 
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Figure 17. Temperature distribution of spray water using different total heat transfer coefficients of cement sheath casing. 
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Figure 18. Temperature distribution of produced gas using different total heat transfer coefficients of cement sheath casing. 
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Table 1. Parameters of wellbore structure and working conditions.
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	Category
	Value





	Well depth, m
	1000



	Outer diameter of casing, mm
	177.8



	Inner diameter of casing, mm
	160



	Outer diameter of tubing, mm
	114



	Inner diameter of tubing, mm
	100



	Borehole size, mm
	445



	Target temperature of spray chamber, °C
	400



	Daily output of produced gas, m3/d
	2 × 105



	Spray water consumption, t/d
	350



	Thermal conductivity of insulation tubing, W/(m·°C)
	2.5



	Thermal conductivity of tubing and casing, W/(m·°C)
	100



	Thermal conductivity of cement sheath, W/(m·°C)
	2.5



	Specific heat capacity of produced gas, W/(m·°C)
	3200
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