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Abstract

:

The electric heating process for lifting heavy oil has been widely applied. However, research on its temperature field laws mostly focuses on onshore heavy oil wells, while research offshore is limited. Therefore, based on the energy conservation equation and heat transfer theory, a transient one-dimensional wellbore temperature model coupled with the temperature and viscosity of heavy oil and considering the effect of time was developed. In order to verify the accuracy of the model, the results of the previous model were used for comparison with the present model, and the results showed that the model has good accuracy. The results show that a reasonable selection of the process parameters of electric heating can increase the production of heavy oil while saving development costs and improving the economic benefits of the oilfield. The conclusions and recommendations of this paper can provide a theoretical basis and guiding suggestions for the optimal design of process parameters for lifting heavy oil using an offshore electric heating process.
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1. Introduction


With the rapid development of the world economy, the demand for oil is increasing. The rapid depletion of conventional oil resources has led to growing interest in heavy oil from countries such as Venezuela, the United States and Canada [1]. The technology for the extraction of onshore heavy oil is relatively mature after decades of development. However, due to the influence of environmental conditions, operating space and costs, the extraction of offshore heavy oil fields is much more difficult than onshore [2]. The viscosity of heavy oil is sensitive to temperature. The viscosity of the heavy oil increases considerably during the process from reservoir to surface, which makes it more difficult to extract the heavy oil. Therefore, the flowability of heavy oil can be improved by increasing the temperature [3]. The commonly used thermal recovery methods are not suitable for certain reservoirs, and electric heating technology is an effective solution for these reservoirs [4]. Currently, the electric heating process is considered to be one of the main options for offshore heavy oil heating due to its low cost, high efficiency and environmental friendliness [5,6,7].



Electric heating is more effective in lifting heavy oil, which can significantly improve the recovery rate [8]. At present, there are many field examples of using electric heating process to extract heavy oil. A suitability study of electric heating for heavy oil recovery was carried out in the Bati Raman and Camurlu fields in Turkey. The results show that the electric heating process together with the addition of iron powder to the crude oil can reduce the viscosity of the crude oil more, and the production of crude oil can be increased from the original 320 barrels to 440 barrels in the same operation time [9]. In order to increase the production of heavy oil reservoirs off the coast of Congo, electric heating technology was used to increase the reservoir temperature. This makes the viscosity in reservoir conditions drop from 1000 cp to lower values, which improves production and reservoir recovery [10]. The use of electric heating technology in a 9° API heavy oil field in Colombia has increased daily production by over 160%, avoiding the use of light oil to dilute heavy oil and saving a lot of costs [11]. The application of electric heaters in the Klamono Field resulted in a reduction in the viscosity of the crude oil from 68 cp to 46 cp and an increase in production by 4.9 bbl/d. Field data show that the additional cost of using the heater is less than the benefit it brings, so the project has a good prospect [12]. The application of downhole electric heating technology in a cold recovery heavy oil horizontal well in Alberta, Canada, shows that in the early stage of well production, the oil production of heated wells is 4–6 times higher than that of cold recovery wells, which reflects the effectiveness and superiority of downhole electric heating technology [13,14]. The Santanghu Oilfield has determined the heating depth, heating power, heating frequency and the artificial lifting system in the form of combinations of hollow sucker rods and poles. The results show that the application of hollow sucker rod electric heating oil extraction technology can effectively solve the difficulties in the extraction of heavy oil blocks in this oilfield [15].



Since the heating power, heating depth and heating time of the electric heating process all have an impact on the temperature distribution of the wellbore, it is of great significance to carry out research on the temperature field of the wellbore for the extraction of heavy oil by electric heating. Based on the equations of conservation of mass, momentum and energy, Zhu et al. [16] established a temperature–pressure coupling model by considering the mixing effect of light oil and heavy oil as well as the effect of electric heating. The calculations of the model show that the electric heating technology can reduce the amount of light oil used. Wang et al. [17] considered temperature-dependent reservoir thermophysical parameters in the heat transfer and fluctuation equations. The temperature distribution of the wellbore was calculated based on the coupling relationship between electromagnetic field and temperature field. Finally, the effects of reservoir properties and casing relative dielectric constant on the temperature distribution were analysed. Based on the theory of heat transfer and the calculation method of gas–liquid two-phase flow wellbore temperature and pressure field, Zhu et al. [18] considered the influence of temperature on the thermal properties of heavy oil and established a numerical calculation method for wellbore temperature field using continuous electric heating and electromagnetic short-section heating processes. Based on the basic theory of heat transfer, Zhou [19,20] established a relationship model between pumping unit lifting energy consumption and wellbore temperature field. According to the results, the temperature field and viscous resistance distribution of the tubing under different heating powers were analysed, and the electric heating power and depth were optimised. Ramírez et al. [21] used CFD software (STAR-CCM (+v16.06.010-R8)) to model and simulate the distribution of temperature and viscosity in a heavy oil production well using induction electric heating. The results show that downhole electric induction heating is an effective method to reduce the dynamic viscosity of heavy oil.



Although there have been many applications and studies on the electric heating process in the extraction of heavy oil, most of the current researches are aimed at onshore heavy oil wells, and there is little research on the influence law of the electric heating process in offshore heavy oil wells. In this paper, the coupling of temperature and viscosity of heavy oil is used to establish the temperature field of electrically heated lifted offshore heavy oil, and unlike the conventional steady state model, the present model also introduces a time term for calculation. By modelling the transient one-dimensional wellbore temperature field of electrically heated extraction of heavy oil, the wellbore temperature distribution at any moment of an electrically heated heavy oil well can be clearly known.



In this paper, based on the in-depth study of the heat transfer mechanism of the wellbore and considering the difference between onshore and offshore heavy oil wells, a temperature field model of the offshore heavy oil wellbore with electric heating was established. The effects of heavy oil production, electric heating power, electric heating depth, electric heating time and thermal conductivity of insulation tubing on the temperature distribution of the wellbore at different moments were analysed. The results of the study can provide theoretical guidance for the design of operational parameters for lifting offshore heavy oil by electric heating process, increasing well productivity and reducing development costs. This work is of great practical importance.




2. Mathematical Model


2.1. Model Assumptions


Due to the fact that radial heat transfer is much greater than axial heat storage, axial heat storage can be ignored, so the flow of heavy oil in the wellbore can be considered as one-dimensional. The viscosity of heavy oil is temperature-sensitive, and its viscosity is high, resulting in more frictional heat generated during the flow process. Based on the above reasons, we can make the following assumptions:




	
The flow of heavy oil in a tubing is one-dimensional.



	
Only the radial heat transfer from the wellbore is considered, and the axial heat transfer from the wellbore is ignored.



	
Heavy oil is incompressible, and its viscosity changes during production.



	
Consider the thermal effects generated during the flow process of heavy oil.









2.2. Distribution Model of Wellbore Temperature Field


2.2.1. Governing Equation


The heat exchange between the wellbore and the external environment is shown in Figure 1, where a microelement segment of the wellbore is selected, a one-dimensional coordinate system is established and the opposite direction of fluid flow is positive. According to the heat transfer process shown in Figure 1, the energy conservation equation for the fluid can be written as:


   Q p  ( z + d z ) −  Q p  ( z ) +  Q f  +  Q F  +  Q e  =  Q t   



(1)







The heat exchange between the formation and the wellbore is as follows:


   Q w  =   2 π  k e  (  T e  −  T  w b   )   f (  t D  )   d z  



(2)







f(tD) is the transient heat transfer function, which is calculated as follows [22]:


      f (  t D  ) = 1.1281    t D    ( 1 − 0.3    t D    )                                   10    − 10    ≤  t D  ≤ 1.5     f (  t D  ) = [ 0.4036 + 0.5 ln (  t D  ) ] ( 1 +   0.6    t D    )              t D   > 1   . 5        ,  



(3)




where    t D  =    k e  t    c e   ρ e   r w 2     .



The heat exchange between the wellbore and the tube is [23]:


   Q  w f   = 2 π  r  t i    U  t i   (  T  w b   −  T f  ) d z  



(4)







The heat exchange between the external environment and the wellbore is equal to the heat exchange between the wellbore and the tube. Equations (2) and (4) can be combined to obtain the heat transfer from the formation to the tube. The expression is


   Q f  =   2 π  r  t i    k e   U  t i      k e  +  r  t i    U  t i   f    t D      (  T e  −  T f  ) d z  



(5)







The heat exchange between seawater and the tube is


   Q f  = 2 π  r  r o    U  s e a   (  T e  −  T f  ) d z  



(6)







According to the energy conservation equation of the fluid, the heat transfer model of the wellbore microelement can be written as follows:


    ρ A  c f   T f       t + Δ t     Δ z − ρ A  c f   T f      t    Δ z =     ρ A  c f  v  T f       z + Δ z     Δ t − ρ A  c f  v  T f      z    Δ t +   2 π  r  t i    k e   U  t i      k e  +  r  t i    U  t i   f    t D      (  T e  −  T f  ) Δ t Δ z +   w  λ m   v 2    4  r  t i     Δ t Δ z +  q e  Δ t Δ z    



(7)







The left side of Equation (7) represents the change in heat inside the microelement, and the right side represents the heat flowing out of the microelement, the heat flowing into the microelement, the heat exchange between the external environment and the tubing, the frictional heat generated by the fluid flow and the heat generated by the electrical heating, respectively.


   1 v    ∂  T f    ∂ t   =   ∂  T f    ∂ z   + B (  T e  −  T f  ) +    λ m   v 2    4  r  t i    c f    +    q e    w  c f    ,  



(8)




where, in the formation,   B =   2 π   w  c f         r  t i    k e   U  t i      k e  +  r  t i    U  t i   f    t D         ; in the seawater,   B =   2 π  r  r o    U  s e a     w  c f     .



The comprehensive heat transfer coefficients Uti and Usea are used to describe the series thermal resistance from the tube to the external environment. The comprehensive heat transfer coefficients of formation and seawater are represented by Equations (9) and (10), respectively.


   U  t i   =      1   h f    +    r  t i      λ  t u b     ln    r  t i      r  t o     +    r  t i      r  t o      h c  +  h r      +    r  t i      λ  c a s     ln    r  c o      r  c i     +    r  t i      λ  c e m     ln    r  c e m      r  c o         − 1    



(9)






   U  s e a   =      1   h f    +    r  t i      λ  t u b     ln    r  t i      r  t o     +    r  t i      r  t o      h c  +  h r      +    r  t i      λ r    ln    r  r o      r  r i     +    r  t i      r  r o    h  s e a         − 1    



(10)








2.2.2. Auxiliary Equation


In order to solve the equation, in addition to the basic control equation, some auxiliary equations are also needed.



	(1)

	
Calculation of convective heat transfer coefficient hf.








    h f  =   λ N u   2  r  t i       



(11)





	(2)

	
Calculation of the heat transfer coefficient hr for thermal radiation in the annulus.








    h r  = σ ε        T  t o   + 273    2  +      T  c i   + 273    2         T  t o   + 273   +    T  c i   + 273       



(12)





	(3)

	
Calculation of natural conductive heat transfer coefficient [24].








    h c  =    λ c     r  t o   ln    r  c i      r  t o         



(13)





	(4)

	
Calculation of convective heat transfer coefficients between seawater and riser [25].








    h  s e a   =    λ  s e a   N u   2  r  r o       



(14)





	(5)

	
The relationship between crude oil viscosity and temperature [26] is shown in Equation (15). The viscosity–temperature curve of crude oil is plotted based on the viscosity–temperature relationship, as shown in Figure 2. The inflection point temperature of the crude oil can be determined as 40 °C based on Figure 2. The viscosity μ of crude oil is mainly used for calculating the heat transfer coefficient hf.








   ln ( ln ( μ ) ) = 0.07547 +   5.76588   ln ( A P I )   − 0.00101 ( 1.8 T + 32 ) × ln ( 1.8 T + 32 )   



(15)







2.3. Model Solving Conditions


2.3.1. Initial Conditions


The temperature of the fluid in the tubing at the initial moment is equal to the formation temperature:


   T  f , i  0  =  T  e , i      (  i  = 0 , 1 , 2 , 3 ,  …  N )   



(16)








2.3.2. Boundary Conditions


The temperature at the bottom of the well is always equal to the reservoir temperature:


   T  f , 0  j  =  T  r e s      (  j  = 0 , 1 , 2 , 3 ,  …  M )   



(17)









2.4. Numerical Solution


In order to solve the model, a program was written in Python, in which the temperature calculation and the viscosity of the heavy oil were coupled and iterated with each other to make the calculation more accurate.



2.4.1. Discretization of Equations


Differential equations are discretised using finite difference methods to facilitate their programming solutions.


   T i  j + 1   =  T i j  +   v (  T  i + 1  j  −  T i j  ) Δ t   Δ z   + v B (  T  e , i   −  T i j  ) Δ t +    v 3   λ m  Δ t   4  r  t i    c f    +   v  q e  Δ t   w  c f     



(18)








2.4.2. Meshing


The computational model is transient and includes both temporal and spatial dimensions. The temporal and spatial grid divisions are shown in Figure 3, where i represents the spatial dimension and j represents the temporal dimension.




2.4.3. Solution


In order to clearly illustrate the idea of the solution, the flowchart of the calculation process of the temperature field is shown in Figure 4.





2.5. Model Validation


The offshore electrically heated lifted heavy oil wellbore model developed in this paper is compared with the previous models to verify the accuracy of the present model [27]. Inputting the same parameters as the previous model, the temperature distributions were verified for ambient and electrically heated conditions, as shown in Figure 5a and Figure 5b, respectively. The validation results show that the results of this model are less different from the previous results and the results are in good agreement.





3. Sensitivity Analysis


3.1. Basic Data


There are a number of input parameters that are fixed when using a mathematical model to calculate the temperature distribution of a heavy oil wellbore, as shown in Table 1. This paper mainly analyses the influence of parameters such as production, heating power, heating depth, heating time and thermal conductivity coefficient of insulation materials on the temperature distribution of electrically heated heavy oil wellbore. Figure 6 shows the temperature distribution of the wellbore at different times without heating when the production is 70 m3/d. From the figure, it can be seen that without using any measures, the temperature of the heavy oil in the seawater section is lower than the inflection point temperature of the crude oil, which will lead to difficulties in the flow of heavy oil in the wellbore and make it difficult to extract. Therefore, it is necessary to take electric heating measures to improve its fluidity and guarantee the normal oil recovery.




3.2. The Influence of Oil Production on the Temperature Distribution of Heavy Oil Wellbore


In order to investigate the effect of different production on the temperature distribution of the heavy oil wellbore, the temperature distribution of the wellbore after 3 h, 10 h, 24 h and 30 d at production of 40, 50, 60, 70, 80, 90 and 100 m3/d was investigated, as shown in Figure 7. As can be seen in Figure 7, the higher the production, the higher the wellbore temperature distribution in general. As the extraction time increases, the more obvious the distinction between the wellbore temperature distributions at different production. However, at the initial stage of extraction of heavy oil (before 10 h) and at a certain depth in the seawater section, there will be a situation where the higher the production, the lower the temperature.



It can be analysed that during the flow of crude oil from the formation to the wellhead in the formation section, the temperature of the surrounding formation is decreasing all the time. Therefore, the crude oil has to dissipate heat to the formation in the process of flowing. The larger the production, the slower the heat dissipation. Therefore, in general, the higher the production, the higher the temperature. However, when the crude oil flows into the seawater section, the heat dissipation of crude oil to seawater is accelerated, and the temperature of seawater is gradually rising during the flow of crude oil to the wellhead, so that the temperature of crude oil will be lower than the temperature of seawater at a certain depth in the seawater section. Therefore, as the crude oil continues to flow towards the wellhead, the crude oil begins to absorb heat from the seawater. The larger production absorbs heat and warms up more slowly, which results in a lower temperature in the seawater section the larger the oil production is. As the extraction time increases, the temperature of the formation becomes higher and higher, and the temperature difference between it and the crude oil becomes smaller and smaller, so the crude oil dissipates less and less heat to the surrounding formation. Similarly, the larger the production, the less the temperature decreases, so the distinction between the wellbore temperature distributions at different production levels is more obvious.




3.3. The Influence of Heating Power on the Temperature Distribution of Heavy Oil Wellbore


In order to study the effect of different heating power on the temperature distribution of heavy oil wellbore, the temperature distribution of wellbore after 3 h, 10 h, 24 h and 30 d at the heating power of 10, 20, 40, 50, 60, 80 and 100 W/m was investigated, as shown in Figure 8. As can be seen in Figure 8, the higher the heating power, the higher the wellbore temperature distribution. With the increase in extraction time, the distinction between the wellbore temperature distributions of the formation sections at different heating powers becomes more obvious. However, the wellbore temperature distribution in the seawater section at different heating powers is not clearly distinguished.



The analysis shows that electric heating of the wellbore compensates for some of the heat lost during the flow of the heavy oil, so that the temperature of the wellbore is significantly increased after electric heating of the wellbore compared to the unheated one. The higher the heating power for the same heating time, the more heat is compensated and the higher the temperature of the heavy oil. During the process of heavy oil flowing from the bottom of the well to the wellhead, it needs to pass through two media: the formation and seawater. The heat dissipation in the formation is smaller than that in seawater. Therefore, the heat lost after heating in the formation is smaller than that in seawater. With the increase in heating time, the temperature of heavy oil under different heating power in the formation section will be distinguished more and more obviously, while when the heat dissipation in seawater is more, the heat generated by electric heating cannot be well “stored”, so the temperature of heavy oil under different heating power is not distinguishable.




3.4. The Influence of Heating Depth on the Temperature Distribution of Heavy Oil Wellbore


In order to study the effect of different heating depth on the temperature distribution of heavy oil wellbore, the temperature distribution of the wellbore after 3 h, 10 h, 24 h and 30 d at a heating depth of 500, 800, 1000, 1200, 1500, 1800 and 2000 m was investigated, as shown in Figure 9. From Figure 9, it can be seen that the deeper the heating depth, the slower the temperature of the heavy oil in the formation section decreases during the upward flow process, but the difference in wellhead temperature after passing through the seawater section is very small. As the extraction time increases, the difference in temperature of heavy oil at different heating depths becomes more obvious.



The analysis shows that in the early stage of electric heating, the electric heating compensates less heat to the heavy oil due to the shorter heating time. Therefore, the heavy oil with different heating depths soon converge to the same in the upward flow process. As the heating time increases, the more the electric heating compensates for the heat of the heavy oil. In the formation section where the heavy oil flows, the deeper the heating depth, the slower the temperature of the heavy oil decreases. For the seawater section, since its heat dissipation capacity is larger than that of the formation section, a large part of the compensatory heat generated by electric heating is also dissipated in the seawater section. Therefore, after the heat dissipation in the seawater section, the temperature of heavy oil after electric heating at different depths does not differ much at the wellhead. Thus, for lifting heavy oil by offshore electric heating, the heating cables do not have to be lowered to a very deep depth.




3.5. The Influence of Heating Time on the Temperature Distribution of Heavy Oil Wellbore


In order to study the effect of different heating time on the temperature distribution of heavy oil wellbore, the temperature distribution of wellbore without heating measures and with electric heating from 500 m (seawater depth) were studied separately. In this paper, the temperature distribution of the wellbore during the two hours when the heating was stopped after 1, 3, 5 and 10 h of heating was investigated, respectively, in comparison with the temperature distribution of the wellbore at the same moment without heating, as shown in Figure 10. As can be seen in Figure 10, regardless of the length of the heating time, the temperature profile of the heated wellbore almost overlaps with the unheated one for 2 h after the heating is stopped. This indicates that the length of the heating time is independent of the cooling time of the wellbore temperature. The temperature drops fastest in the early moments of heating cessation, and as the time of heating cessation increases, the wellbore temperature decreases from a rapid drop at the beginning to a slower drop later on.



The analysis shows that the heat generated during electrical heating can “compensate” for some of the heat lost from the wellbore to the outside, but it is not well “stored” in the wellbore. Therefore, long-term heating needs to maintain a balance between heating and heat dissipation. When heating is stopped, regardless of the length of previous heating time, the temperature will quickly decrease to the same level as the unheated wellbore. In the early stages of the cessation of heating, the temperature of the wellbore differs considerably from what it should have been when the wellbore was not heated, so the temperature drops more rapidly. As the temperature drops, the temperature difference becomes smaller and the drop is slower, finally dropping to the same temperature as the unheated wellbore. Based on the law that the temperature is affected by the heating time, it is possible to obtain a reasonable heating method for electric heating according to the site conditions. For example, using intermittent heating can save more electricity resources and thus save costs while ensuring the fluidity of heavy oil.




3.6. The Influence of Thermal Conductivity of Insulation Materials on the Temperature Distribution of Heavy Oil Wellbore


In order to study the effect of different thermal conductivity of insulation material on the temperature distribution of heavy oil wellbore, the temperature distribution of the wellbore after 3 h, 10 h, 24 h and 30 d at thermal conductivities of 0.01, 0.02, 0.03, 0.04, 0.05 and 0.1 W/(m·°C) of the insulation layer was investigated, respectively, as shown in Figure 11. It can be seen from Figure 11 that the smaller the thermal conductivity of the insulation layer, the higher the temperature distribution of the wellbore in general. However, in the initial stage of extracting heavy oil (before 3 h), at a certain depth in the seawater section, there will be a situation where the smaller the thermal conductivity of the insulation layer, the lower the temperature will be.



The analysis shows that the heat can be better “stored” by using insulated pipes in the extraction of heavy oil. The smaller the thermal conductivity of the insulation layer, the greater the thermal resistance of the heavy oil to heat dissipation. Therefore, when the “stored” capacity in the flow process is stronger, the heavy oil temperature will be higher. However, in the initial stage of exploitation, when the heavy oil is transported to the seawater section, the temperature of the seawater is higher than that of the heavy oil, and due to the thermal conductivity of the insulation layer being small and its thermal resistance being large, the heat of the seawater is transferred less to the heavy oil. Therefore, there will be a situation where the lower the thermal conductivity of the insulation, the lower the temperature at a certain depth in the seawater section.





4. Conclusions


	(1)

	
The higher the production, the higher the wellbore temperature distribution. With the increase in extraction time, the more obvious the distinction between the wellbore temperature distribution with different production. However, at the initial stage of heavy oil extraction, at a certain depth in the seawater section, the higher the production, the lower the temperature.




	(2)

	
The higher the heating power and heating depth, the higher the wellbore temperature distribution. With the increase in extraction time, the distinction between the wellbore temperature distribution in the formation section under different heating power becomes more obvious, but the seawater section is not very obvious. The heating depth has some limitations, and the increase in heavy oil temperature is not obvious after the lowering depth reaches a certain value.




	(3)

	
By adopting intermittent heating measures, more power resources can be saved while ensuring that the temperature of the heavy oil is higher than the inflection point temperature. When intermittent heating processes are adopted, the intermittent time needs to be optimised according to the actual situation.




	(4)

	
The smaller the thermal conductivity of the insulation material, the higher the temperature distribution of the wellbore in general, but in the initial stage of the extraction of heavy oil, at a certain depth in the seawater section, there will be a situation in which the smaller the thermal conductivity of the insulation layer, the lower the temperature.




	(5)

	
The electric heating process can “compensate” for the heat lost during the flow of heavy oil, and the use of insulation materials can better “store” the heat, and the combination of the two can maintain the wellbore temperature distribution at a high level.




	(6)

	
The overall temperature of the wellbore will increase with the increase in the extraction time, so the use of electric heating process and insulation materials can be reduced according to the actual situation after extracting the heavy oil for a period of time.




	(7)

	
Through the influence of electric heating power, heating depth, heating time and thermal conductivity of insulation materials on wellbore temperature, the optimal process parameters of offshore electric heating for lifting heavy oil can be selected according to the actual situation on site.
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Nomenclature




	A
	cross-sectional area of tubing, m2;



	API
	API (American Petroleum Institute) gravity, °API;



	ce
	specific heat capacity of the formation, J/(kg·°C);



	cf
	specific heat capacity of heavy oil, J/(kg·°C);



	hc
	natural convection heat transfer coefficient, W/(m2·°C);



	hf
	convective heat transfer coefficient of heavy oil, W/(m2·°C);



	hr
	annular radiation heat transfer coefficient, W/(m2·°C);



	hsea
	convective heat transfer coefficient of seawater crossing the riser, W/(m2·°C);



	ke
	thermal conductivity of the formation, W/(m·°C);



	Nu
	Nusselt number, dimensionless;



	Qe
	heat generated by electric heating, W;



	QF
	heat generated by the flow of heavy oil, W;



	Qf
	heat transfer between the formation (seawater) and the wellbore, W;



	Qp(z)
	heat flow into the microelement, W;



	Qp(z + dz)
	heat flowing out of the microelement, W;



	Qt
	the change in heat in microelements, W;



	Qw
	the heat exchange between the formation and the wellbore, W;



	Qwf
	the heat exchange between the wellbore and the tube, W;



	qe
	power of heating rod, W/m;



	rcem
	radius of cement, m;



	rci
	inner radius of casing, m;



	rco
	outer radius of casing, m;



	rri
	inner radius of riser, m;



	rro
	outer radius of riser, m;



	rti
	inner radius of tube, m;



	rto
	outer radius of tube, m;



	rw
	radius of the wellbore, m;



	T
	temperature, °C;



	Tci
	inner wall temperature of casing, °C;



	Te
	temperature of the formation, °C;



	    T  e , i     
	formation temperature at node i, °C;



	Tf
	temperature of heavy oil, °C;



	    T  f , i  0    
	temperature of heavy oil at node i at time 0, °C;



	    T  f , 0  j    
	temperature of heavy oil at node 0 at time j, °C;



	    T  f , i  j    
	temperature of heavy oil at node i at time j, °C;



	    T  f , i   j + 1     
	temperature of heavy oil at node i at time j + 1, °C;



	    T  f , i + 1  j    
	temperature of heavy oil at node i + 1 at time j, °C;



	    T  r e s     
	reservoir temperature, °C;



	Tto
	outer wall temperature of tube, °C;



	Twb
	temperature of the well wall, °C;



	t
	time, s;



	Usea
	total heat transfer coefficient from tube to seawater, W/(m2·°C);



	Uti
	total heat transfer coefficient from tube to formation, W/(m2·°C);



	v
	flow rate of heavy oil, m/s;



	w
	mass flow rate of heavy oil, kg/s;



	Δt
	time step, s;



	Δz
	well depth step, m;



	ε
	surface emissivity of the pipe wall, dimensionless;



	μ
	viscosity of heavy oil, mPa.s;



	λ
	thermal conductivity of heavy oil, W/(m·°C);



	λc
	thermal conductivity of air, W/(m·°C);



	λcas
	thermal conductivity of casing, W/(m·°C);



	λcem
	thermal conductivity of cement, W/(m·°C);



	λm
	friction coefficient of pipe wall, dimensionless;



	λr
	thermal conductivity coefficient of riser, W/(m·°C);



	λsea
	thermal conductivity coefficient of seawater, W/(m·°C);



	λtub
	thermal conductivity coefficient of tube, W/(m·°C);



	ρ
	density, kg/m3;



	ρe
	density of the formation, kg/m3;



	σ
	Stefan–Boltzmann constant, W/(m2·°C4).
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Figure 1. Schematic diagram of heat exchange process in electric heating extraction of heavy oil. 
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Figure 2. Viscosity–temperature curve of crude oil. 
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Figure 3. Grid division of wellbore space and time. 






Figure 3. Grid division of wellbore space and time.



[image: Energies 17 00995 g003]







[image: Energies 17 00995 g004] 





Figure 4. Flow chart of temperature field calculation. 
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Figure 5. Comparison of the calculation results of this model and Zhang et al.’s model [27]: (a) ambient temperature; (b) electrically heated temperature. 
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Figure 6. Distribution of wellbore temperature at different times with a production of 70 m3/d. 
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Figure 7. Influence of different production on the temperature field of the wellbore at different periods of exploitation: (a) 3 h; (b) 10 h; (c) 24 h; (d) 30 days. 






Figure 7. Influence of different production on the temperature field of the wellbore at different periods of exploitation: (a) 3 h; (b) 10 h; (c) 24 h; (d) 30 days.



[image: Energies 17 00995 g007]







[image: Energies 17 00995 g008] 





Figure 8. Influence of different heating powers on the temperature field of the wellbore at different periods of exploitation: (a) 3 h; (b) 10 h; (c) 24 h; (d) 30 days. 
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Figure 9. Influence of different heating depths on the temperature field of the wellbore at different periods of exploitation: (a) 3 h; (b) 10 h; (c) 24 h; (d) 30 days. 
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Figure 10. Temperature field two hours after stopping heating at different heating times compared with the temperature field of the wellbore at the same time without heating: (a) 1 h; (b) 3 h; (c) 5 h; (d) 10 h. 
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Figure 11. Influence of different thermal conductivities of insulation on the temperature field of the wellbore at different periods of exploitation: (a) 3 h; (b) 10 h; (c) 24 h; (d) 30 days. 
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Table 1. Basic data for wellbore temperature field calculation.
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	Parameters
	Values
	Parameters
	Values
	Parameters
	Values





	water depth/m
	500
	inner diameter of tube/m
	0.125
	thermal conductivity of crude oil/W·(m·°C)−1
	0.13



	well depth/m
	3000
	outer diameter of tube/m
	0.1492
	specific heat capacity of formation/J·(kg·°C)−1
	710



	inner diameter of riser/m
	0.3204
	inner diameter of insulation layer/m
	0.2372
	specific heat capacity of crude oil/J·(kg·°C)−1
	3300



	outer diameter of riser/m
	0.3397
	outer diameter of insulation layer/m
	0.2936
	sea surface temperature/°C
	25



	wellbore diameter /m
	0.558
	thermal conductivity of casing and tubing/W·(m·°C)−1
	43.2
	reservoir temperature/°C
	80



	inner diameter of casing/m
	0.4826
	thermal conductivity of cement/W·(m·°C)−1
	0.65
	density of crude oil/(kg·m−3)
	900



	outer diameter of casing/m
	0.508
	conductivity of formation/W·(m·°C)−1
	1.83
	density of formation/(kg·m−3)
	2400
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