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Abstract

:

Cyclic steam stimulation (CSS) is a typical enhanced oil recovery method for heavy oil reservoirs. In this paper, a new model for the productivity of a CSS well in multilayer heavy oil reservoirs is proposed. First, for the steam volume of each formation layer, it is proposed that the total steam injection volume will be split by the formation factor (Kh) for the commingled steam injection mode. Then, based on the equivalent flow resistance principle, the productivity model can be derived. In this model, the heavy oil reservoir is composed of a cold zone, a hot water zone, and a steam zone. Next, using the energy conservation law, the equivalent heating radius can be calculated with the consideration of the steam overlay. Simultaneously, a correlation between the threshold pressure gradient (TPG) and oil mobility is also applied for the productivity formula in the cold zone and the hot water zone. Afterward, this model is validated by comparing the simulation results with the results of an actual CNOOC CSS well. A good agreement is observed, and the relative error of the cumulative oil production is about 2.20%. The sensitivity analysis results indicate that the effect of the bottom hole pressure is the most significant, followed by the TPG, and the effect of the steam overlay is relatively slight. The formation factor can affect the splitting of the steam volume in each layer; thus, the oil production rate will be impacted. The proposed mathematical model in this paper provides an effective method for the prediction of preliminary productivity of a CSS well in a multilayer heavy oil reservoir.
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1. Introduction


Heavy oil is a widespread energy resource throughout the world [1]. It accounts for more than two-thirds of the global crude oil reserves, mainly distributed in Canada, Russia, Venezuela, China, and Indonesia [1,2,3]. In China, heavy oil resources are mainly distributed in oilfields of Liaohe, Shengli, Xinjiang, Henan, and the Bohai offshore oilfield [2,3,4]. Because of its high viscosity in the formation condition [5], the thermal recovery process is usually the primary exploitation method for heavy oil reservoirs [1,2]. On the other hand, WAG (water alternating gas) is another potential exploitation method for the heavy oil recovery process. Considering its characteristics of an easily operated process system and a high oil production rate at an early stage, cyclic steam stimulation (CSS) is usually considered as the primary development method [6]. Currently, heavy oil resources have gradually become the primary source of crude oil reserves in Bohai Bay, making up 85% to the total oil reserves [5,7]. Since 2009, a series of pilot tests of the multi-component thermal fluid simulation process, cyclic steam stimulation, and steam flooding have been conducted in Bohai Bay. The successful operation of CSS in offshore heavy oil reservoirs further indicates the possibility for the application of this thermal recovery process in an offshore environment [8,9,10]. Typically, a multilayer heavy oil reservoir is usually the main reservoir type in Bohai Bay. Therefore, in order to accurately evaluate the production performance of a CSS well in multilayer heavy oil reservoirs, a mathematical model is required.



For the CSS process in heavy oil reservoirs, the reservoir is usually considered as a composite formation of a heated zone and an initial zone [1,4,11]. The determination of the heating radius in the heated zone is of great importance for the prediction of the oil production rate and recovery performance [12]. Marx and Langenheim [13] originally proposed a method to predict the heated area of a vertical well with an isothermal assumption. Then, based on the Marx-Langenheim model, Willman et al. [14] modified the expression of the heating area and proposed a new model. Contrastingly, with the consideration of critical time, Mandl and Volek [15] also deduced an expression for the heating area. The proposed calculation methods for the heating radius laid a solid foundation for the classical prediction method of the CSS process [11,16,17]. Li et al. [18] derived the heating radius using a non-isothermal model. In their model, the radial temperature was declined linearly from the steam injection temperature to the initial temperature in the heated zone; a prediction method for the oil production rate was then proposed. In this model, however, it was assumed that the reservoir was consisted of only a hot zone and an initial zone, and the steam zone was neglected. Based on Li’s model, Hou et al. [19], and Zhang et al. [20] proposed a new productivity model, and in their model, it is assumed that the temperature is declined linearly in the hot zone. In particular, Zhang et al. considered the existence of a steam zone. They introduced the temperature difference between the hot water zone and the steam zone, i.e., the front temperature. In order to further improve the accuracy of the heating radius calculation model, Wu et al. [21] assumed that the temperature decreases exponentially in the hot water zone; a mathematical model was then established to estimate the oil productivity. Currently, for the effect of the steam overlay, most of the productivity models are based on van Lookeren’s theory [22], in which the radius in steam zone is corrected with a shape coefficient. Hou et al. [23] established a production prediction model for multilayer heavy oil reservoirs. In this model, although the effect of the steam overlay was considered, it was assumed that the temperature remained isothermal for the heated zone. Furthermore, Lai et al. [24] considered the effect of the steam overlap and proposed a model to calculate the heat loss behavior in formation. Simultaneously, a sensitivity analysis on heat loss was also conducted. Based on the pseudo-steady state production formula, Tian et al. [25] also established a CSS productivity prediction model with the consideration of the steam overlap. To demonstrate its validity, their calculation results are compared against the simulation results of the STARS Module in CMG. Sun et al. [26,27] developed a production prediction model on the cyclic superheated steam stimulation process. It was observed that compared with the conventional CSS process, in their models, the superheated steam region is proximate to the wellbore instead of to the saturated steam region.



On the other hand, various studies [28,29,30,31,32] have also reported the non-Newtonian flow behavior of heavy oil in porous media. In some publications, the effects of permeability [31], temperature [32,33], oil viscosity [31,32], pressure-drop [33], oil components [34], and oil mobility [31,35,36] have been studied. Yang et al. [37] considered non-Newtonian flowing characteristics of crude oil in cold zone. Thus, a new prediction model for the productivity of CSS well was established by considering the non-Newtonian flow behavior of heavy oil. In their model, however, the TPG is considered as a constant instead of a function with oil properties. Huang et al. [38,39] studied the effect of interlayers on the multilayer commingled production, but their studies are focused on the waterflooding process instead of on thermal recovery. For the CSS process in multilayer heavy oil reservoirs, few researchers established the mathematical model with the consideration of non-Newtonian flowing characteristics and non-isothermal distribution features. Hence, there a new productivity model of the CSS well in multilayer heavy oil reservoirs is required.



In this paper, a splitting model of the steam injection volume of each layer is first proposed for the CSS process in multilayer heavy oil reservoirs. Then, from the energy conservation law, the heating radius in the heated region is derived with the consideration of the steam overlay and a non-isothermal assumption. In addition, a correlation between TPG and oil mobility is also applied for the flow characterization of heavy oil in the cold zone. Afterwards, by using the properties of an actual CSS well in the Jinzhou 23-2 block, the calculation results of our model are compared against the simulation results of CMG software to validate its accuracy. Finally, a sensitivity analysis is conducted, including the effects of the formation factor, steam overlay, TPG, and bottom hole pressure.




2. Model Assumption


The vertical well is located at the center of the reservoir. The reservoir includes several thin layers, and different permeable layers are separated by interlayers (Figure 1). The pay thickness, porosity, permeability, and initial water saturation of each thin layer are homogeneous. During the steam injection process, gravitational differentiation causes the occurrence of the steam overlay. Unlike conventional crude, heavy oil involves the non-Newtonian rheological behavior. Specifically, TPG cannot be neglected when the temperature is below the critical starting temperature (conversion temperature). Several assumptions of the model are given as follows:



(1) The reservoir is homogeneous and isotropic; the amount of steam injected into each layer is split by the formation factor (Kh value).



(2) The radius of the heating zone remains constant in a CSS cycle, and the temperature gradually decreases after the soaking stage, in which the thermal conduction and the heat carried by the liquid production are principally considered.



(3) Both heat transfer processes between the steam and the reservoir and the steam condensation process are completed instantly. The curves of oil-water relative permeability and oil viscosity vs. temperature are shown in Figure 2 and Figure 3. They are based on the experimental test results using the oil sample from the Jinzhou 23-2 block, CNOOC. This is a composite reservoir composed of cold, hot water and steam zones. The temperature in the steam zone is homogeneous, while the temperature in the hot water zone decreases linearly from the temperature in the steam zone to the initial reservoir temperature.



(4) The steam overlay can aggravate the extent of thermal loss; therefore, the shape coefficient and radius ratio between overburden and underburden are introduced to calculate the equivalent heating radius.



(5) The TPG is the function of oil mobility, i.e., the permeability divided by the oil’s viscosity. Specifically, the heavy oil is heated for the steam and hot water zones, involving Newtonian flow behavior, while the crude in the cold zone should be treated as non-Newtonian fluid, as we have considered.




3. Model Description


3.1. Heating Radius


The multilayer heavy oil reservoir comprises several thin layers that are separated by impermeable interlayers. The steam is injected into the reservoir by the commingled injection method, and it can only enter into the permeable layers. Therefore, it is necessary to determine the steam splitting amount for each layer. Hou et al. [23] proposed a method of formation factor distribution, which can be expressed as,


   i  s , j   = I ·    K j   h j      ∑  j = 1  Z    K j   h j       



(1)







3.1.1. The Heating Radius of the Steam Zone


During the steam injection process, the density difference between the steam and the crude causes the phenomenon of gravitational differentiation; then, the steam tends to accumulate at the top of the reservoir, i.e., steam overlay. Relevant studies indicate that the degree of steam overlay directly affects the heat conduction between the oil-bearing layer and overburden (underburden), and it further reduces the heat utilization efficiency in the CSS process. Concerning the effects of steam overlay, Lai et al. [24] and Tian et al. [25] postulated that the steam zone is a circular truncated cone centering on the thermal production well; they then obtained the equivalent heating radius based on generalizing using the Marx–Langenheim method. In the process of solving for the heating radius of the steam zone, two intermediate variables are introduced, including the shape coefficient and the radius ratio between the overburden and underburden; the shape coefficient can be expressed as,


   A  r d   =      μ s   i  s , j     π    d o  −  d s      g  h j   2   k  s , j    d s       



(2)







Based on several assumptions of van Lookeren’s theory [22], there is a correlation between the shape coefficient and radius ratio as follows,


   1     A  r d    2    = ln y −  1 2  +  1  2  y 2      y ≥ 1    



(3)







According to the principle of energy conservation, the rate of heat injected into the reservoir equals the increased energy rate in the oil-bearing layer and the thermal loss rate to the overburden (underburden), which can be expressed as,


     i  s , j   · x ·  L v  =  M R  ·   d  A  s 2     d t   ·    h j   3     y 2  + y + 1   ·    T s  −  T i    +    ∫ 0 t      λ e     T s  −  T i        π α   t − δ            d  A  s 1     d δ   d δ     +    ∫ 0 t      λ e     T s  −  T i        π α   t − δ            d  A  s 2     d δ   d δ    



(4)







The relationship between the overburden and underburden can be expressed as,


   A  s 1   =  y 2  ·  A  s 2   ,  A  s 2   = π  r b 2   



(5)







Solving Equation (4) using the Laplace transform and the inverse transform, the bottom heating radius can be obtained as,


   r b  =      y 2  + y + 1        y 2  + 1    2    ·    i  s , j   · x ·  L v  ·  h j  · λ   3 · π ·  λ e  ·    T S   T i      ·    e    9  t D    4  λ 2      1 +  y   y 2  + 1      2      e r f c     3    t D      2 λ   1 +  y   y 2  + 1         +  3 λ         t D   π        1 +  y   y 2  + 1       − 1      



(6)







In order to calculate the production rate quickly, the volume of the heating zone is equivalent to a cylinder, and the equivalent heating radius can be expressed as,


   r s  =    r b 2  ·    y 2  + y + 1  3     



(7)








3.1.2. The Heating Radius of the Hot Water Zone


For the hot water zone, it is assumed that the temperature decreases linearly from the temperature in the steam zone to the initial reservoir temperature; the expression of the energy conservation principle is as follows,


   i  s , j   ·      h  w s   −  h  w r       =  M R  ·   d  A h    d t   ·  h j  ·    T h  −  T i      +   2    ∫ 0 t      λ e     T h  −  T i        π α   t − δ            d  A h    d δ   d δ  



(8)







The temperature distribution in the hot water zone before soaking can be expressed as,


   T h  =    T s  −  T f     r h  −  r s      r −  r s    +    T s   



(9)







Substituting Equation (9) into Equation (8), then solving it by the Laplace transform and the inverse transform, the heating radius in the hot water zone can be obtained as,


   r h  =   −  b 0  +      b 0   2  − 4  a 0     c 0  −    A 0    2 π         2  a 0     



(10)




where,


   a 0  =    T s   6  −    T i   2  +    T f   3   



(11)






   b 0  =    r s  ·      T s  −  T f     6   



(12)






   c 0  =        T i   2  −    T s   3  −    T f   6      ·    r s 2   



(13)






   A 0  =    i s  ·    h  w s   −  h  w r     ·  h j  · λ   4  λ e    ·    e     t D     λ 2      e r f c        t D     λ    +  2 λ       t D   π    − 1    



(14)









3.2. The Temperature Variation and Distribution in the Heated Zone


3.2.1. The Temperature Variation of the Steam Zone


The temperature of this zone remains as the saturated vapor temperature at the end of the injection process, and the heated radius of the steam zone remains constant in a CSS cycle. During the soaking period, the temperature decreases gradually considering radial thermal loss and vertical thermal loss, which can be expressed as,


   T  s a v g   =  T i  + (  T s  −  T i  )  V  r s    V  z s    



(15)







The decreased level of temperature along the radial and vertical directions in a given time interval can be expressed respectively as,


   V  r s   =  1  1 + 5  O  r s     ,  O  r s   =   α ·  t b     r s 2     



(16)






   V  z s   =  1    1 + 5  O  z s       ,  O  z s   =   4 α ·  t b     h j 2     



(17)







Compared with the soaking period, the temperature further declines with thermal flux carried by fluids produced during the oil production phase, so the expression is as follows,


   T  a s   (  t p  , N , j ) =  T i  + (  T s  −  T i  )    V  r s    V  z s   ( 1 −  O s  ) −  O s     



(18)




where,


   O s  =      ∫ 0   t p      H  f s   d t      2 π  r s 2  ·  h j  ·  M R  · (  T  s a v g   −  T i  )    



(19)






   H  f s   (  t p  , N , j ) = (  Q o  (  t p  , N , j )  d o   V o  +  Q w  (  t p  , N , j )  d w   V w  ) · (  T  a s   (  t p  − 1 , N , j ) −  T i  )  



(20)






   O  r s   =   α ·    t b  +  t p       r s 2    ,  O  z s   =   4 α ·    t b  +  t p       h j 2     



(21)








3.2.2. The Temperature Distribution and Variation of the Hot Water Zone


After the injection process, the area weighting average temperature is obtained from Equation (9) as,


     T h   ¯  =      ∫   r s     r h     2 π r      T f  −  T s     r h  −  r s    ( r −  r s  ) +  T s    d r      π (  r h 2  −  r s 2  )    



(22)







Combining Equations (9) and (22), the radius corresponding to average temperature is obtained as,


     r h   ¯  =  2 3     r s 2  +  r s  ·  r h  +  r h 2     r s  +  r h     



(23)







Due to thermal loss from both radial and vertical directions, the average temperature variation can be expressed as,


   T  h a v g   =  T i  + (    T h   ¯  −  T i  )  V  r h    V  z h    



(24)







The decreased temperature along the radial and vertical directions in a given time interval can be expressed respectively as,


   V  r h   =  1  1 + 5  O  r h     ,  O  r h   =   α ·  t b         r h  −  r s     2     



(25)






   V  z h   =  1    1 + 5  O  z h       ,  O  z h   =   4 α ·  t b     h j 2     



(26)







Combining Equations (9), (23), and (24), the temperature distribution after the soaking period can be obtained as,


   T  h , s    r    =  T f  + (  r h  − r ) ·    T  h a v g   −  T f     r h  −    r h   ¯     



(27)







Similarly, the temperature variation during the oil production phase can be expressed as,


   T  a h   (  t p  , N , j ) =  T i  + (    T h   ¯  −  T i  )    V  r h    V  z h   ( 1 −  O h  ) −  O h     



(28)




where,


   O h  =      ∫ 0   t p      H  f h   d t      2 π    r h 2  −  r s 2    ·  h j  ·  M R  · (  T  h a v g   −  T i  )    



(29)






   H  f h   (  t p  , N , j ) = (  Q o  (  t p  , N , j )  d o   V o  +  Q w  (  t p  , N , j )  d w   V w  ) · (  T  a h   (  t p  − 1 , N , j ) −  T i  )  



(30)






   O  r s   =   α ·    t b  +  t p           r h  −  r s     2    ,  O  z s   =   4 α ·    t b  +  t p       h j 2     



(31)







Combining Equations (9), (23), and (28), the temperature distribution during the oil production phase can be obtained as,


   T  h , p    r    =  T f  + (  r h  − r ) ·    T  a h   (  t p  , N , j ) −  T f     r h  −    r h   ¯     



(32)









3.3. Threshold Pressure Gradient


Heavy oil could show the properties of the non-Newtonian fluid at low temperature. Yang et al. [37] and Wu et al. [21] established a productivity model of the CSS process, in which the TPG has been considered in the cold zone. It is commonly assumed that the TPG of heavy oil is related to oil viscosity and permeability. Sun [35] established an expression between oil mobility and the TPG by fitting experimental data. Figure 4 shows a typical correlation of the TPG for the unconsolidated sandstone heavy oil reservoirs, which varies with oil mobility. In this paper, this model will be used to describe the non-Newtonian flowing characteristics of heavy oil in a porous media.




3.4. Production Performance Model in a Multilayer Heavy Oil Reservoir


CSS is a pressure-declining recovery process. It indicates that the reservoir pressure decreases continuously with the fluid production. Therefore, a pseudo-steady state fluid flow model can be applied to estimate the production performance. Furthermore, the equivalent flow resistance principle is utilized to derive the production formula, in which the reservoir is composed of the cold zone, hot water zone, and steam zone.



For a particular thin layer reservoir, according to the theory of radial flow in the pseudo-steady state, its oil production rate can be expressed as,


   Q o  (  t p  , N , j ) =   0.0864    P  a v g      t p  , N , j   −  P  w f   − T P G ·    r e  −  r h         B o  ·  R o     t p  , N , j      



(33)







The fluid flow resistance in the cold zone is,


   R  o c      t p  , N , j     =    μ  o c     2 π  h j  K  K  r o c       ln    r e     r h    −  3 4  +    r h 2    2  r e 2       



(34)







Considering the temperature distribution in the hot water zone and the effects of temperature on the relative permeability curve and oil viscosity, the fluid flow resistance in the hot water zone can be expressed as,


   R  o h      t p  , N , j     =  1  2 π  h j  K      ∫   r s     r h        μ  o h      K  r o h        1 r  −  r   r e 2      d r     



(35)







The fluid flow resistance in the steam zone is,


   R  o s      t p  , N , j     =    μ  o s     2 π  h j  K  K  r o s       ln    r s     r w    −    r s 2    2  r e 2    + S    



(36)







According to the water-electricity similarity principle, the total oil phase seepage resistance can be expressed as,


   R o     t p  , N , j     =  R  o c      t p  , N , j     +    R  o h      t p  , N , j     +    R  o s      t p  , N , j    



(37)







Similarly, the water production rate can be expressed as,


   Q w  (  t p  , N , j ) =   0.0864    P  a v g      t p  , N , j   −  P  w f        B w  ·  R w     t p  , N , j      



(38)








3.5. The Evolution of Reservoir Dynamic Parameters


For the production rate formula of a particular thin layer reservoir, several dynamic parameters should be calculated, e.g., average reservoir pressure, average water saturation, average temperature, and cyclic residual heat. Furthermore, the oil viscosity and relative permeability can be obtained based on the corresponding viscosity-temperature correlation and oil-water relative permeability curve.



3.5.1. Average Reservoir Pressure


The injection of steam induces an increase in reservoir pressure, and the material balance equation can obtain it; the underground volume of injected steam equals the sum of the volume expansion of the pore and the volume compression of the reservoir fluids. The expression of the pressure at the end of the soaking period can be obtained by arranging the equation as follows,


   P  a v g , s   =  P i  +    G w  ·  B w    N ·  B o  ·  C e    +    N  o s   · (  T  s a v g   −  T i  ) ·  β e    N ·  C e    +    N  o h   · (  T  h a v g   −  T i  ) ·  β e    N ·  C e     



(39)







The principle is also applied to the oil production period; the underground volume of the produced fluids equals the sum of the volume expansion of the reservoir fluids and the volume compression of the pore. The average reservoir pressure during the oil production process can be expressed as,


     P  a v g , p   =  P  a v g , s   −    N w   B w  +  N o   B o    N ·  B o  ·  C e    −    N  o s   (  T  s a v g   −  T  a s   (  t p  , N , j ) ) ·  β e    N ·  C e        −    N  o h   (  T  h a v g   −  T  a h   (  t p  , N , j ) ) ·  β e    N ·  C e       



(40)




in which the comprehensive thermal expansion coefficient and the compressibility coefficient of the reservoir are expressed as respectively,


   β e  =  β o  +    β w  ·  S  w i      S  o i     +    β r  · ( 1 − ϕ )   ϕ ·  S  o i      



(41)






   C e  =  C o  +    C w  ·  S  w i      S  o i     +    C p    ϕ ·  S  o i      



(42)








3.5.2. Average Water Saturation


According to the conservation equation for the aqueous phase, the average water saturation in the heated zone equals the initial water saturation and the saturation variation caused by steam injection and water production. It can be expressed as [11],


   S w  =  S  w i      d  w i      d w    +    G w  −  N w    φ π  r h 2   h j     



(43)








3.5.3. Cyclic Residual Heat


Generally, there is residual heat in the heated zone when a new CSS cycle begins. From the second CSS cycle, it is assumed that the reservoir remains at the initial temperature; thus, the calculation of the heating radius needs to combine the steam injection rate and the residual heat of the last cycle. The cyclic residual heat of the steam zone and the hot water zone can be expressed as respectively,


   E  r s   = π  r s 2   h j   M R     T  a s   (  t p  , N , j ) −  T i     



(44)






   E  r h   = π    r h 2  −  r s 2     h j   M R     T  a h   (  t p  , N , j ) −  T i     



(45)








3.5.4. Oil Viscosity


Considering that the viscosity of heavy oil is usually given with a viscosity-temperature table, viscosity and temperature show a linear relation on the ASTM coordinate chart. Therefore, the viscosity at any temperature can be obtained by interpolation on the ASTM coordinate. The linear relation is as follows,


  lg lg  μ o  = C − D lg T  



(46)








3.5.5. Oil-Water Relative Permeability Curve


The endpoints of the oil-water relative permeability curve are related to temperature, while the curve shape is similar at different temperatures. Meanwhile, the oil (water) relative permeability is a function of water saturation at a given temperature. For the CSS process, the procedure for determining oil-water relative permeability includes an interpolation of the oil (water) relative permeability at a specific temperature based on a given oil-water relative permeability table and shifting the curve based on the endpoints of different temperatures.



Thus, based on the above mathematical model, the productivity of the CSS well in a multilayer heavy oil reservoir can be obtained. Contrary to the previous published models, in our mode, the non-isothermal feature is considered. Specifically, the heated zone is comprised of a steam zone and a hot water zone. Simultaneously, the TPG effect is considered as a function of oil mobility, and the effect of the steam overlay is also considered.





3.6. Model Limitation


In Section 2, we assumed that the reservoir is homogeneous and isotropic. Another important assumption in our model is that the temperature in the hot water zone decreases linearly from the temperature in the steam zone to the initial reservoir temperature. Therefore, it indicates that for the heavy oil reservoirs with a serious permeability heterogeneity, our method is not available to predict the productivity of the CSS wells.





4. Calculation Procedure


The primary solution for the multilayer heavy oil reservoir production model consists of: determining the dynamic production data for a specific thin layer reservoir, e.g., the oil production rate, cumulative oil production, etc.; then, the data for the entire heavy oil reservoir can be obtained by synthesizing the data from all the formation layers. The detailed procedures are as follows:



(1) Inputting the required data, including the reservoir, thermophysical, and steam injection parameters.



(2) Splitting the amount of steam injected into each layer using the formation factor distribution method of Equation (1).



(3) Considering the steam overlay—the shape coefficient (Ard), radius ratio (y), and heating radius of the underburden (rb) are calculated in turn to determine the equivalent heating radius (rs) in the steam zone using Equation (7).



(4) Calculating the heating radius (rh) in the hot water zone by Equation (10).



(5) Calculating the average reservoir pressure, the average temperature in the steam zone, the average temperature in the hot water zone, the average water saturation, etc. at the end of the soaking stage by Equations (39), (15), (24), and (43). The oil production and the water production can then be obtained by Equations (33) and (38).



(6) Similarly, calculating the average reservoir pressure, the average temperature in the steam zone, the average temperature in the hot water zone, the average water saturation, etc. during the oil production period by Equations (40), (18), (28), and (43); then, oil production and water production can be obtained by Equations (33) and (38).



(7) Calculating the cyclic residual heat in the heated zone by Equations (40) and (41), respectively. The production performance of the different CSS cycles in a specific thin layer reservoir can be determined by repeating steps (3)–(7).



(8) The production performance of the multilayer heavy oil reservoir can be determined by repeating steps (2)–(7).



The simulation diagram for the above calculation process is shown in Figure 5.




5. Results and Discussion


5.1. Model Validation


Based on the above model, the production performance of a CSS well in a multilayer heavy oil reservoir can be obtained. In this section, the calculation results of our model will be compared against the simulation results of CMG software to validate the accuracy of this mode. The basic parameters used in the validation process are taken from an actual CSS well in the Jinzhou 23-2 block, CNOOC, as shown in Table 1. The oil-water relative permeability curve and the oil viscosity-temperature curve, respectively, are shown in Figure 2 and Figure 3. The comparison results are shown in Figure 6. As shown, a good agreement can be observed. The changing trends of the different curves are well-matched, including the oil production and water production. For the oil production results, the entire changing trends are very close, especially for the last two CSS cycles. The relative error of the cumulative oil production within three CSS cycles is about 2.20%, and the relative error of the cumulative water production within three CSS cycles is about 4.69%. Therefore, this indicates that our new model can provide an accurate prediction for the productivity of a CSS well in multilayer heavy oil reservoirs.




5.2. Sensitivity Analysis


5.2.1. Effect of Formation Factor


The simulated heavy reservoir applied in this paper includes five formation layers. As shown in Table 1, the reservoir thickness of the fourth layer is the highest. It indicates that the formation factor is different for each layer. The calculation results for each layer are shown in Figure 7. As shown, compared with the reservoir thickness (7.5 m) of the other four layers, the thickness of the fourth layer is 10 m. According to the method of splitting the steam amount, the fourth layer has a higher steam injection volume. In addition, its heating radius is 0.08 m greater than that of other layers (Figure 7a). Obviously, both greater reservoir thickness and greater heating radius are inclined to improve oil production. Therefore, it yields an increase of 1347.6 m3 on the cumulative oil production for the fourth layer of the reservoir.




5.2.2. Effect of Steam Overlay


Under the effect of the steam overlay, the steam will rise toward the reservoir top after it is injected into the reservoir. Currently, for the condition considering the effects of the steam overlay, a commonly-used method is based on van Lookeren’s theory [21]. From this theory, the shape coefficient and the radius ratio can be easily obtained. Then, the equivalent heating radius with the effect of the steam overlay in the steam zone can be calculated. Thus, the oil production rate and the cumulative oil production can be calculated. For the first CSS cycle, the detailed comparison of the equivalent heating radius and the cumulative oil production for the five formation layers are shown in Figure 8. As shown, for the case with the effect of the steam overlay, the heating radius is reduced by 0.14 m less than the other cases. Nevertheless, for the cumulative oil production, a slight distinction can be observed (see Figure 8b). Specifically, for the fourth layer, compared with the case without the effect of the steam overlay, the cumulative oil production is reduced by about 24 m3. This indicates that in a field application, the effect of the steam overlay is negligible.




5.2.3. Effect of Threshold Pressure Gradient (TPG)


Contrary to previous publications, in this paper, the TPG of the heavy oil is considered as a function of oil mobility, as shown in Figure 4. It indicates that the TPG of heavy oil is related to the formation permeability and oil viscosity. From Equation (33), it can be found that the consideration of the TPG will further reduce the effective pressure drop, and thus the oil production rate will be reduced. Figure 9 gives the calculation results with and without the consideration of the TPG. As shown, for the fourth formation layer, once the effect of the TPG is considered, the cumulative oil production will be decreased from 7382.1 m3 to 7312.9 m3. Thus, it can be seen that the difference is around 0.94%, and the effect of the TPG in this case can be neglected as well. Based on the TPG expression in Figure 4 and the oil viscosity in Figure 3, it can be determined that the oil viscosity is relatively low. Thus, a low TPG can be obtained.



In order to further demonstrate the effect of the steam overlay and the TPG, a new oil viscosity-temperature is selected, as shown in Figure 10. Compared with the previous oil viscosity (see Figure 3), a higher oil viscosity is applied in this case. Thus, by using the new oil viscosity, the cumulative oil production can be re-calculated, as shown in Figure 11. A significant difference can be observed. Because of the increase in oil viscosity, the TPG is increased, and thus the oil production rate is highly reduced. Simultaneously, compared with the steam overlay, the effect of the TPG is more significant. Compared with the simulation case, where both the effect of steam overlap and the TPG are neglected, the cumulative oil deviations caused by the steam overlap and the TPG are at around 80 m3 and 2500 m3, respectively.




5.2.4. Effect of Bottom Hole Pressure


Bottom hole pressure (BHP) is another important parameter that can significantly affect the oil production rate. In a field operation, changing the bottom hole pressure is a commonly used method for adjusting the oil production rate. In this section, the effect of bottom hole pressure on the recovery performance of the CSS well is simulated. The results are shown in Figure 12. As shown, as the BHP reduces, the pressure difference is increased, thus increasing the oil production rate. From Table 1, in this case, the initial reservoir pressure is 10 MPa. Thus, from Figure 12, it can be noted that as the BHP is reduced from 6 MPa to 4 MPa, the cumulative oil production will be increased from 30,987 m3 to 45,668 m3, indicating that a 2 MPa increase in pressure difference can increase the cumulative oil production by about 47% within three CSS cycles.






6. Summary and Conclusions


(1) A new production performance model for the cyclic steam stimulation process in multilayer heavy oil reservoirs is established in this paper. In order to consider the issue of multilayer formation, the parameter of the formation factor is applied to split the steam volume of each formation layer. Simultaneously, this model fully considers the effect of the steam overlay and the TPG. Contrasting with the previous models, the TPG model used in our method is a function of oil mobility. It can accurately reflect the non-Newtonian flow behavior of the heavy oil in porous media.



(2) By using the reservoir and fluid properties of an actual CSS well, the simulation results of our model are compared against the results of the CMG software to validate this model. A good agreement is observed, indicating that this model can accurately reflect the recovery performance of the CSS process in multilayer heavy oil reservoirs.



(3) A sensitivity analysis is conducted to discuss the effect of different factors (formation factor, steam overlay, TPG, and BHP) in multilayer heavy oil reservoirs. The results indicate that the effect of the steam overlay on the production process can be neglected. The consideration of the steam overlay slightly reduces the heating radius and the cumulative oil production. Comparatively, the effect of the TPG is higher, but it depends on the oil viscosity. A higher oil viscosity can indicate a higher TPG, and thus the TPG effect is enhanced.
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Nomenclature




	
Ah

	
area of hot water zone, m2




	
Ard

	
shape coefficient




	
As1, As2

	
interlayer area of steam zone, m2




	
Bo, Bw

	
volume factor




	
C, D

	
coefficient




	
Co, Cw, Cp, Ce

	
compressibility, MPa−1




	
ds, do, dw

	
density of steam, oil, water kg/m3




	
dwi

	
initial density of water, kg/m3




	
Ers, Erh

	
residual heat, kJ




	
Gw

	
total volume of cyclic injected steam, m3




	
h

	
reservoir thickness, m




	
Hfs, Hfh

	
heat flux carried by produced fluids, kJ/d




	
hwr

	
hot water enthalpy, kJ/kg




	
hws

	
saturated steam enthalpy, kJ/kg




	
I

	
total steam injection rate, kg/d




	
is

	
steam injection rate, kg/d




	
K

	
reservoir permeability, mD




	
Kroc, Kroh, Kros

	
oil relative permeability




	
ks

	
effective permeability of steam, mD




	
Lv

	
latent heat of vaporization, kJ/kg




	
M

	
cycle of steam stimulation




	
MR

	
reservoir heat capacity, kJ/(m3 °C)




	
N

	
total geological reserves, m3




	
Nos, Noh

	
geological reserves, m3




	
Nw, No

	
cumulative production, m3




	
Ors, Orh

	
radial dimensionless time




	
Os, Oh

	
correction coefficient for temperature drop




	
Ozs, Ozh

	
vertical dimensionless time




	
Pavg

	
average reservoir pressure, MPa




	
Pavg,p

	
average reservoir pressure (production), MPa




	
Pavg,s

	
average reservoir pressure (soaking), MPa




	
Pi

	
initial reservoir pressure, MPa




	
Pwf

	
bottom hole pressure, MPa




	
Qo, Qw

	
production rate, m3/d




	
r

	
the distance from wellbore, m




	
rb

	
bottom radius of steam zone, m




	
re

	
equivalent radius of drainage area, m




	
rh

	
radius of hot water zone, m




	
      r h   ¯    

	
the distance corresponding to      T h   ¯   , m




	
Ro, Rw

	
flow resistance, (MPa·d)/m3




	
rs

	
equivalent radius of steam zone, m




	
S

	
skin factor




	
Swi, Soi

	
initial saturation




	
t

	
injection time, d




	
T

	
temperature, °C




	
Tas, Tah

	
average temperature (production), °C




	
tb

	
soaking time, d




	
tD

	
dimensionless time




	
Tf

	
front temperature of hot water zone, °C




	
Th

	
temperature of hot water zone, °C




	
Th,p(r)

	
temperature distribution (production), °C




	
Th,s(r)

	
temperature distribution (soaking), °C




	
      T h   ¯    

	
average temperature (injection), °C




	
Ti

	
initial reservoir temperature, °C




	
tp

	
production time, d




	
TPG

	
threshold pressure gradient, MPa/m




	
Ts

	
injection temperature, °C




	
Tsavg, Thavg

	
average temperature (soaking), °C




	
Vo, Vw

	
specific heat capacity, kJ/(kg·°C)




	
Vrs, Vrh

	
radial thermal loss coefficient




	
Vzs, Vzh

	
vertical thermal loss coefficient




	
x

	
steam quality




	
y

	
radius ratio of overburden to underburden




	
Z

	
total layers of reservoir




	
Greek symbols




	
α

	
thermal diffusion coefficient of reservoir, m2/d




	
βo, βw, βr, βe

	
thermal expansion coefficient, °C−1




	
δ

	
time corresponding to heated area front, d




	
λ

	
heat capacity ratio of reservoir to interlayer




	
λe

	
thermal conductivity of reservoir, kJ/(d·m·°C)




	
μs, μo

	
viscosity of steam, oil, mPa·s




	
φ

	
porosity




	
Subscripts




	
c, h, s

	
cold zone, hot water zone, steam zone




	
j

	
a certain layer




	
o, w, r/p

	
oil phase, water phase, rock/rock pores




	
1, 2

	
top and bottom of reservoir
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Figure 1. A schematic diagram of a multilayer heavy oil reservoir; (a) conventional mode; (b) our mode. 
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Figure 2. Oil-water relative permeability at different temperatures. 
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Figure 3. Oil viscosity vs. temperature. 
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Figure 4. The relationship between the TPG and oil mobility [40]. 
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Figure 5. A flowchart for the calculation process of this model. 
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Figure 6. Simulation results—(a) Oil production rate and cumulative oil production; (b) Water production rate and cumulation water production. 
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Figure 7. Simulation results for different formation layers—(a) Heating radius; (b) Cumulative oil production. 
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Figure 8. Calculation results on the effect of the steam overlay—(a) Heating radius; (b) Cumulative oil production. 
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Figure 9. Calculation results on the effect of the TPG. 
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Figure 10. The viscosity-temperature curve of a higher oil viscosity. 
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Figure 11. The effect of the steam overlay and TPG on the cumulative oil production. 
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Figure 12. The effect of bottom hole pressure. 
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Table 1. The basic parameters used in this study.
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Stage

	
Parameters

	
Value






	
Basic parameters

	
Reservoir thickness, m

	
7.5 * 3 + 10 + 7.5




	
Porosity, decimal

	
0.28




	
Permeability, mD

	
1200




	
Initial reservoir pressure, MPa

	
10




	
Initial reservoir temperature, °C

	
40




	
Initial water saturation, decimal

	
0.33




	
Reservoir compressibility, MPa−1

	
0.0055




	
Wellbore radius, m

	
0.1




	
Bottom hole pressure, MPa

	
6




	
Thermal conductivity of reservoir, kJ/(d·m·°C)

	
163.4




	
Thermal conductivity of interlayers, kJ/(d·m·°C)

	
105.5




	
Heat capacity of reservoir, kJ/(m3·°C)

	
2575




	
Heat capacity of interlayers, kJ/(m3·°C)

	
2200




	
Oil thermal expansion coefficient, °C−1

	
0.00045




	
Water thermal expansion coefficient, °C−1

	
0.00015




	
Oil specific heat capacity, kJ/(kg·°C)

	
2.1




	
Water specific heat capacity, kJ/(kg·°C)

	
4.2




	
Steam injection parameters

	
Injection time, d

	
15




	
Soaking time, d

	
5




	
Production time, d

	
360




	
CSS cycles, dless

	
3




	
Steam injection rate, t/d

	
300




	
Injection temperature, ·°C

	
340




	
Steam quality, decimal

	
0.4
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