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Abstract


Minimum miscible pressure (MMP) is an essential design parameter of gas flooding for enhanced oil recovery (EOR) applications. Researchers have developed a number of methods for MMP computations, including the analytical methods, the slim-tube simulation method, and the multiple-mixing-cell (MMC) method. Among these methods, the MMC method is widely accepted for its simplicity, robustness, and moderate computational cost An important version of the MMC method is the Jaubert et al. method which has a much lower computational cost than the slim-tube simulation method. However, the original Jaubert et al. method suffers several drawbacks. One notable drawback is that it cannot be applied to the scenario where the oil-gas MMP is lower than the saturation pressure of the crude oil. In this work, we present a modified MMC method that is more versatile and robust than the original version. Our method can handle the scenario where the oil-gas MMP is lower than the saturation pressure of the crude oil. Besides, we propose a modified MMC model that can reduce the computational cost of MMP estimations. This modified model, together with a newly proposed pressure search algorithm, increases the MMP estimation accuracy of the modified method. We demonstrate the good performance of the modified MMC method by testing it in multiple case studies. A good agreement is obtained between the MMPs calculated by the modified method and the tie-line-based ones from the literature.
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1. Introduction


Gas flooding is one enhanced oil recovery (EOR) method that injects CO2 or other gases into reservoirs to displace oil. It has been researched and applied in the fields since the 1950s [1,2,3]. Since 2006, the gas flooding projects account for more than half of all the EOR projects worldwide [4], showing the utmost importance of this EOR method. To obtain a high recovery factor in a gas flooding project, the injected gas should develop miscibility with the in-situ oil [5]. This minimum pressure, at which the miscibility is reached, is defined as the minimum miscibility pressure (MMP). MMP is an essential design parameter of gas flooding projects.



There are various experimental and computational methods to determine MMP. Experimental methods include the rising bubble experiment method [6,7], the vanishing interfacial tension method [8,9], and the slim-tube method [5,10,11]. Among these methods, the slim-tube method is an industrially accepted experimental method. Its procedure is briefly summarized as follows. At a given pressure level (such as the bubble point pressure of the reservoir oil), we conduct a displacement test by injecting gas into a slim-tube apparatus to displace oil. We then record the oil recovery factor when the injected gas volume reaches 1.2 times the slim-tube pore volume (PV). This displacement test is repeated at increased pressure levels. The oil recovery factors corresponding to 1.2 PV injection are plotted against pressure. The MMP can be finally determined as the pressure at the inflection point of the trend line exhibited by the data points. Slim-tube experiments are not only easy to implement but also capable of providing reliable MMP measurements [12]. However, as an experimental method, the slim-tube method is inevitably costlier and more time-consuming than its counterpart slim-tube simulation method.



The slim-tube simulation method [13,14,15] is a straightforward computational method to estimate MMP by simulating the slim-tube experiments in a fine one-dimensional (1D) compositional simulation model. Such a 1D model consists of a row of multiple grid cells. To increase the estimation accuracy of the numerical model, an important treatment is to calculate the extrapolated infinite-cell recovery factor. For example, as in Høier’s implementation [15], three numerical displacement tests are conducted by 100-, 200- and 500-grid-cell models, respectively, to record three recovery factors. The three recovery factors are used to fit a pre-defined curve model and the fitted curve is extrapolated to obtain the infinite-cell recovery factor. This exercise is then repeated at different pressure levels. Similar to the real slim-tube experiments, the final step is to identify the inflection point in the plot of recovery factor vs. pressure.



The slim-tube simulation method can be further simplified as the multiple-mixing-cell (MMC) method [16] where a grid cell is simplified as a mixing cell. Specifically, in each mixing cell, flow dynamics are neglected and only the isobaric-isothermal (PT) equilibria of oil and gas mixtures are considered. Similarly, this MMC method consists of two key parts. The first part is the 1D numerical MMC model (a simplified slim-tube simulation model) that can generate the infinite-cell recovery factors, while the second part is the specific pressure search algorithm for MMP determination. Originally, this MMC model was designed to perform oil vaporization calculations by Cook et al. [17]. It was later modified by Metcalfe et al. [18] and Pederson et al. [19] to study miscibility mechanisms. Jaubert et al. [16] successfully applied this MMC model for MMP estimations. In the following discussion, we refer to this method as the J-MMC method and the corresponding numerical model as the J-MMC model.



Figure 1 shows a simple schematic of the J-MMC model. In Figure 1, we have used 5 mixing cells and 5 batches, forming a 5 × 5 matrix. The topology of the matrix is controlled by three key parameters, i.e., cell number (analogous to grid number), batch number (analogous to time step number), and gas-oil mixing ratio (  G O R  ). In the matrix, each row represents the 1D model at one batch (time step). Note that the parameter   G O R   is irrelevant to the conventional definition in the oil and gas industry, but it can be interpreted as the “injection speed” of gas in the 1D model. Figure 2 shows the simulation workflow of the 1D model at a certain batch and at a specified pressure. As shown in Figure 2, a specified volume of gas is “injected” and mixed with the oil in the 1st cell. In the mixing at the 1st cell, the ratio of the injected-gas volume to the original oil volume in the 1st cell is defined as   G O R  . To calculate the fluid’s volume at equilibrium after mixing, one PT phase equilibrium calculation is conducted. At equilibrium, the fluid in the 1st cell will expand and the “excessive” volume as defined by Jaubert et al. [16] will be transferred to the 2nd cell and contact the oil therein. Figure 3 shows the detailed procedure to transfer the excessive fluid [16]. As shown in Figure 3, if the fluid at equilibrium appears as a single phase (scenario 1), directly transfer the excessive volume; if the fluid at equilibrium appears as two phases and the liquid phase volume is smaller than the cell volume (scenario 2), transfer a part of the vapor phase; if the fluid at equilibrium appears as two phases and the liquid phase volume is larger than the cell volume (scenario 3), transfer the whole vapor phase and a part of the liquid phase. We repeat such transferring calculations until reaching the last cell from which the excessive volume is finally “produced”. Subsequently, we proceed to the next-batch calculations by using the same amount of injected gas. The calculation is completed until a total of 1.2 PV of gas is injected. Eventually, the oil recovery factor of this n-cell model at a specified pressure level can be determined as the summation of the produced oil volumes from all the batches divided by the original oil volume in the n-cells, both at the standard condition.



In the J-MMC method, different from the previous slim-tube simulation method, we only need to conduct one simulation run by using the largest number of required cells to calculate the infinite-cell recovery factor. For example, as stated by Jaubert et al. [16], only a simulation run using a 500-cell model needs to be conducted, from which the 50-, 100-, 200-, and 500-cell recovery factors can be obtained at the same time. These four data points are used to fit a linear model (i.e., a straight line) and the fitted model is extrapolated to calculate the infinite-cell recovery factor. Besides, a pressure search algorithm is executed to determine three pressure points to calculate the corresponding infinite-cell recovery factors. Then, the three points of infinite-cell recovery factor vs. pressure are used for fitting an exponential model. Finally, the pressure corresponding to a 97% recovery factor is determined as MMP [16].



Except for the J-MMC method, Ahmadi and Johns [20] proposed another state-of-the-art MMC method, and its computational efficiency is further improved by Zhao et al. [21]. Similarly, we refer to this method as the AJ-MMC method and the corresponding numerical model as the AJ-MMC model. Different from the J-MMC method, the AJ-MMC method applies the zero-tie-line-length criterion to find the MMP at which the corresponding minimum tie-line length is zero. Such methodology originates from the analytical method-of-characteristics (MOC) method [22,23,24,25,26,27]. One notable innovation of the AJ-MMC method is that the authors design a “triangular” MMC model that can calculate all the tie-line lengths numerically at a specified pressure. Besides, a new pressure search algorithm is implemented to update pressure values until the MMP is determined. On the one hand, Ahmadi and Johns [20] prove that the estimation accuracy of the AJ-MMC method is as high as the MOC method. On the other hand, the AJ-MMC method can only handle two-phase equilibria. The corresponding three-phase version of the AJ-MMC method [28] shows that the zero-tie-line-length criterion is not strictly valid in a three-phase displacement case.



Both the J-MMC and AJ-MMC methods can estimate MMPs in a faster way than the slim-tube experiments and the slim-tube simulations. But only the J-MMC method can provide the recovery factor information as the AJ-MMC model contains non-physical mechanisms. Another important feature of the J-MMC method is that the procedure to transfer the excessive fluid volume is physical and general, making it naturally extendable to handle three hydrocarbon phases. This indicates that this method can be used to estimate MMPs of three-phase displacement cases with little modifications.



However, to the best of our knowledge, the MMP estimation accuracy of the J-MMC method has yet been compared with the tie-line-based methods (the AJ-MMC and MOC methods). Our first work is to compare the original J-MMC method to the tie-line-based methods. Appendix A shows the detailed comparison. We obtain two observations from the comparative analysis. Firstly, the MMPs obtained from the J-MMC method are less accurate than the ones from the tie-line-based methods. Secondly, the pressure search algorithm of the J-MMC method fails in several cases, including the case where the oil-gas MMP is lower than the saturation pressure of the crude oil.



Therefore, the motivation of this paper is to propose a modified MMC method based on the original J-MMC method to increase its robustness, improve its estimation accuracy, and enhance its computational accuracy. This paper is organized as follows. In “Methodology”, we provide a modified MMC model and a new pressure search algorithm. In “Results and Discussion”, we verify the improvements of the modified method and apply the method to estimate the MMPs of several two-phase displacement cases. The MMP estimates are compared with the ones calculated by the original J-MMC method, tie-line-based methods, and slim-tube methods. Finally, the conclusions are drawn in “Conclusions”.




2. Methodology


The new MMC method contains two key parts, i.e., the modified MMC model, and a new pressure search algorithm. The PT phase equilibrium calculation algorithm is the kernel of the MMC method for calculating the number of equilibrium phases, their compositions, and volumes after mixing. We implement a stepwise algorithm workflow where a stability test is implemented before the flash calculation to provide a good initial guess for the flash calculation [29,30]. For both the stability test and flash calculation, we use a sequential strategy that combines the successive substitution (SS), the second-order Newton’s method, and a switch-back option when infeasible conditions are encountered in Newton’s method [31]. Note that the initial guesses used in the stability test are summarized by Pan et al. [32], and we use the Peng-Robinson equation of state [33] in all the phase equilibrium calculations. In the following subsections, the modified MMC model and the pressure search algorithm will be introduced in detail.



2.1. Modified MMC Model


There are three core assumptions in the MMC model [34]:




	
Perfect mixing in each cell;



	
No physical dispersions between cells;



	
No capillary force.








The original J-MMC model is a one-dimensional model with three key parameters, i.e.,   n c   (cell number),   n b   (batch number), and   G O R   (gas-oil mixing ratio). As shown in Figure 2, one PT calculation is conducted in each cell. In a complete simulation run, the total number of PT algorithm calls (   N  P T    ) is given by [16],


   N  P T   = n c × n b = n c ×   1.2 × n c   G O R   =   1.2 × n  c 2    G O R   .  



(1)







In Equation (1),    N  P T     is a function of both   n c   and   G O R  .    N  P T     can be largely increased with a decrease in   G O R  . For example,   n c   and   G O R   are set to 500 and 1/3 in the original J-MMC model, resulting in a large    N  P T    .



Our modification is to get rid of changing   G O R   (set as a constant of one) and introduce a new mechanism of dividing one cell into sub-cells with the same volume. In other words, we keep the “injection speed” unchanged but enlarge the model size to increase the computational accuracy. Figure 4 illustrates the displacement workflow of the two-sub-cell model at a certain batch. As shown in Figure 4, the sub-cells are used to transfer excessive fluid within one original mixing cell, and the simulation workflow keeps unaltered. As one PT calculation is conducted in each sub-cell, the total number of PT algorithm calls (   N  P T  ′   ) in the modified model is given by,


   N  P T  ′  =  (  2 × n c  )  × n b =  (  2 × n c  )  ×  (  1.2 × n c  )  = 2.4 × n  c 2  .  



(2)







Equation (2) shows that    N  P T  ′    equals two-third of    N  P T     when   G O R = 1 / 3  . The use of two sub-cells in each cell leads to a better mixing efficiency because there are two mixing events taking place in each cell. Although the number of PT calculations will be increased due to the use of two sub-cells, it will be shown in the “Results and Discussion” section that the use of two sub-cells leads to a more accurate MMP determination without imposing an additional computational load.



In one simulation run, the   n  c j   -cell recovery factor at a specified pressure  p  (  r f  (  n  c j  , p  )   ) is expressed as,


  r f  (  n  c j  , p  )  =     ∑   i = 1   n b    V  o i l , s c   p r o d    (  i , n  c j  , p  )    n  c j  ×  V  o i l , s c  0   ( p )    ,  



(3)




where   n  c j  ∈ N C =  {  n  c 1  , n  c 2  , n  c 3  , …  }    and   N C   is a user-defined integer array;    V  o i l , s c   p r o d    (  i , n c , p  )    represents the produced oil volume at the   n c   cell, at the ith batch, and at the standard condition;    V  o i l , s c  0   ( p )    is the initial oil volume in each cell at the standard condition. Each   n  c j    in the array     N C   corresponds to a recovery factor to be calculated by Equation (3). We can then obtain the dataset    {  R  F T  ,   N  C T   }   , where


  R F =  {  r f  (  n  c 1  , p  )  , r f  (  n  c 2  , p  )  , … , r f  (  n  c j  , p  )  , … | n  c j  ∈ N C  }   



(4)







Using this dataset, we can estimate the infinite-cell recovery factor by fitting a second-order polynomial model (  r  f  p o l y    (  n c , p  )   ) in terms of   1 /   n c     as given below [15],


  r  f  p o l y    (  n c , p  )  = A +  B    n c     +  C  n c    



(5)




where A, B, and C are three to-be-determined coefficients.



The fitted model is extrapolated to yield the infinite-cell recovery factor (  r  f ∞   (  p , N C  )   ),


  r  f ∞   (  p , N C  )  = A .  



(6)







As pointed out by Jaubert et al. [16], we need only a single run by using   n c = max  {  n  c j  | n  c j  ∈ N C  }    to obtain the complete data set    {  R  F T  ,   N  C T   }   .




2.2. Pressure Search Algorithm


We define a modified fitting model to describe how recovery factor (  r  f ∞   ) changes with an increase in pressure. This model is given by,


  D ×    (  1 − r  f ∞   (  p , N C  )   )   E  + F = ln  ( p )  ,  



(7)




where D, E, and F are three to-be-determined coefficients, and the value of  E  becomes an estimation of MMP when   r  f ∞   (  p , N C  )  → 1  . The corresponding dataset used for fitting Equation (7) is    {    ( R  F ∞  )  T  ,    P T   }   , where


  R  F ∞  =  {  r  f ∞   (   p 1  , N C  )  , r  f ∞   (   p 2  , N C  )  , … , r  f ∞   (   p n  , N C  )  , … |  p n  ∈ P  }  .  



(8)







Another two definitions used in the algorithm are, respectively, the numerical slope  k  and the fitting weight  w  for pressure    p n   . The slope  k  is defined as,


  k  (   p n  , N C  )  =   r  f ∞   (   p n  , N C  )  − r  f ∞   (   p  n − 1   , N C  )     p n  −  p  n − 1     ,   n ≥ 2  



(9)







The weight  w  is defined in the weighted-curve-fitting objective function. The objective function (S) is expressed as [35],


  S =   ∑   i = 1  n   w i     (  r  f i ∞  −     r f  ^   i ∞   )   2  ,  



(10)




where   r  f i ∞    is the infinite-cell recovery factor calculated by Equation (6) and       r f  ^   i ∞    is the modeled infinite-cell recovery factor calculated by Equation (7). Note that we can define the unweighted-fitting objective function simply by setting all weights in Equation (10) to one. In Equation (10), the weight  w  is defined as [35],


  w  (   p n  , N C  )  =  1   σ 2   (  R F  )    ,  



(11)




where    σ 2    represents the variance of array     R F  .



Presented below is the detailed numerical procedure for MMP determination:



	
Estimate roughly the bubble point pressure    p b   , define   N  C 0    with small cell numbers (such as   N  C 0  =  {  10 , 20 , 30  }   ) and calculate   r  f ∞   (   p b  , N  C 0   )   .    p b    can be rounded as a multiple of 10;



	
Take    p b    as the first point and build an initial dataset    {    ( R  F  i n i t  ∞  )  T  ,    P  i n i t  T   }    that satisfies    P  i n i t   =  {  … ,    p b  − Δ p ,    p b  ,    p b  + Δ p ,   …  }    with a constant difference   Δ p   and   ∀ p ∈  P  i n i t    (  0.1 < r  f ∞   (  p , N  C 0   )  < 1  )   . The initial value of   Δ p   can be 10 bar;



	
Using the definition in Equation (9), calculate the slopes from the second point in the initial dataset and find the slope increasing dataset    {    ( R  F  i n c r  ∞  )  T  ,    P  i n c r  T   }    that satisfies the following conditions:    P  i n c r   ⊆  P  i n i t     and   ∀  p n  ∈  P  i n c r    (  k  (   p n  , N  C 0   )  ≤ k  (   p  n + 1   , N  C 0   )  ,   n ≥ 2  )    and   ∀ p ∈  P  i n c r   ( r  f ∞   (  p , N  C 0   )  > 0.3 )  . If the number of elements in    P  i n c r     is smaller than 5, decrease   Δ p   and go back to step 2;



	
Define the slope increasing interval as    [  min  (   P  i n c r    )  , max  (   P  i n c r    )   ]    and choose   N C   with relatively larger cell numbers (such as   N C =  {  100 , 200 , 300 , 400  }   ) to increase the computational accuracy;



	
Select three pressure values (   p 1   ,    p 2   , and    p 3   ) that increase with a constant interval inside the bottom 25% of      [  min  (   P  i n c r    )  , max  (   P  i n c r    )   ]   . The value of the interval can be   Δ p   or   Δ p / 2  . The three points are the initial points in a new dataset    {    ( R  F  i n c r 1  ∞  )  T  ,    P  i n c r 1  T   }    to calculate the infinite-cell recovery factors with   N C  . Fit these three consecutive points at these three pressures using Equation (7) to obtain an initial MMP (  M M  P  i n i t ,   1    ). Determine a new pressure as follows,








    p  3 + 1   =  p  2 + 1   +  1 3  ×  (  M M  P  i n i t ,   1   −  p  2 + 1    )    



(12)







If   r  f ∞   (   p  3 + 1   , N C  )  − r  f ∞   (   p  2 + 1   , N C  )  > 10 %  , reset    p  3 + 1     as,


   p  3 + 1   =  p  2 + 1   +  1 3  ×  (   p  3 + 1   −  p  2 + 1    )   



(13)







Once the fourth pressure    p  3 + 1   =  p 4    is obtained, start the iteration as follows. In this iteration, we specify     i   as the index of the initial MMPs (  M M  P  i n i t ,   i    ,   i ≥ 2  ). Fit the three consecutive points at    p i   ,    p  1 + i    , and    p  2 + i     using Equation (7) to obtain a new initial MMP (  M M  P  i n i t ,   i    ). Determine a new pressure as follows,


   p  3 + i   =  p  2 + i   +  1 3  ×  (  M M  P  i n i t ,   i   −  p  2 + i    )  ;  



(14)







If   r  f ∞   (   p  3 + i   , N C  )  − r  f ∞   (   p  2 + i   , N C  )  > 10 %  , reset    p  3 + i     as,


   p  3 + i   =  p  2 + i   +  1 3  ×  (   p  3 + i   −  p  2 + i    )  ;  



(15)







Add the pair    {  r  f ∞   (   p  3 + i   , N C  )  ,  p  3 + i    }    into the dataset    {    ( R  F  i n c r 1  ∞  )  T  ,    P  i n c r 1  T   }    iteratively until   r  f ∞   (   p  3 + i   , N C  )  > 0.8   or   k  (   p  3 + i    )  ≤ k  (   p  2 + i    )   . Such a pressure searching algorithm is inspired by the work by Ahmadi and Johns [20].



	6.

	
Build the final estimation dataset    {    ( R  F  e s t  ∞  )  T  ,    P  e s t  T   }    that satisfies    P  e s t   ⊆  P  i n c r 1     and   ∀ p ∈  P  e s t   ( 0.3 < r  f ∞   (  p , N C  )  < 0.8 )  .




	7.

	
Fit Equation (7) with    {    ( R  F  e s t  ∞  )  T  ,    P  e s t  T   }    and the corresponding weights defined by Equation (11), and then calculate   M M  P 1    (the 1st MMP estimation) by extrapolating the fitted model to   r  f ∞  = 1  ; Fit Equation (7) again with    {    ( R  F  e s t  ∞  )  T  ,    P  e s t  T   }    directly without applying any weights, and calculate   M M  P 2    (the 2nd MMP estimation) by extrapolating the fitted model to   r  f ∞  = 1  . Determine the final MMP as the mean of the two previous MMP estimations.







In summary, the overall procedure consists of four essential steps. First, we obtain an initial dataset of   r  f ∞    vs.  p  using small cell numbers (  N  C 0   ). Secondly, we determine the slope increasing interval over which the slope defined by Equation (9) is monotonically increasing. Thirdly, we build a new dataset of   r  f ∞    vs.  p  using larger cell numbers (  N C  ). Fourthly, we determine MMP by fitting Equation (7) with the new dataset of   r  f ∞    vs.  p . Figure 5 shows the flowchart of the detailed numerical procedure.





3. Results and Discussion


We use the same five example cases (cases a to e) as examined in Appendix A. In the following calculations, we use a two-sub-cell MMC model. We firstly demonstrate how the modified method leads to improved recovery factor calculations. Then we list the MMPs estimated by the modified method and compare them with the ones from the literature, especially the ones calculated by the tie-line-based methods.



3.1. Improvements on Recovery Factor Calculations


At a specified pressure level, we calculate the recovery factors by using the modified model with required cell numbers. These recovery factors are used to estimate the infinite-cell recovery factor. There are two improvements, namely, one on the recovery factor calculations, and one on the infinite-cell recovery factor estimations.



To show the improvement in the recovery factor calculations, we compare the recovery factors at specified pressures and cell numbers calculated by four different models. These models are the modified J-MMC model and the three J-MMC models with different GORs. Table 1 and Table 2 list the comparison of the recovery factors of case a at 130 bar and case b at 180 bar, respectively. On each row of the two tables (i.e., for the same model), a model with a larger model size yields a larger (i.e., more accurate) recovery factor. This statement also holds for the three J-MMC models on one column (i.e., at a fixed cell number). But the recovery factor calculated by the modified model is the largest one on each column. This indicates that the modified model is more accurate than the original J-MMC model under the same GOR of 1/3. By comparing the total numbers of PT calculations runs, it is apparent that the modified model is also more cost-efficient than the original J-MMC model.



We then conduct another comparative study to illustrate the improvement of the infinite-cell recovery factor estimations. In this comparison, we fit the new second-order polynomial model and the original linear model (from the J-MMC method) in four different scenarios. The four scenarios are 157.37 bar of case a, 160 bar of case b, 212.43 bar of case b, 89.07 bar of case c. In each scenario, we calculate eight recovery factors using the 100-, 200-, …, 800-cell models. For each curve fitting exercise, the first four recovery factors (i.e., the recovery factors calculated by the 100-, 200-, 300-, and 400-cell models) are used for fitting, while the last four (i.e., the recovery factors calculated by the 500-, 600-, 700-, and 800-cell models) are used to evaluate the performance of the fitting. Figure 6, Figure 7, Figure 8 and Figure 9 show the curve fitting results for the four scenarios. In Figure 6, the fitted linear and polynomial models are similar, and both can well predict the last four recovery factors. In Figure 7, Figure 8 and Figure 9, the fitted polynomial model better predicts the recovery factors marked by squares. In general, the fitted curves by the second-order polynomial model demonstrate a better fitting quality. Thus, the new fitting model can provide more reasonable predictions on infinite-cell recovery factors.




3.2. Example Calculation


We use the modified MMC method to estimate the MMPs of the five two-phase displacement cases. To begin with, we presented an example calculation of case a to show how to implement the new pressure search algorithm.



The first step of the algorithm is to generate the dataset of   r  f ∞    vs.  p  with the cell number   N  C 0    and determine the slope increasing interval. Figure 10 shows this dataset (   {    ( R  F  i n i t  ∞  )  T  ,    P  i n i t  T   }   ) represented by a line with triangles and the corresponding slopes represented by crosses. We define the interval, where the slope is monotonically increasing, as the slope increasing interval. As shown in Figure 10, the slope increasing interval is determined as [100 bar, 160 bar]. Next, we select three pressure values in the interval to initiate the calculation of a new dataset of   r  f ∞    vs.  p  with the cell number   N C  . After calculating   r  f ∞    at the selected three pressures, we iteratively identify the additional pressure levels using Equations (14) and (15). Using the updated pressure levels, we further calculate   r  f ∞    until the termination criteria are satisfied. Figure 11 shows the new dataset of   r  f ∞    vs.  p  and the related data to determine the final MMP. As shown in Figure 11, we obtain two fitted curves with weighted and unweighted fittings, respectively (see Equations (10) and (11)). The two curves will intersect with the horizontal line corresponding to a recovery factor of 1. The two intersection points will be the two MMPs estimated by the modified J-MMC method. The MMPs estimated from the weighted and unweighted fittings are labeled as the 1st and the 2nd MMP estimations, respectively. The final MMP is determined as 155.74 bar, which is the mean value of the two MMP estimations.




3.3. Comparison of MMPs Estimated by Different Methods


Using the same procedure, we estimate the MMPs of the remaining four cases. The MMPs calculated by the modified J-MMC method, together with the values calculated by the original J-MMC method, are compared with the ones from the literature. Table 3 shows the detailed comparison result. Table 4 shows the relative errors of the MMPs calculated by the modified J-MMC method and the original J-MMC method. The relative errors are obtained by treating the reference MMPs from the literature as true values. As shown in Table 3 and Table 4, the new MMPs calculated by the modified method are in better agreement with the ones calculated by the AJ-MMC method, the MOC method, and the slim-tube methods. Besides, our method successfully determines the MMPs of cases b to d, while the original J-MMC method fails to predict MMPs for these three cases (as shown in Table A1). Note that the oil-gas MMPs of cases b and c (estimated by the modified MMC method) are lower than the oil saturation pressures, while the oil-gas MMP of case d (estimated by the modified MMC method) is higher than the oil saturation pressure.





4. Conclusions


In this work, we develop a modified MMC method based on the original J-MMC method. The following conclusions are drawn:




	
We propose a new MMC model where one mixing cell is divided into two sub-cells with the same volume. With this feature, the new MMC model can estimate the infinite-cell recovery factor in a more accurate and cost-efficient manner.



	
A new pressure search algorithm is proposed to provide a reliable MMP estimation. This algorithm can handle the case where the oil-gas MMP is lower than the saturation pressure of the crude oil.



	
The case studies demonstrate that the MMPs calculated by the modified J-MMC method are in better agreement with the ones from the literature, indicating that the modified J-MMC method is more accurate than the original one.



	
The method assumes a maximum of two hydrocarbon phases will be encountered when displacing the oil. It is logical to further extend the application of the new method to handle the cases where three-phase equilibria will be encountered. But such a J-MMC method would require a robust three-phase equilibrium calculation algorithm. This topic will be pursued in our future works.
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Appendix A


To validate the estimation accuracy of the original J-MMC method, we select 5 two-phase displacement cases studied in the literature. Case a is a four-component case where a three-component oil is displaced by a two-component injected gas [20,24]. Case b is a 12-component case where a 12-component oil is displaced by a 5-component gas [20,25,36]. Case c is a 10-component case where a 10-component oil is displaced by pure CO2 [20,24]. Case d is a 12-component case where a 12-component oil is displaced by a 5-component gas [25,36]. Case e is a 15-component case where a 15-component oil is displaced by a 13-component gas [15,25]. Appendix B lists the properties of the hydrocarbon fluids and the injected gases.



We use the original J-MMC method to calculate the MMPs of the 5 cases. Table A1 shows the calculated MMPs and the detailed calculation procedure of the pressure search algorithm. The algorithm aims to find three acceptable pressure values within the interval from the bubble point pressure (   p b   ) to the first contact miscibility pressure (   p  F C M P    ). After calculating the corresponding infinite-cell recovery factors, the three points are used to estimate the MMP. In the five cases, the algorithm works in cases a and e but fails to find three pressures in the other three cases. In the failed cases, we manually select three pressures to calculate the infinite-cell recovery factors. The criterion is to select a pressure value at which the corresponding infinite-cell recovery factor is between 10% to 95% [16].



For example, in the pressure search procedure applied to case b, the starting point (i.e., bubble point pressure) is 224 bar and the corresponding infinite-cell recovery factor is 0.9468. Then we add a pressure interval to 224 bar to obtain the second pressure: 277.6 bar. The pressure interval is defined by Jaubert et al. [16] as one-fifth of the difference between    p  F C M P     and    p b   . However, as the infinite-cell recovery factor at 277.6 bar is larger than 1, the decision is to search the pressures smaller than the bubble point pressure. Subtracting the pressure interval from 224 bar yields 170.4 bar, where the corresponding infinite-cell recovery factor is 0.4023. We further determine the average value of the two previous pressures, i.e., 197.2 bar, and calculate the infinite-cell recovery factor at this pressure. The three pairs of infinite-cell recovery factor vs. pressure are used for fitting an exponential model. The fitted model can be used to predict a pressure corresponding to a 97% recovery factor. We take this pressure as the final MMP. The final MMP is found to be 225.38 bar, which is slightly larger than the bubble point pressure.



Another special case is case c. As the infinite-cell recovery factor at the bubble point pressure is larger than 1, we decide to update the pressure by subtracting the pressure interval iteratively from the current pressure. In this way, we obtain one acceptable pressure (i.e., 87.4 bar) at which the corresponding infinite-cell recovery factors lie in the interval from 10% to 95%. We choose two acceptable pressures between 87.4 bar and 91.8 bar, and calculate the corresponding infinite-cell recovery factors. Then we repeat the exercise as in the above case to estimate the MMP. In this case, the estimated MMP is smaller than the bubble point pressure, i.e., outside the interval of    [   p b  ,    p  F C M P    ]   .



Furthermore, Table A1 compares the J-MMC method with the tie-line-based methods. It is observed the MMPs from the J-MMC method are larger than the ones from the tie-line-based methods. As the AJ-MMC and MOC methods implement the zero-tie-line-criterion which reflects the true thermodynamic miscibility, it is reasonable to assume that the MMPs calculated by the J-MMC method are less accurate than the tie-line-based ones.





 





Table A1. Detailed MMP estimation results by the J-MMC method [16] and the comparison with the MMPs estimated by the AJ-MMC and MOC methods.






Table A1. Detailed MMP estimation results by the J-MMC method [16] and the comparison with the MMPs estimated by the AJ-MMC and MOC methods.





	
Case Index

	
Estimated Bubble Point Pressure (bar)

	
Estimated First Contact Miscibility Pressure (bar)

	
Calculated Pressures (bar)

	
Extrapolated Recovery Factor

	
Select/Reject

	
Pressure Search Algorithm Succeeds?

	
Estimated MMP (bar)

	
Reference MMP (bar)




	
MOC

	
MMC Method by Ahmadi and Johns [20]






	
a

	
56

	
177

	
56

	
0.0945

	
Reject

	
Yes

	
166.92

	
158.37 [24]

	
158.78 ± 0.28 [20]




	
80.2

	
0.2019

	
Select




	
104.4

	
0.3251

	
Select




	
128.6

	
0.4880

	
Select




	
b

	
224

	
492

	
224

	
0.9468

	
Select

	
NO

	
225.38

	
213.39 [25]

	
219.80 ± 3.45 [20]




	
277.6

	
1.0248

	
Reject




	
170.4

	
0.4023

	
Select




	
197.2

	
0.6295

	
Select




	
c

	
105

	
127

	
105

	
1.0322

	
Reject

	
NO

	
90.16

	
89.49 ± 0.14 [20]

	
89.49 ± 0.45 [20]




	
100.6

	
1.0419

	
Reject




	
96.2

	
1.0361

	
Reject




	
91.8

	
1.0030

	
Reject




	
87.4

	
0.4332

	
Select




	
89.6

	
0.8280

	
Select




	
88.5

	
0.4843

	
Select




	
d

	
105

	
373

	
105

	
0.3639

	
Select

	
NO

	
165.67

	
158.78 [25]

	
-




	
158.6

	
0.8655

	
Select




	
212.2

	
1.0199

	
Reject




	
51.4

	
0.0000

	
Reject




	
131.8

	
0.5585

	
Select




	
e

	
248

	
908

	
248

	
0.0290

	
Reject

	
Yes

	
550.18

	
526.18 [25]

	
-




	
380

	
0.2886

	
Select




	
512

	
0.7155

	
Select




	
644

	
1.0054

	
Reject




	
446

	
0.4628

	
Select










Appendix B


Table A2, Table A3, Table A4, Table A5 and Table A6 list the properties of hydrocarbon fluids and injected gases used in the five case studies.





 





Table A2. Fluid properties of the four-component oil sample and injected gas in case a [20,24].






Table A2. Fluid properties of the four-component oil sample and injected gas in case a [20,24].





	Components
	Oil Composition (mol%)
	Gas Composition (mol%)
	Molecular Weight
	Tc, K
	Pc, Bar
	ω
	BIP with CO2
	BIP with CH4
	BIP with C4





	CO2
	0
	80
	44.01
	304.21
	73.84
	0.225
	-
	-
	-



	CH4
	20
	20
	16.043
	190.58
	46.04
	0.0104
	0.1
	-
	-



	C4
	15
	0
	58.123
	425.18
	37.97
	0.201
	0.1257
	0.027
	-



	C10
	65
	0
	142.285
	617.65
	21.08
	0.49
	0.0942
	0.042
	0.008










 





Table A3. Fluid properties of the twelve-component oil sample and injected gas in case b [20,25,36].






Table A3. Fluid properties of the twelve-component oil sample and injected gas in case b [20,25,36].





	Components
	Oil Composition (mol%)
	Gas Composition (mol%)
	Molecular Weight
	Tc, K
	Pc, Bar
	ω
	BIP with CO2





	CO2
	6.56
	17.75
	44.01
	304.14
	73.74
	0.228
	-



	CH4
	37.11
	38.78
	16.043
	190.6
	45.92
	0.008
	0.12



	C2
	5.38
	18.8
	30.07
	305.4
	48.75
	0.098
	0.15



	C3
	3.73
	21.96
	44.097
	369.8
	42.38
	0.152
	0.15



	C4
	2.61
	2.71
	58.123
	425.2
	37.93
	0.193
	0.15



	C5
	1.87
	0
	72.15
	469.6
	33.68
	0.251
	0.15



	C6
	2.18
	0
	86.177
	507.4
	29.64
	0.296
	0.15



	C7+(1)
	17.91
	0
	118.3
	616.2
	28.83
	0.454
	0.15



	C7+(2)
	9.10
	0
	172
	698.9
	19.32
	0.787
	0.15



	C7+(3)
	6.05
	0
	236
	770.4
	16.59
	1.048
	0.15



	C7+(4)
	4.47
	0
	338.8
	853.1
	15.27
	1.276
	0.15



	C7+(5)
	3.02
	0
	451
	1001.2
	14.67
	1.299
	0.15










 





Table A4. Fluid properties of the ten-component oil sample and injected gas in case c [20,24].






Table A4. Fluid properties of the ten-component oil sample and injected gas in case c [20,24].





	Components
	Oil Composition (mol%)
	Gas Composition (mol%)
	Molecular Weight
	Tc, K
	Pc, Bar
	ω
	BIP with CO2
	BIP with CH4
	BIP with C2
	BIP with C3
	BIP with C4





	CO2
	0
	100
	44.01
	304.04
	73.84
	0.225
	0
	-
	-
	-
	-



	CH4
	35
	0
	16.04
	190.59
	46.04
	0.01
	0.1
	-
	-
	-
	-



	C2
	3
	0
	30.07
	305.21
	48.84
	0.099
	0.13
	0
	-
	-
	-



	C3
	4
	0
	44.10
	369.71
	42.57
	0.152
	0.135
	0
	0
	-
	-



	C4
	6
	0
	58.12
	419.04
	37.46
	0.187
	0.13
	0
	0
	0
	-



	C5
	4
	0
	72.15
	458.98
	32.77
	0.252
	0.125
	0
	0
	0
	0



	C6
	3
	0
	86.18
	507.54
	29.72
	0.296
	0.12
	0.02
	0.03
	0.03
	0.03



	C7
	5
	0
	100.20
	540.32
	27.37
	0.351
	0.12
	0.03
	0.03
	0.03
	0.03



	C8
	5
	0
	114.23
	568.93
	25.10
	0.394
	0.12
	0.035
	0.03
	0.03
	0.03



	C10
	30
	0
	142.29
	615.15
	22.06
	0.491
	0.12
	0.04
	0.03
	0.03
	0.03



	C14
	5
	0
	198.39
	694.82
	15.86
	0.755
	0.12
	0.06
	0.03
	0.03
	0.03










 





Table A5. Fluid properties of the twelve-component oil sample and injected gas in case d [25,36].






Table A5. Fluid properties of the twelve-component oil sample and injected gas in case d [25,36].





	Components
	Oil Composition (mol%)
	Gas Composition (mol%)
	Molecular Weight
	Tc, K
	Pc, Bar
	ω
	BIP with CO2





	CO2
	4.49
	22.18
	44.01
	304.14
	73.74
	0.228
	-



	CH4
	20.71
	23.49
	16.043
	190.6
	45.92
	0.008
	0.12



	C2
	4.81
	23.5
	30.07
	305.4
	48.75
	0.098
	0.15



	C3
	4.09
	27.45
	44.097
	369.8
	42.38
	0.152
	0.15



	C4
	3.23
	3.38
	58.123
	425.2
	37.93
	0.193
	0.15



	C5
	2.47
	0
	72.15
	469.6
	33.68
	0.251
	0.15



	C6
	2.98
	0
	86.177
	507.4
	29.64
	0.296
	0.15



	C7+(1)
	25.25
	0
	118.3
	616.2
	28.83
	0.454
	0.15



	C7+(2)
	12.85
	0
	172
	698.9
	19.32
	0.787
	0.15



	C7+(3)
	8.55
	0
	236
	770.4
	16.59
	1.048
	0.15



	C7+(4)
	6.31
	0
	338.8
	853.1
	15.27
	1.276
	0.15



	C7+(5)
	4.27
	0
	451
	1001.2
	14.67
	1.299
	0.15










 





Table A6. Fluid properties of the fifteen-component oil sample and injected gas in case e [15,25].






Table A6. Fluid properties of the fifteen-component oil sample and injected gas in case e [15,25].





	Components
	Oil Composition (mol%)
	Gas Composition (mol%)
	Molecular Weight
	Tc, K
	Pc, Bar
	ω
	BIP with CO2
	BIP with N2
	BIP with CH4





	CO2
	0.265
	0.59725
	44.01
	304.2
	73.815
	0.231
	-
	-
	-



	N2
	0.785
	1.58583
	28.01
	126.3
	33.991
	0.045
	0
	-
	-



	CH4
	45.622
	92.8772
	16.04
	190.6
	46.043
	0.0115
	0.105
	0.025
	-



	C2
	6.092
	3.66376
	30.07
	305.4
	48.801
	0.0908
	0.13
	0.01
	0



	C3
	4.429
	0.38875
	44.1
	369.8
	42.492
	0.1454
	0.125
	0.09
	0



	iC4
	0.865
	0.33887
	58.12
	408.1
	36.48
	0.1756
	0.12
	0.095
	0



	C4
	2.26
	0.08508
	58.12
	425.2
	37.969
	0.1928
	0.115
	0.095
	0



	iC5
	0.957
	0.11535
	72.15
	460.4
	33.812
	0.2273
	0.115
	0.1
	0



	C5
	1.406
	0.02264
	72.15
	469.7
	33.688
	0.251
	0.115
	0.11
	0



	C6
	2.097
	0.11333
	86.18
	507.4
	30.123
	0.2957
	0.115
	0.11
	0



	C7+(1)
	4.902
	0.12047
	98.55
	563.2
	31.776
	0.2753
	0.115
	0.11
	0.02



	C7+(2)
	9.274
	0.0914
	135.84
	638.3
	26.19
	0.3761
	0.115
	0.11
	0.028



	C7+(3)
	9.88
	0.0001
	206.65
	736.5
	19.637
	0.5552
	0.115
	0.11
	0.04



	C7+(4)
	7.362
	0
	319.83
	837
	14.519
	0.8021
	0.115
	0.11
	0.052



	C7+(5)
	3.804
	0
	500
	936.9
	11.066
	1.108
	0.115
	0.11
	0.064
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Figure 1. Schematic of the original J-MMC model [16]. 






Figure 1. Schematic of the original J-MMC model [16].
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Figure 2. Illustration of the simulation workflow of the J-MMC method at a certain batch. Adapted from Jaubert et al. [16]. 
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Figure 3. Illustration of the procedure to transfer the excessive volume from one cell to the next one in the J-MMC method. Adapted from Jaubert et al. [16]. 
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Figure 4. Illustration of the calculation workflow of the modified MMC model. 
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Figure 5. The flowchart of the detailed numerical procedure. 
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Figure 6. Comparison of the fitted curves calculated by the second-order polynomial fitting model and the linear model for infinite-cell recovery factor estimations at 157.37 bar in case a. The data points marked by circles are used to fit the two models. The correlation coefficient (R2) is calculated based on the data points marked by squares. 






Figure 6. Comparison of the fitted curves calculated by the second-order polynomial fitting model and the linear model for infinite-cell recovery factor estimations at 157.37 bar in case a. The data points marked by circles are used to fit the two models. The correlation coefficient (R2) is calculated based on the data points marked by squares.
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Figure 7. Comparison of the fitted curves calculated by the second-order polynomial fitting model and the linear model for infinite-cell recovery factor estimations at 160 bar in case b. The data points marked by circles are used to fit the two models. The correlation coefficient (R2) is calculated based on the data points marked by squares. 
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Figure 8. Comparison of the fitted curves calculated by the second-order polynomial fitting model and the linear model for infinite-cell recovery factor estimations at 212.43 bar in case b. The data points marked by circles are used to fit the two models. The correlation coefficient (R2) is calculated based on the data points marked by squares. 
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Figure 9. Comparison of the fitted curves calculated by the second-order polynomial fitting model and the linear model for infinite-cell recovery factor estimations at 89.07 bar in case c. The data points marked by circles are used to fit the two models. The correlation coefficient (R2) is calculated based on the data points marked by squares. 
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Figure 10. The initial infinite-cell recovery factor dataset and the calculated slopes defined by Equation (9). 
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Figure 11. Calculated recovery factors and the final MMP estimation for case a. The initial dataset of   r  f ∞    vs.  p  with the cell number   N  C 0    is represented by the upper triangles. The final dataset of   r  f ∞    vs.  p  with the cell number   N C   is represented by the lower triangles. The fitted curve for the 1st MMP estimation is represented by the dotted curve. The fitted curve for the 2nd MMP estimation is represented by the solid curve. The cross and star symbols represent the 1st and 2nd MMP estimations, respectively. 
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Table 1. Calculated recovery factors at specified cell numbers and 130 bar for case a by different MMC models.
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MMC Model

	
Cell Number




	
25

	
50

	
75

	
100

	
150

	
200

	
300

	
400






	
Modified J-MMC model

	
0.45605

	
0.47488

	
0.48161

	
0.48481

	
0.48764

	
0.48882

	
0.48985

	
0.49032




	
J-MMC model (GOR = 1.0)

	
0.44261

	
0.46645

	
0.47591

	
0.48070

	
0.48522

	
0.48722

	
0.48891

	
0.48964




	
J-MMC model (GOR = 1/2)

	
0.45136

	
0.47223

	
0.47986

	
0.48353

	
0.48682

	
0.48823

	
0.48945

	
0.49003




	
Original J-MMC model (GOR = 1/3)

	
0.45462

	
0.47422

	
0.48116

	
0.48442

	
0.48730

	
0.48853

	
0.48963

	
0.49016











 





Table 2. Calculated recovery factors at specified cell numbers and 180 bar for case b by different MMC models.
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MMC Model

	
Cell Number




	
25

	
50

	
75

	
100

	
150

	
200

	
300

	
400






	
Modified J-MMC model

	
0.36942

	
0.39890

	
0.41314

	
0.42177

	
0.43171

	
0.43719

	
0.44304

	
0.44622




	
J-MMC model (GOR = 1.0)

	
0.35236

	
0.38529

	
0.40144

	
0.41152

	
0.42362

	
0.43062

	
0.43826

	
0.44236




	
J-MMC model (GOR = 1/2)

	
0.36433

	
0.39505

	
0.40991

	
0.41898

	
0.42953

	
0.43540

	
0.44168

	
0.44508




	
Original J-MMC model (GOR = 1/3)

	
0.36891

	
0.39873

	
0.41305

	
0.42170

	
0.43161

	
0.43704

	
0.44286

	
0.44603











 





Table 3. MMP estimations (bar) calculated by the modified MMC and the original J-MMC methods and the comparison with the ones from the literature.
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Case Index

	
    M M  P 1     

	
    M M  P 2     

	
Average

	
Jaubert et al. Method [16]

	
Reference MMP Values




	
MOC

	
MMC Method by Ahmadi and Johns [20]

	
Slim-Tube






	
a

	
155.10

	
156.37

	
155.74

	
166.92

	
158.37 [24]

	
158.78 ± 0.28 [20]

	
-




	
b

	
211.18

	
212.43

	
211.80

	
225.38 A

	
213.39 [25]

	
219.80 ± 3.45 [20]

	
215.46 [36]




	
c

	
89.63

	
89.18

	
89.41

	
90.16 A

	
89.49 ± 0.14 [20]

	
89.49 ± 0.45 [20]

	
-




	
d

	
154.09

	
154.55

	
154.32

	
165.67 B

	
158.78 [25]

	
-

	
154.014 [36]




	
e

	
529.58

	
532.10

	
530.84

	
550.18

	
526.18 [25]

	
-

	
518.78 ± 7.09 [15]








A: The oil-gas MMPs (estimated by the modified MMC method) are lower than the oil saturation pressures. The original J-MMC method fails to detect MMPs for these two cases. We resolve this issue by manually selecting three pressures that are used to calculate the infinite-cell recovery factor. B: The oil-gas MMP (estimated by the modified MMC method) is higher than the oil saturation pressure. The original J-MMC method fails to detect MMP for this case. We resolve this issue by manually selecting three pressures that are used to calculate the infinite-cell recovery factor.













 





Table 4. Relative errors * of the MMPs calculated by the modified J-MMC method and the original J-MMC method in terms of the reference MMPs from the literature.






Table 4. Relative errors * of the MMPs calculated by the modified J-MMC method and the original J-MMC method in terms of the reference MMPs from the literature.





	
Case Index

	
Relative Error by the Modified J-MMC Method

	
Relative Error by the Original J-MMC Method




	
MOC

	
MMC Method by Ahmadi and Johns [20]

	
Slim-Tube

	
MOC

	
MMC Method by Ahmadi and Johns [20]

	
Slim-Tube






	
a

	
1.66%

	
(1.91 ± 0.18)%

	
-

	
5.40%

	
(5.13 ± 0.18)%

	
-




	
b

	
0.75%

	
(3.64 ± 1.57)%

	
1.70%

	
5.62%

	
(2.54 ± 1.57)%

	
4.60%




	
c

	
(0.09 ± 0.16)%

	
(0.09 ± 0.50)%

	
-

	
(0.75 ± 0.16)%

	
(0.75 ± 0.50)%

	
-




	
d

	
2.81%

	
-

	
0.20%

	
4.34%

	
-

	
7.57%




	
e

	
0.89%

	
-

	
(2.32 ± 1.36)%

	
4.56%

	
-

	
(6.05 ± 1.36)%








*    Relative   error  =    |   MMP   calculated   in   this   work    −    MMP   from   the   literature   |     MMP   from   the   literature    × 100 %  . The MMPs from the literature refer to the MMPs reported in the last three columns in Table 3.
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