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multiple mixing cells for injection 
of enriched gases with Naphta, 
LPG, and NGL
Mohammad Amin Rashidi 1, Mohammad Reza Khademahmadi 2, Yousef Kazemzadeh 2,3* & 
Masoud Riazi 2*

The increase in oil production from hydrocarbon reservoirs has always been of interest due to the 
increase in global oil consumption. One of the effective and useful methods for enhancing oil recovery 
from hydrocarbon reservoirs is gas injection. Injectable gas can be injected into two modes, miscible 
and immiscible. However, to inject more efficiently, different factors, including Minimum Miscibility 
Pressure (MMP) in the gas near-miscible injection mode, should be investigated and determined. In 
order to investigate the minimum miscible pressure, different laboratory and simulation methods 
have been prepared and developed. This method uses the theory of multiple mixing cells to simulate, 
calculate and compare the minimum miscible pressure in gas injection enriched with Naptha, LPG, 
and NGL. Also vaporizing and condensing process is also considered in the simulation. The constructed 
model is presented with a new algorithm. This modeling has been validated and compared with 
laboratory results. The results showed that dry gas enriched by Naphta due to having more 
intermediate compounds at lower pressure (16 MPa) is miscible. In addition, dry gas, due to very light 
compounds, needs higher pressures (20 MPa) than all enriched gases for miscibility. Therefore, Naptha 
can be a good option for injecting rich gas into oil reservoirs to enrich gas.

Measuring the miscibility pressure with appropriate accuracy and appropriate combination for injection in order 
to carry out increased EOR projects is very important because the pressure and composition used directly affect 
the project  economy1–3. Therefore, providing a suitable and easy method for calculating minimum miscibility 
pressure for designing EOR projects is important and  efficient4–17. Various laboratory methods have been intro-
duced to measure minimum miscibility pressure including slim tube, rising bubble, and vanishing interfacial 
tension. One of the most promising methods is microfluidics which is recently have applied in the oil nd gas 
industry. This method has been applied to determine gas oil ratio, wax appearance temperature, and asphaltene 
deposition. Also, micro models have been implemented to simulate the pore scale and displacement processes in 
oil and gas reservoirs. Ungar et al.18 developed a novel microfluidic approach that can be applied at high tempera-
ture and high pressure condition to reproduce reservoir condition. Also a homogenous pore structured used to 
simulate the pore geometry of slim tube. They captured the oil displacement in micro model at different pressure. 
The results showed that remaining oil after specific pressure was negligible which represent MMP  pressure18.

One of the suitable methods for measuring MMP is multiple mixing cells. Calculating the MMP by a mixing 
cell  approach19–21 uses an imaginary fluid cell and an equation of state to forecast the MMP (or minimum misci-
bility concentration). These methods are based on the assumption of simplifications that the oil or gas equilibrium 
node line controls  intermingling22. A fluid cell is then used to make repeated calls between oil and gas forward 
or backward to converge to the oil or gas equilibrium node line. The criterion for MMP is the pressure in which 
the convergent equilibrium node line is converted to the critical tie line (i.e., it reaches zero length). Published 
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articles on single-cell mixing methods differ in terms of minimum completing pressure estimation method. 
However, the main common stages among them are shown below:

1. Forward contacts: The cell is filled with the main oil at a specific pressure and constant temperature. The 
initial pressure is assumed to be far from the MMP range.

2. Some gas is added to the cell. The amount of gas should be adequate to achieve the overall oil and gas mixture 
after calculating the equilibrium in two stages.

3. The equilibrium steps are calculated at a constant condition (temperature and pressure).
4. Gas is mixed with the main oil at an equilibrium state.
5. Steps 3 and 4 are repeated until the equilibrium combination is changed with more contacts, i.e., the equi-

librium component converges to the oil equilibrium node line.
6. If the equilibrium node line length reaches zero or the specified tolerance, the calculated pressure is the 

MMP. Otherwise, the pressure increases and steps 1 to 6 are repeated.

The prominent disadvantage of the single-cell model is its weakness in the estimation of the minimum mis-
cible pressure for condensation/evaporator displacements. As Jensen and  Mikkelsen23 and  Orr24 discussed in 
detail, the deficiency of these methods roots in their basic assumption that a binary system can facilitate the phase 
behavior of oil and gas. Therefore, only one main equilibrium node line can be found by a cell—the oil equilib-
rium node line with forwarding contacts and the gas equilibrium node line with backward contacts. If any of 
these equilibrium node lines controls miscibility, single mixing cell methods can accurately predict the minimum 
miscible pressure. Otherwise, as is the case in most oil and gas compounds, estimating MMP can be error-free.

The aforementioned methods are simple slim tube  simulations25 that only perform phase equilibrium cal-
culations, and the flow equation’s solution is not considered. Numerous methods have been published for mul-
tiple mixing cells. However, an overwhelming majority of those methods are based on the study of Cook and 
their  colleagues26. Jaubert et al.27 introduced the first approach for measuring MMP based on the Metcalf et al. 
 method28. The Jaubert et al. method tries to calculate all contributed mechanisms, including condensate/evapo-
rator, similar to one-dimensional simulation. This procedure may be influenced by dispersion. To diminish the 
dispersion effect, recovery factors are determined in 1.2 volumes of injected pores for pressure and the number 
of fixed cells. The number of cells changes and the computation of the recovery coefficient is repeated at the 
same pressure. The recovery coefficient diagram in 1/N, where N is the number of cells, presents the predicted 
recovery factor in zero-dispersion for that pressure. The zero-dispersion recovery factor diagram is measured 
for multiple pressures; the resulting extrapolation in 97% recovery shows the pressure associated with the MMP. 
Another study to calculate the MMP was done by Kariman Moghadam et al.29 in which, in fact, the calculations 
related to mixing in multiple cells are initially performed to calculate the amount of recovery factor in different 
cells, and then by extrapolation of the obtained data in each cell, the amount of 97% of the recovery factor in 
the cell is estimated. And the maximum pressure in which we reach  RF1.2

∞ = 97% is the same as the MMP. The 
algorithm used to calculate MMP in this work is that 50 cells are filled with tank oil at first and placed at reser-
voir temperature and at a pressure less than MMP pressure. Then, 1.2 pores (1.2PV) were injected into them, in 
which case it was as if the volume of injected gas to each cell would be 33% of the volume of that cell. For each 
cell after gas injection, equilibrium calculations are performed and the amount of gas and liquid phases in each 
cell is calculated and then the amount of extra injectable gas is transferred to the next cell. The mentioned steps 
are repeated to the point that the total injectable gas is injected, and the amount of recovery factor for 50 cells 
is calculated. In the same way, for more cells such as 100 and 200 cells, the repeated steps are repeated, and the 
recovery factor diagram is plotted in terms of 1/√N, which is N is the number of cells and the linear chart, and 
by extrapolation, the recovery factor for cell is obtained. After that, the maximum pressure is selected, and the 
previous steps are repeated, and by drawing the graph of the international recovery factor in terms of pressure 
and extrapolation to the recovery factor of 97%, the MMP is obtained. Similar to the aforementioned research, 
Li and  Li21 followed the same steps at constant pressure until the last cell, and the amount of liquid and gas 
were calculated. Then, Tie lie length was calculated and plotted versus pressure and extrapolated until its value 
reached zero. The obtained pressure (at tie line = 0) was minimum miscibility pressure. The method of multiple 
mixing cells has many drawbacks. These problems are related to the path in which multiple mixing cell methods 
are obtained from the simplification of hybrid simulators. Therefore, they inherit simulation bugs, including 
the dispersion effect. First, apart from Joubert et al.’s method, no one has developed a method of calculating the 
minimum miscible pressure. Instead, in studies, the development of miscibility and interaction of oil-injected 
gas has been investigated. Second, all methods of multiple-cell mixing are susceptible to dispersion in scientific 
sources. Because similar to hybrid simulation, they use a fixed number of cells that have a limited volume. They 
also transfer a certain volume of liquid from one cell to another without solving the flow equation. Therefore, in 
order to estimate the correct MMP from mixing cells, we need to reduce the dispersion effect. Jaubert et al.27 did 
this by externalizing recovery to an infinite number of cells. Third, the mixing cell method has not used a strong 
criterion to determine the minimum miscible pressure, which is the length of the main equilibrium node lines. 
Only the proposed method of Jabuert et al. uses  RF1.2

∞ = 97%  (RF1.2
∞ is extrapolated as a recovery factor to an 

infinite number of cells). However, the value of 97% is experimentally determined through observation. Zhao 
et al. used the length of the equilibrium node line but not estimate the MMP.

In summary, different methods of mixing cells in scientific resources have been simulated in simple terms, 
and scientific researchers have further studied the development of miscibility rather than calculating MMP; 
all of these methods used cells with limited volume, and therefore, like simulations, their results for dispersion 
should be modified. Most proposed mixing cell methods cannot estimate the MMP for condensate/evaporator 
displacement. Furthermore, in the multiple-cell mixing method, estimating minimum miscibility pressure is 
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not based on a strong criterion and is not well described in scientific sources. For example, in the Joubert et al. 
method, choosing the next pressure increase requires other calculations. In this study, the MMP is calculated 
using a new algorithm. In this method, at first, the specified number of cells (the optimum number of cells) is 
filled with reservoir oil and placed at reservoir temperature and at a pressure less than MMP pressure. Then as 
much as 1.2 volumes of pores were injected into them with gas. For each cell after gas injection, balance calcula-
tions are performed, and the amount of gas and liquid phases in each cell is calculated, and then the amount 
of extra injectable gas is transferred to the next cell. The amount of liquid and vapor phases in the last cell is 
calculated, and then by having the amount of x, y, the length of the Tie line in that pressure is calculated, and 
now the tie line length diagram is plotted according to the pressure, and then extrapolation is done to the point 
that the length of tie line is zero and that pressure will actually be the MMP.

Method
In this study, the method of multiple mixing cells, including a series of fluid cells that are connected and initially 
filled with oil, has been used. Usually, the gas is mixed in the first cell with the test pressure and assuming com-
plete mixing in the cell, the equilibrium phases are calculated. Then the extra volume of the cell (mostly balance 
gas) is transferred to the next cell and mixed with the liquid in the cell. This process continues for a series of 
cells until a certain volume of gas is injected; the primary multiple mixing cells methods are used to study the 
development of immiscibility rather than calculating the minimum immiscible pressure. In the following, the 
modeling method is discussed.

After calculating the compounds through the proximity of oil and gas, at this stage, the properties of the 
compounds and the desired pressure and temperature are initially investigated. In this paper, the cell-to-cell 
method is used to calculate MMP, so after entering the properties of the compounds, the number of cells should 
also be determined.

In the next step, the equilibrium ratio should be calculated first, and this ratio is the primary guess for calcu-
lating the compounds of each of the available phases. Wilson equation is used to calculate this ratio.

After calculating the equilibrium ratios, the following equations are used to find the percentage of each 
component in the liquid and gas phases:

Performing the above calculations requires finding the  nv that Rashford equations are used in this paper. 
Newton’s method is used to solve these equations and obtain  nv.

With the help of initial guess  nv and Newton’s method, the  nv value is obtained, and the calculations related 
to the compounds are performed through  xi and  yi equations. Then the state equilibrium equations are written 
for each liquid and gas phases. In this paper, PR equations are used. After solving the equations, and obtaining 
the roots of the equations, the fugacity and fugacity coefficient for each component are calculated using the 
Eq. (7)–(9).
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By calculating the coefficients of fugacity, the work reaches the error determination stage, and at this stage, 
by defining the following error, if the value of this error exceeds  10–12, the guess of the obtained  ki is not correct, 
and  ki must be corrected.

In order to correct the ki values, the following formula has been used:

By performing sequential steps and reducing the error amount, the calculations have reached the final stage 
of the first cylinder. Now, with the help of  xi and  yi values, again by recombining the liquid and gas, a final com-
pound is obtained through the following formula.

In this formula, a compound ratio is usually considered 0.5. After calculating the new compound, all the above 
steps will be done again to finish the number of cylinders considered in this article 30. After finishing the number 
of cylinders, the tie line value is calculated by combining the percentage of components in two gas and liquid 
phases through the following formula.To determine the number of cell cells in the existing algorithm, from 15 
cells to 30, results were taken differently, and then for cells more than 30 others, there was negligible difference 
in the output data, and only the calculation time was long, so 30 cell cells were used in this study.

The overall algorithm is shown by the flow chart in Fig. 1.

Discussion
Validation of model by comparing with experimental (laboratory) results. In order to evaluate 
the performance of the modeling performed using the mentioned algorithm in the method of doing the work, 
the results of the MMP obtained from the model have been evaluated and compared with the results of other 
sources.

Figure 2 shows the length of the Tie Line in terms of pressure. According to the current theory, the pressure 
that Tie Line equals zero is equal to the MMP. As can be seen in Fig. 2, at a pressure of 29 MPa, this quantity 
is equal to zero and can indicate the MMP of methane gas injection to the normal decane. It should be noted 
that the modeling was performed at a temperature equal to the test temperature and modeling, and the ratio of 
compounds is the same as Mirzaei et al.30.

Figure 3 is related to the amount of the MMP during the injection of methane gas into synthetic oil contain-
ing normal decane (a combination of 50% methane and 50% decane) and also compares it with experimental 
results and modeling in Mirzaei et al.  studies30. The result obtained in this study is 1.731% using MMP calculation 
method versus the experimental results in Mirzaei paper and 1.023% error compared to the modeling results in 
Mirzaei paper, which can be concluded that the method used in this study has little error.

Also, a comparison of the MMP during the injection of other non-hydrocarbon gases was made. To compare 
the experimental (laboratory) data and modeling data in Mirzaei’s paper with the results of modeling in this 
paper based on the tie-line length method for injection of  N2 and  CO2 gases into normal shops, Figs. 4 and 5 
have been shown. It should be noted that this comparison has been made at the same temperature. This means 
that the modeling temperature in this study is equal to the modeling and laboratory temperatures related to 
Mirazi et al. paper.

As can be seen in Fig. 4, the MMP calculated in this modeling is 8 MPa, and the lowest MMP from modeling 
using the state equation in the method in Mirazi et al. paper is 9.02 MPa. The lowest amplified pressure obtained 
from the vanishing interfacial tension method mentioned in the article published by Mirzaei et al. is 9.09 MPa.

Figure 5 shows that the MMP calculated in this modeling is different from the results of the tests and modeling 
of Mirzaei et al. Therefore, these comparisons show that the modeling results for the injection of methane gas 
and hydrocarbons are more accurate.

Comparison of three gases of methane, carbon dioxide, and nitrogen to normal-decane. In 
this part of the study, the comparison of MMP in the injection of  CO2,  N2, and  CH4 gases at 70 °C is compared, 
and the difference in MMP is shown in Fig. 6.

According to Fig. 6, as expected, due to the phase behavior of nitrogen, which tends to be more likely to be 
present in the gas phase at 70 °C, changing from gas phase to liquid phase requires very high pressure. Also, 
for carbon dioxide, due to its phase behavior, at 70 °C, it is more willing to be in the liquid state, so it achieves 
MMP with less pressure than nitrogen and methane. In other words, carbon dioxide’s willingness for vaporising 
and condensing is more than other gases due to its phase behavior, which accelerates the miscibility process. As 
regards nitrogen, its phase behavior implies that nitrogen tends to vaporize instead of condensation, and misci-
bility occurs under high pressure. Moreover, due to the higher molecular weight of carbon dioxide comparing 
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Figure 1.  Algorithm for computing the CTC method.

Figure 2.  Tie line length diagram in terms of pressure when injecting methane into decane.
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others, MMP for injecting  CO2 into normal decane is less than other gases. The lowest MMP occurs for  CO2 
injection, which is 9 MPa; after that, MMP for methane is 20 MPa and 81 MPa for nitrogen. It is worth noting 
that in all three injections, the ratio of compounds is 0.7457 wt% of decane and 0.2543 wt% of injectable gas. 
The alteration in the slope of the tie-line can demonstrate the transmission from immiscible to the near-miscible 
stage and zero interfacial tension. Thus, this method can be used to predict near-miscible stages.

Comparison of enriched-gas by NGL, LPG, and Naptha. The aforementioned results showed that 
the model could accurately measure MMP for hydrocarbon gases. The following is dedicated to enriching the 
injected gas by Naphta, LPG, and NGL, after which the rich gas is injected into the oil phase, and the MMP of 
the system is calculated and compared.
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Figure 3.  Comparison of MMP values calculated during methane injection into the decane (equally) from 
laboratory method, state equations, and CTC method.
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Figure 4.  Comparison of MMP values calculated during carbon dioxide injection into the shop by laboratory 
method, state equations, and CTC method.
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Figure 5.  Comparison of MMP values calculated during nitrogen injection into the decane by laboratory 
method, state equations, and CTC method.
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Injection of enriched gas by Naptha with different GOR. The percentage of injectable gas compounds for Naphta-
enriched gas with GORs 1.25, 2.5, and 5 is in Table 1.

Figure 7 displays the length of the tie-line in terms of pressure to inject Naptha-enriched gas with a different 
GOR ratio of rich gas during injection into normal decane. The modeling was carried out at 70 °C.

According to Fig. 7, the MMP obtained in the injection of Naphta-enriched gas in different GOR changes 
from 13 to 17 MPa. As is evident from Fig. 7, with the increase of GOR, which means the reduction of heavy gas 
compounds, the MMP has shifted to higher values, resulting from an increase in the difference between oil and 
injectable gas in terms of heavy compounds and density with increasing GOR.

According to Fig. 8, changes in the percentage of methane gas compounds (as a representative of dry and 
active gas in vaporizing mechanism) and normal butane (as a representative of rich and active compounds in 
condensing mechanism) in gas and liquid phases at pressures close to MMP.
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Figure 6.  Comparison of MMP in the injection of methane, carbon dioxide, and nitrogen gases.

Table 1.  Percentage of Naphta-enriched gas compounds with different GORs.

Component

GOR = 1.25 (Mscf/stb) GOR = 2.5 (Mscf/stb) GOR = 5 (Mscf/stb)

Injection gas (1) Injection gas (2) Injection gas (3)

C1 53.03 69.31 81.87

C2 0.00 0.00 0.00

C3 0.00 0.00 0.00

i-C4 1.01 0.66 0.39

n-C4 0.05 0.03 0.02

I-C5 19.77 12.92 7.63

N-C5 6.25 4.08 2.41

C6 18.66 12.20 7.20

C7 1.22 0.80 0.47
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Figure 7.  Tie line diagram when injecting Naphta-enriched gas into oil.
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By comparing the diagrams in Fig. 8, since the intensity of methane increase in the liquid phase was higher 
than the intensity of the reduction of the middle compounds; therefore, it can be considered that the dominant 
process in the above samples is the condensation of gas into the oil, which increases the amount of methane in 
the oil by increasing the pressure.

INotably, the slump in the percentage of methane in the liquid phase at near-miscible condition (near MMP 
and near-zero interfacial tension) implies that vaporizing mechanism help achieve a single-phase state at near 
miscibility condition.

Injection of enriched gas by LPG with different GOR. The percentage of injectable gas compounds (Table 2) and 
MMP diagram for LPG-enriched gas with GORs 1.25, 2.5, and 5 are as follows.

Figure 9 shows the length of the tie-line in terms of pressure to inject gas enriched by LPG with various gas-
rich GORs to normal decane. Modeling is done at 70 °C.
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Figure 8.  Altering compounds in the gas and liquid phases during gas injection enriched with various GOR by 
Naphta to normal decane. (a) Molar percentage  C1 in liquid phase when injecting Naphta-enriched gas into  C10. 
(b) Molar percentage  C1 in gas phase when injecting Naphta-enriched gas into  C10. (c) Molar percentage n-C4 
in gas phase when injecting Naphta-enriched liquid into  C10. (d) The molar percentage of n-C4 in the gas phase 
when injecting Naphta-enriched gas into  C10.

Table 2.  Percentage of LPG-enriched gas compounds with different GORs.

Component

GOR = 1.25(Mscf/stb) GOR = 2.5(Mscf/stb) GOR = 5(Mscf/stb)

Injection gas (1) Injection gas (2) Injection gas (3)

C1 94.56 94.78 94.89

C2 4.98 4.99 4.99

C3 0.22 0.11 0.05

n-C4 0.23 0.11 0.06

n-C5 0.01 0.01 0.01
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According to Fig. 9, due to the insignificant differences between LPG-riched gases samples, there is a negligi-
ble difference between MMP. Similarly, by increasing GOR, the value of MMP is increased, which can be rooted 
in the oil and gas density difference.

According to Fig. 13, due to the lack of very low difference between light compounds of LPG samples, we see 
a very small difference between the MMP of different samples. In this diagram, with increasing GOR, we see an 
increase in the amphitheatric pressure caused by the difference in density between oil and gas.

Figure 10 indicates the changes in the percentage of compounds in LPG-enriched gas at pressures close 
to MMP. According to the above diagrams, we see an increase in methane in the liquid phase with increasing 
pressure, which is more than the reduction of intermediate components in oil, which can be concluded that the 
dominant process is gas condensate into the oil. The reduction of methane concentration in the liquid phase 
is more than its reduction in LPG-enriched gas. To conclude, the amount of methane drained from the liquid 
phase and reached to initial thermodynamic condition.
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Figure 9.  tie diagram line when injecting LPG-enriched gas into oil.

Figure 10.  Altering compounds in the gas and liquid phase during gas injection enriched with various GOR 
by LPG to normal decane. (a) Molar percentage  C1 in liquid phase when injecting gas enriched with LPG to 
 C10. (b) Molar percentage  C1 in gas phase when injecting gas enriched with LPG to  C10. (c) Molar percentage 
n-C4 in liquid phase when injecting gas enriched with LPG to  C10. (d) Molar percentage n-C4 in gas phase when 
injecting gas enriched with LPG to  C10.
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Injection of enriched gas by NGL with different GOR. The percentage of injectable gas compounds and MMP 
diagram for NGL-enriched gas with GORs 1.25, 2.5, and 5 are as follows (Table 3).

Figure 11 illustrates the tie line length versus pressure for injecting NGL-enriched gas with different GOR 
to normal decane. According to Fig. 11, due to the negligible differences among all sample compositions, there 
is small difference among MMP of samples. Similarly, by decreasing GOR, miscibility occurs in lower pressure.

Changes in the percentage of compounds in NGL-enriched gas at pressures close to MMP can be witnessed 
in Fig. 12.

According to the above diagrams, the increase in the molar percentage of methane in the liquid phase by 
increasing the pressure is more than the reduction of the middle components in the liquid phase, which can 
indicate that the dominant process in NGL injection is condensation. In addition, it can be observed that the 
methane concentration decreases significantly in the liquid phase.

Comparison between different gases. In this section, a comparison between the injection of different gases, 
including pure  Ch4 and enriched gases with 2.5 GOR (which is used in the industry) has been made (Fig. 13).

According to the table of compounds previously introduced, the amount of heavy compounds of Naphta-
enriched gas is higher than the other two and also has heavier compounds close to oil in terms of density than 
pure methane, so it was expected that in enriched-gas with Naphta we would see the MMP that confirms the 
simulation results. Also, because methane has the highest difference from oil in density and compounds, we need 
higher pressure than other gases to achieve miscibility pressure.

Therefore, the enrichment of gas reduces the MMP and consequently reduces economic costs in gas injec-
tion projects.

Table 3.  Percentage of NGL-enriched gas compounds with different GORs.

Component

GOR = 1.25(Mscf/stb) GOR = 2.5(Mscf/stb) GOR = 5(Mscf/stb)

Injection gas (1) Injection gas (2) Injection gas (3)

C1 94.5661 94.7825 94.8912

C2 5.0950 5.0476 5.0238

C3 0.1611 0.0808 0.0404

i-C4 0.0343 0.0172 0.0086

n-C4 0.0740 0.0371 0.0186

I-C5 0.0209 0.0105 0.0052

N-C5 0.0220 0.0110 0.0055

C6 0.0148 0.0074 0.0037

C7 0.0051 0.0026 0.0013

C8 0.0033 0.0016 0.0009

C9 0.0022 0.0011 0.0005

C10 0.0012 0.0006 0.0003

Figure 11.  Tie diagram line when injecting NGL-enriched gas into oil.
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Conclusion
According to the simulations and comparison with the previous laboratory and theory methods, it was found that 
the method presented by the algorithm presented in this paper is accurate for calculating the MMP. According 
to the modeling, the following results can be noted:

• This algorithm will be able to determine the conditions of near-miscible injection by calculating the slope of 
the Tie line length diagram in terms of pressure. Therefore, one of the advantages of this proposed method is 
determining the miscibility, near-miscibility, and immiscible conditions. Injection in near-miscible conditions 
to some oil reservoirs (conventional reservoirs) has more recovery than miscible and immiscible injection.
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Figure 12.  Altering compounds in gas and liquid phases during gas injection enriched with different GOR 
by NGL to normal decane. (a) The molar percentage  C1 in liquid phase when injecting gas enriched with NGL 
to  C10. (b) The molar percentage  C1 in gas phase when injecting gas enriched with NGL to  C10. (c) The molar 
percentage n-C4 in liquid phase when injecting NGL-enriched gas into  C10. (d) The molar percentage of n-C4 in 
gas phase when injecting NGL-enriched gas into  C10.
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12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:3880  | https://doi.org/10.1038/s41598-023-31018-8

www.nature.com/scientificreports/

• TUsing rich gas reduces the miscible pressure of oil and gas to 16 MPa. This amount is 20 MPa if methane 
is used, so enrichment of gas is a suitable method to reduce the pressure needed to inject gas into oil tanks, 
which is very effective in reducing the economic costs of the project. The reason for reducing the miscible 
pressure is the approach of the gas composition to the reservoir oil and the presence of heavier compounds 
in rich gas than in dry gas.

• Methane percentage as a light compound and percentage of intermediate compounds in liquid and gas phases 
in each cell helps to identify the governing mechanism in each compressive interval and in the transfer from 
each molecule to another cell. Therefore, one of the advantages of using this proposed algorithm for deter-
mining MMP is identifying the mechanism governing different thermodynamic conditions.

• The usage of Naptha to increase intermediate components of dry gas performs better than LPG and NGL, 
leading to the lowest MMP.

• Condensing mechanism is the most important mechanism in the use of rich compounds during gas injection, 
which reduces the MMP compared to the use of dry gas. In this mechanism, gas compounds enter the oil.

• By increasing the ratio of dry gas to rich gas (GOR) from 1.25 to 5 Mscf/Stb, the MMP increases in the pres-
ence of all three types of rich gas.

• Comparing the injection of three gases of nitrogen, carbon dioxide, and methane into the normal shop or 
using the algorithm presented in this paper, it can be observed that the use of carbon dioxide will have the 
lowest MMP. Also, due to the environmental damage of this gas in case of presence in the air, it is important 
to use this gas to increase the recovery of oil reservoirs and prevent environmental damage.

According to the simulations and comparison with the previous laboratory and theory methods, it was found 
that the theory method of multiple mixing cells has good accuracy in calculating the MMP. As the results showed, 
the use of rich gas reduced the MMP from 20 to 16 MPa, so enrichment of gas as a suitable method to reduce the 
pressure required to inject gas into the oil reservoirs is very effective in reducing the economic costs of the project.

Data availability
All data generated or analysed during this study are included in this published article.
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