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Abstract

:

Smart water flooding (SWF) is a promising enhanced oil recovery (EOR) technique due to its economic advantages. For this process, wettability alteration is the most accepted controlling effect that leads to increased recovery factors (RFs). The main objective of this work is to investigate how the relative permeability curves’ interpolant affects the SWF mechanisms’ assessment. Wettability alteration is described by shifting these curves in simulations. Numerical simulations of core flooding tests are applied to carbonate at 114.4 °C. A comparison of oil recovery factor (RF), pH and effluent composition is performed for different injection approaches. Mg2+ and SO42− are the interpolant ions and the salinity levels range from 30 to 1 kppm. A simulation of 24 scenarios, 12 for each type of interpolant, is presented. Results show that RF changes significantly, due to salinity and composition, for each interpolant. This has a relevant influence on the interpolant. The greater the dilution, the smaller the effect of the interpolant and brine composition on the recovery estimates. When considering SO42− as an interpolant, the trend is that divalent rich brine (DV) has a higher recovery factor. In contrast, when Mg2+ is the interpolant, DV tends to have a lower recovery. The analysis of ionic exchange and pH variation corroborate the wettability alteration behavior. A pH increase was observed in all scenarios, regardless of the salinity, ion composition or interpolant variation. Also, monitoring the CH3COO-X reduction and SO4-X2 increase equivalent fractions indicated the ion exchange mechanism as being well represented in all simulations. In addition, the results emphasize that even at very low concentrations, SO42− plays a fundamental role in initiating the ion exchange process that culminates in the wettability alteration as a consequence of smart water injection.
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1. Introduction


Waterflooding is the most commonly used method in oil fields for additional oil recovery after reservoir depletion. This method consists of maintaining or restoring the reservoir pressure and displacing the oil to the producing well by this driving force. It is a well-established, low-cost, and environmentally friendly method. However, high values of residual oil saturation are observed [1,2]. Carbonate rocks represent a large portion of the world’s oil reservoirs (estimated at 60%), including 80% of the Middle East oil-bearing formations that accounts for approximately 75% of global oil production, so it has gained the attention of many researchers [3,4]. However, some challenges have been identified when analyzing oil recovery in this type of mineral: complex heterogeneity, fractured reservoirs, low recovery compared to sandstone results, and a tendency to a neutral or oil-wet state [3,4,5,6]. Especially in carbonate rocks, waterflooding has not been a recommended recovery method, as it is necessary to overcome high capillary forces to recover a low volume of oil [1,6]. Xu et al. (2020) [4] highlights the importance of further research to develop and understand EOR methods in carbonate reservoirs.



Among the methods recently investigated for these systems, smart water flooding (SWF) is easily implemented because it is based on waterflooding facilities and does not require adding any expensive chemicals [7]. This enhanced oil recovery method uses water with optimized composition, i.e., both the salinity and ionic composition of injected water (typically seawater or produced water) are modified to improve the production indices. Other names have also been used for this technique, such as ion-tuned or engineered water flooding. Despite being a nomenclature treated separately by some authors, low salinity water is also termed smart water based only on the reduction of salt concentration. Promising results from smart water flooding have been observed in laboratory tests and field applications. Although smart water injection has already been successfully applied in sandstone reservoirs, field tests in carbonate reports are limited. Yousef et al. (2011) [8], Yousef et al. (2011) [9], Yousef et al. (2012) [10] and Rassenfoss (2016) [11], highlight the efforts of the Saudi Arabian Oil Company research center to investigate this type of process applied to carbonate reservoirs. However, the applicability as a recovery method in reservoirs is still not widely observed, which is justified by Hao et al. (2019) [12] due to the existing gaps related to understanding the SWF mechanisms in this type of mineralogy. There is still much discussion about the exact mechanisms that lead to improving recovery, especially when carbonate rocks are involved [2,13,14,15,16]. Egbe et al. (2021) [3] and Awolayo and Sarma (2017) [17] highlight that the carbonate’s heterogeneous nature makes it more difficult to understand the oil recovery mechanisms. It occurs because there is high bonding energy to carbonate rocks and oil components in reservoirs predominantly composed of calcite, dolomite and magnesite.



Wettability alteration from oil-wet to water-wet is the main effect on carbonates observed. It has been widely accepted due to different mechanisms: multiple ion exchanges, mineral dissolution leading to a pH increase and fines migration, electrical double layer expansion, interfacial tension reduction, and microdispersions formation [3]. In turn, the injection of water with a projected composition, can disturb the established chemical equilibrium between oil, rock and brine in the porous medium [15,18,19]. In this context, experimental investigation has also demonstrated the divalent ions Ca2+, Mg2+ and SO42− are potential determining ions (PDI) to promote oil detachment from the rock surface and alter wettability and oil recovery due to multiple ion exchanges [2,20,21,22]. It is proposed that sulfate present in the injected water tends to adsorb on the carbonate surface, which is positively charged in the presence of the formation water. Due to this adsorption of negative ions, calcium cations can approximate the rock and form a complex with the carboxylic acids in the oil, releasing them from the mineral. And at high temperatures (>90 °C), magnesium cations can replace Ca2+ [23,24,25].



As experimental investigations are time-consuming and expensive, simulation of recovery methods has been an important tool for evaluating new techniques before implementation on a field scale. For modeling EOR methods, oil recovery and displacement mechanisms in the porous medium must be described through numerical formulations. For instance, transport phenomena laws, such as Darcy’s law, material and energy balance equations, chemical reactions, equations of state, and other equations that mimic different reservoir phenomena [25]. Usually, wettability alteration has been considered as a basis for building SWF simulation models [2,21,22,26]. Rock wettability influences the residual saturation of the phases and the relative permeability [17]. Therefore, in most numerical studies, the wettability alteration phenomenon is represented through the water–oil relative permeability curves that are provided as input data for the simulations [2,10,26,27].



These curves are built from the experimental determination of the extreme permeability points for different injected salinity brines and then fit through some model, such as the JBN method, which defines the shape of the curve between these points [27,28]. Different water–oil relative permeability curves are provided, each associated with a wettability state specified by an interpolant parameter. This interpolation criterion correlates the interpolant’s current concentration with the system’s wettability condition [29]. Different interpolation criteria can also be considered, such as mineral volume fraction, ion concentration in the aqueous phase, or ion-exchange equivalent fraction on the rock surface [30]. During the simulation, this interpolation parameter varies as a function of time and space, and may assume intermediate values between the extremes specified for the provided curves. Therefore, it is necessary to interpolate to obtain the relative permeability value corresponding to this intermediate condition.



Dang (2015) [25] criticizes the use of the total concentration of salts (TDS) as an interpolant because it is not enough to represent the process of smart water flooding. So, using the ion concentration in the aqueous phase is more suitable than TDS for a better numerical adjustment of phenomena in the porous medium. Most works that use this approach adopt the ion equivalent fraction on the rock surface as an interpolant of the relative permeability curves [13,17,31], but without a clear explanation. Specifically for carbonates, the most used interpolant is the SO42− or Mg2+ equivalent fraction on the rock surface, represented by SO4-X2 or Mg-X2 [3,13,31,32]. But experimentally, it is a complex variable to be quantified because it represents the ions that adhere to the rock surface and not a variable that can be determined from the effluent analysis.



Kadeethum et al. (2017) [33] give an example of a few studies that consider aqueous phase concentration as an interpolant. In this case, Ca2+ was the ion selected to mimic a sandstone core’s wettability alteration. The authors use the simulator to perform a history-matching of the SWF experiment and then extend the model also to analyze the field scale. In their results, they observed that different combinations of parameters, mainly regarding to relative permeability, can adjust lab simulation results, showing that uncertainties are included in EOR simulations. Interestingly, they indicate that the heterogeneity of the reservoir model is a parameter that influences the values of the interpolant used by them and, consequently, the production estimates obtained. Recently, Moradpour et al. (2020) [34] used sulfate in water as an interpolant in their numerical study of smart water injection into carbonates. However, like most authors, their objective was only to use this interpolant for a historical matching of core flooding experimental results and then a sensitivity analysis of SWF parameters.



Although the selected interpolation criterion usually fits the base case of sensitivity analysis studies from specific experimental conditions and results, there is no assessment of whether other studied scenarios from the variation of parameters of this tuned case are adequately represented. Studies that compare simulations with different interpolants and discuss their influence on the mechanisms have not been identified, as the present study proposes. Kadeethum et al. (2017) [33], assessed the extrapolation of laboratory results to field scale, emphasizing that simulation uncertainties can lead to misleading profit predictions from SWF projects. Therefore, simulation parameters and models must be carefully selected to minimize uncertainties, such as those from the choice of different interpolants.



In this work, a smart water flooding simulation was carried out in a carbonate oil reservoir. The state-of-the-art reports some papers about experimental evaluation of the smart water injection into carbonates and modeling and simulation [2,17,20]. However, little has been found about the relative permeability curves’ interpolant influence on SWF simulations since it directly affects the estimation of the recovery curves. It is essential to underline that the relative permeability mimics the effects of wettability alteration. Therefore, the present study differs from the literature because it also considers the gaps in the modeling and simulation of smart water injection into carbonates. The novelty is using an ion concentration in the aqueous phase as an interpolation criterion, different from the ion-exchange equivalent fraction on the rock surface, which has been widely adopted. Furthermore, two other salt ions (Mg2+ and SO42−) were chosen as criteria for interpolating relative permeability curves to investigate how the interpolant interferes with interpreting the simulated mechanism and, consequently, understanding the true potential of SWF to be applied by oil companies.



For this reason, varying the interpolating factor, this paper proposes to analyze how the wettability alteration is represented and influenced by water salinity and ion composition during SWF in carbonates. This is done by monitoring the oil recovery factor and the effluent’s composition and pH. The interpolant was varied together with the simulation of brines with salinity levels ranging from 30 to 1 kppm and three different water compositions: standard water (STD—with seawater compatible composition), monovalent-rich water (MV), and divalent-rich water (DV).




2. Methodology


In this work, a detailed simulation using a compositional simulator, GEM®, developed by Computer Modeling Group (CMG), investigates smart water core flooding in a carbonate system. The required data and the simulated scenarios are presented as follows.



2.1. Core Flooding Modeling


A carbonate core composed of calcite (50% v/v) and dolomite (50% v/v), 1.5” diameter and 12” length, was analyzed in this study. It is a homogeneous and isotropic core whose rock compressibility is 4.0 × 10−6 psi−1, the porosity is 0.2 at any point in the sample, and the permeability is also 200 mD in any direction. The reservoir pressure and temperature conditions used in the core flooding simulation were 1900 psi and 114 °C, respectively. The initial water saturation in the core was set at 0.0894, considering connate water, whose composition is shown in Table 1. Additionally, at 1900 psi and 114 °C, this brine has a density of 68.90 lb/ft3, a viscosity of 0.469 cP, and a pH 4.9.



Live oil was used in this study. Table 2 provides this oil’s composition and properties, determined experimentally by Sequeira (2006) [35].



Three chemical reactions are required to simulate smart water flooding: aqueous reactions, mineral dissolution/precipitation reactions, and ion-exchange reactions. Considering the presence of CO2 in the recombined oil, the carbonic acid formation (aqueous reactions) was included in the simulation model, as well as the salts dissolution in the aqueous phase (aqueous reactions) and the mineral dissolution and precipitation reactions of both calcite and dolomite (mineral reactions). Typically, ion exchanges provide the wettability alteration. So, for carbonates, ion sulfate adheres to the rock surface, and the ion exchange reaction should be included in the simulation model (ion exchange reaction). Details of all the reactions involved and the equilibrium constants, as well as models used for phase properties estimates, are provided in Table S1 and Equations (S1)–(S17) of the Supplementary Materials.



The core was modeled using a cartesian geometry divided into 30 equal grids (Figure 1). The injector and production wells were placed in the first and last grid blocks.



Waterflooding was simulated for an injection flow rate of 0.0006 bbl/day (reservoir condition) during the five days simulated, restricting the maximum pressure at the core inlet to 1950 psi. The pressure at the core outlet was maintained at 1901 psi, establishing a daily production limit of 0.001 barrels of liquid. These conditions were used for all simulated scenarios, described in the next section.




2.2. Simulated Scenarios


Synthetic seawater (STD) was chosen as the base composition of injection water for the core flooding simulation. Brine compositions were prepared by 3-, 6- and 30-times dilutions, named STD3x, STD6x and STD30x, respectively. Two additional brine compositions have also been adopted, departing from STD: one with only monovalent cations—named MV— and the other with divalent cations—named DV. The literature has emphasized the role of divalent cations in the smart water injection process. Some authors have experimentally investigated the use of brines with a variation of these ion concentrations to obtain typical bines rich in specific ions [36,37]. The present work complements the authors’ observations through a numerical study, if any of these brines are used. In both cases, MV and DV maintain the total salt concentration of the STD. Similarly, brines diluted 3-, 6- and 30-times were obtained based on MV and DV composition. The ionic concentrations of all brines used in this study are summarized in Table 3.



By shifting the relative permeability curves, the GEM simulator calculated the wettability alteration to a more water-wet condition. As input data required for simulation, relative permeability data, representing oil wet and water wet conditions from work developed by Dang et al. [38], were used, as shown in Figure 2. The relative permeability curves were built based on information at the endpoints, specifically on the phases’ irreducible and critical saturation conditions. The endpoints of the water–oil relative permeability curves change, which is associated with the wettability alteration due to the smart water injection, is also shown in Figure 2. Each curve represents an extreme permeability value associated with the wettability condition: maximum relative oil permeability for water-wet and minimum relative oil permeability for the oil-wet state. The reverse was for relative water permeability of water: minimum permeability for water-wet and maximum permeability for the oil-wet state. In this way, if the concentration of the interpolant ion in a specific grid block during the simulation assumes an intermediate value to these extreme values represented for set curves, an interpolation is performed to estimate the relative permeability of the water and oil phases, using Equation (1):


   k  r i   i n t e r p o l a t e d   = w ·  k  r i   o i l − w e t   +  (  1 − w  )  ·  k  r i   w a t e r − w e t    



(1)




where: i is the phase water or oil, kri interpolated is the new value of relative permeability calculated by the interpolation for that phase i; kri oil-wet is the value of relative permeability for the phase i, associated with the oil-wet curve presented in Figure 2, kri water-wet is the value of relative permeability for the phase i associated with the water-wet curve shown in Figure 2, and w is an interpolation factor computed by the Equation (2), considering a component aqueous phase concentration as interpolation criterion. Figure 2 shows how the krooil-wet and krowater-wet values are identified, to calculate the kro interpolated value at point A, whose water saturation is 0.38 and that of oil saturation is 1 − Sw = 0.62.





  w =    (     x j  b l o c k , t   −  x j  o i l − w e t      x j  w a t e r − w e t   −  x j  o i l − w e t      )   n   



(2)




where: x is a component aqueous phase concentration, j is related to the interpolant ion used in the specific simulation (Mg2+ or SO42−), n is a curvature exponent for the interpolation (defaulted to 1), xjblock,t is the ion interpolant concentration calculated in a specific grid block and determined time t during the simulation, xjwater-wet is the ion interpolant concentration associated with the water-wet curve set, and xjoil-wet is the ion interpolant concentration associated with the oil-wet curve set.



This study used the interpolation criterion based on the ion concentration in the aqueous phase, specifically SO42− and Mg2+. Magnesium cation was selected instead of calcium due to the high temperature of the simulated scenario, considering that in this condition, Mg2+ has a more critical role than Ca2+ [20,23,24,25]. In this way, 24 different scenarios were investigated, as outlined in Table 4, considering both the variation of the smart water and the interpolation ion.



For the curve corresponding to the oil-wet condition in Figure 2, the concentrations of synthetic seawater were xjoil-wet equal to 24 ppm of SO42− (when SO42− is the interpolant ion) and xjoil-wet equal to 170 ppm of Mg2+ (when Mg2+ is the interpolant ion). And for the curve corresponding to the water-wet condition, concentrations of xjwater-wet equal to 0.8 ppm of SO42− (when SO42− is the interpolant ion) and xjwater-wet equal to 5.7 ppm of Mg2+ (when Mg2+ is the interpolant ion) were used.



Gas–liquid relative permeability data are shown in Figure S1 of the Supplementary Materials.




2.3. Smart Water Mechanisms


An exhaustive discussion is presented in the literature about the role of divalent ions and salinity reduction of injected water in wettability alteration. As highlighted in Figure 3a, carbonate rocks tend to have a positively charged surface, which keeps the negative polar components of the oil adhered and results in initial oil wet behavior that is unfavorable for recovery. Formation water, which has a high concentration of salts, typically has low sulfate content. Through smart water injection, there is a reduction in the total ion concentration in the aqueous phase, which facilitates the access of potential ions to the rock surface. Sulfate is one of these potential ions that must be present in the injected water. Due to its negative charge, it tends to approach the positively charged carbonate and weaken the oil’s interactions with the rock in the ion exchange process represented in Figure 3b. Sequentially, other chemical interactions occur between the Ca2+ and Mg2+ ions and the rock and oil as well as between these ions and the sulfate, exemplified in Figure 3c. In summary, what has been widely accepted is that such interactions and pH increases lead to changes in rock wettability and enhanced recovery [29]. When simulating smart water injection, all these interactions that contribute to the oil recovery mechanism are well represented. As in the simulations, the relative permeability curves fully explain the wettability alteration. The uncertainties arising from the interpolation of these curves can affect this recovery’s qualitative and quantitative description. Refining the simulation models, ensuring a good agreement with these phenomena, allows more reliable estimates to support proposals for implementation projects by oil companies.





3. Results and Discussion


3.1. Oil Behavior Model


PVT experimental data from Sequeira [35] were used for tuning the EOS. This procedure was necessary before the core flooding simulations. The results of the differential liberation experiment data, regressed using the Winprop simulator developed by CMG, are presented in Table S2 and Figures S1–S6 of the Supplementary Materials.




3.2. Core Flooding Simulations


The oil recovery factors obtained for all 24 simulated scenarios are shown in Figure 4. Initially, a quantitative discussion of the results is carried out based on an overview analysis of the influence of salinity reduction and the presence of potential ions on the recovery factor. This work is divided into two sections to present better the results of the core flooding simulations for the different proposed scenarios. The first section discusses the effects of monovalent and divalent cations concentration on oil recovery, as illustrated in Figure 4. The presence of potential ions (Mg2+ and SO42−) is considered responsible for the wettability alteration, as shown in Figure 3. The second section deals with brine salinity reduction and its effects on SWF. The brine dilution has a more direct relationship with shifting the relative permeability curves intersection to the right, as shown in Figure 2, which physically indicates the wettability alteration from the oil-wet to water-wet state. A comparative discussion of the results obtained depending on the interpolant ion used is presented for both sections. The simulation results and experimental studies at the core scale allow oil recovery estimates, as discussed by Kadeethum et al. (2017) [33]. However, it is imperative to highlight that the extrapolation of these results to the field scale must consider the existing heterogeneity in the reservoirs and the simplifications for carrying out studies on a smaller scale.



3.2.1. Monovalent Versus Divalent Cations Effluent Concentration: Influence on Oil Recovery Factor, According to SWF Mechanisms


Oil recovery results for synthetic seawater (STD) flooding compared to those for brines rich in monovalent cations (MV) and brines rich in divalent cations, presented in Figure 4, lead to two distinct trends:




	
When sulfate is the interpolant ion, the estimated oil recovery follows a decreasing order: brines rich in divalent cations (DV) > synthetic seawater (STD) > brines rich in monovalent cations (MV). This trend is reversed as long as brine dilutions are evaluated. The recovery is the same for the injection of brine rich in monovalent ions and seawater brine, as seen in the condition of maximum dilution investigated (30x).



	
When magnesium is the interpolant ion, the estimated oil recovery occurs in the following order: brines rich in monovalent cations (MV) > synthetic seawater (STD) > brines rich in divalent cations (DV). The recovery factor estimate for injections of synthetic seawater (STD) becomes closer to the results for brines rich in monovalent ions (MV) as the dilution factor increases. For all cases, the recoveries with brines rich in divalent cations (DV) are lower than in the other scenarios.








The reason for these variations and the recovery mechanisms involved can be analyzed through the concentration curves of the interpolating ions in the effluent: SO42− shown in Figure 5 and Mg2+ in Figure 6, and the interpolation factor w (Equation (2)) variation of the relative permeability curves presented in Figure 7.



SO42− is a component of all injected brines investigated in this work, as shown in Table 3. Therefore, the variation of this anion concentration was analyzed in the porous medium between the water-wet condition (sulfate molality = 0.000008) and the oil-wet condition (sulfate molality = 0.00025), as represented by point A in the Figure 2. The concentration of SO42− in the formation water (initial core condition: sulfate molality = 0.00083) is between these two limit values. The interpolation of the relative permeability curves was performed in this concentration range. It is possible to confirm that the curves with lower sulfate concentration, shown in Figure 5, correspond to the scenarios that showed higher oil recovery factors in Figure 4, since the value of the interpolant tends to approach the curve of the water-wet state.



However, suppose Mg2+ is the interpolant ion. In the scenarios with brines rich in monovalent cations, whose magnesium concentration is zero, this ion concentration is considerably reduced, as seen in Figure 6b. Mg2+ concentration assumes values near that set for water-wet conditions because magnesium concentration is diluted in the formation water. So, the results are always higher, as they are closer to the most favorable wettability condition for oil recovery. Similar recovery results are also obtained with synthetic seawater and its dilutions because when they are injected, the magnesium concentration is reduced by dilution (Figure 6a), leading to more proximity to the water-wet state (in terms of relative permeability curves). On the other hand, in scenarios with brines rich in divalent cations, due to the absence of Na+ and K+ ions, the magnesium concentration in the medium assumes higher values (Figure 6c) when compared to synthetic seawater. Therefore, the relative permeability for these scenarios is closer to the curve of oil-wet conditions, which leads to lower oil recovery.



Due to the inconsistencies mentioned above, sulfate is the most appropriate ion to be used as an interpolant for the core flooding tests simulated in this work. This anion allows comparison of the effects of divalent and monovalent cations on oil recovery. Based on this conclusion and considering only the results for sulfate as an interpolant, the beneficial effect of increasing Ca2+ and Mg2+ concentration is evident. Another important observation of these results is that even very low sulfate concentrations, as observed for all simulated injected brines, are highly relevant in the smart water injection process.



Considering Equation 1, the higher the interpolation factor (w), the closer will be the relative permeability to that observed for the oil-wet condition, which results in a lower oil recovery factor. In the oil-wet state, the relative permeability to oil is lower than in the water-wet condition, and, on the other hand, the relative permeability to water is greater than in the water-wet condition. That is, water flow is favored, and oil flow is worse when the curve in Figure 2 is shifted to the left, more oil-wet. For this reason, Figure 7 shows the values of the interpolation factor given by the relative permeability curves. In these cases, w more positive values led to lower recovery estimates, as shown in Figure 4. As the selected interpolant is the concentration of magnesium and sulfate ions in the aqueous phase, the values of the interpolation factor in Figure 7 are directly related to the results shown in Figure 5 and Figure 6.




3.2.2. Dilution Effects: Influence on Oil Recovery Factor, According to SWF Mechanisms


When comparing the results of oil recovery (Figure 4) of concentrated brines (STD, MV and DV) with those of brines with different levels of dilution (3×, 6× and 30×), the main observation was: the more diluted the injected brine, the greater the recovery factor. This recovery improvement with salinity reduction occurred for simulations with synthetic seawater with less abrupt variation in interpolating ion and potential ion concentrations. As seen in Figure 5 and Figure 6, for more dilute injection brines, the interpolant ion concentration is lower, so during the simulation, the relative permeability values are estimated close to those of the relative permeability curve corresponding to the water-wet state (Figure 2), which favors oil recovery. This result reinforces the importance of careful characterization of the relative permeability curves.



These preliminary analyses consider the oil recovery factor estimates as a result of variations in salinity and composition of the injected brines in the range of relative permeability involved. The following discussions, in turn, analyze the pH, effluent concentration and ion exchange equivalent fractions, allowing us to relate the performance obtained with the mechanism involved and represented by the simulator.




3.2.3. Smart Water Flooding Mechanisms Simulation


Additional results were evaluated to ensure the process was captured adequately during the simulations for the different interpolants. From Figure 5 and Figure 6, it is possible to analyze one of the oil recovery mechanisms during the simulation of smart water injection. It was considered that ion exchanges, involving mainly divalent ions, promote a wettability alteration, which, in turn, is represented in the simulations through interpolating the water-oil relative permeability curves. Initially, the aqueous phase is characterized by the composition of the formation water itself. With the injection of the brine of different concentrations and lower total concentrations of salts, two processes coincide and lead to the variation of the interpolant ion concentrations: the dilution and the variation due to ion exchanges. Magnesium has a high concentration in the formation water; with consumption due to exchanges and dilution, its concentration reduces in the effluent. The distinct behavior occurs when the divalent ion-rich brine, which has a significant magnesium concentration, is evaluated so that different levels of Mg2+ molality can be seen in the effluent (Figure 6c). Particularly for a divalent ion-rich brine with 30,000 ppm of total salt concentration (DV), an Mg2+ concentration increase is observed. It occurs because the ion exchange losses cannot overcome the continuous injection of brine with a magnesium concentration higher than the formation water. When evaluating the variation of sulfate concentration (Figure 5), the same aspects must be considered. But in this case, the sulfate concentration in the formation water is lower than that of the concentrated brines (STD, MV and DV) and equal to 3× diluted brines (STD 3×, MV 3× and DV 3×). For this sulfate concetration, it is possible to identify an initial concentration reduction as the sum of the dilution and consumption by ion exchange, followed by a concentration increase corresponding to the water breakthrough, i.e., the effluent concentration corresponding to that of the injected water.



Regarding the divalent ion-rich brine (Figure 5c), sulfate concentration in effluent reduces for all dilution scenarios, even for brine with SO42− concentration higher than that of formation, for which opposite behavior was expected. In this context, it is essential to highlight that mineral precipitation reactions between Ca2+ and Mg2+ and sulfate also occur, as indicated in reactions S3 and S4 listed in the Supplementary Materials. The graph in Figure 8 shows the magnesium sulfate precipitation trend in the effluent. As seen in Figure 8c, there is a MgSO4 concentration increase when concentrated DV brine is injected. The discrepancy concerning the trends discussed above may be due to MgSO4 precipitation caused by the high concentration of Mg2+ and SO42−. It favors the displacement of the reaction MgSO4 ↔ SO42− + Mg2+ to the left side, with additional consumption of sulfate and magnesium ions.



Concerning another physicochemical alteration in the porous medium, Figure 9 shows the pH variation in the effluent as a consequence of the processes that are taking place in the core during smart water injection. Figure 9 shows an increase in the pH of the effluent during the injection for all simulated scenarios, which indicates that the recovery process was adequately described. This increase is also a critical alteration during smart water flooding, observed in most experimental studies. Some authors consider pH one of the main factors leading to wettability alteration [39]. Calcite, one of the main minerals observed in carbonate reservoirs, tends to have a more negative surface charge with pH increase, weakening oil’s interaction with rock [12]. This observation was identified mainly based on experimental analyses of zeta potential as a function of pH. But, authors such as Mohammadkhani, Shahverdi and Esfahany (2018) [40] have mentioned that the pH increase is associated with mineral dissolution reactions and cation release but have reinforced that it is not the primary recovery mechanism, mainly when SWF is applied in carbonates.



The evolution of the ion exchange equivalent fractions CH3COO-X and SO4-X2, shown in Figure 10 and Figure 11 respectively, are also important parameters to be examined. The SO42− ions adsorb on the minerals during SWF, as schematized in Figure 3, so the SO4-X2 equivalent fraction increases. On the other hand, the oil components, represented by CH3COO−, are released from the rock. For this reason, the CH3COO-X equivalent fraction decreases. The monitoring of the CH3COO-X equivalent fraction, shown in Figure 10, represents the inverse of the recovery factor since the smaller the oil fraction still adhered to the rock, the greater the amount of oil that was produced. Therefore, this fraction indicates, from a complementary point of view, how the simulator evaluates the recovery mechanism. Analogously, the SO4-X2 equivalent fraction represents the mechanism precursor, initiating the ion exchange, as shown in Figure 3.






4. Conclusions


The wettability alteration is the most accepted effect to explain improved recovery through smart water injection. In simulators, this phenomenon is represented through the shifting of water–oil relative permeability curves. This paper provides a detailed simulation study investigating smart water flooding in a carbonate system. The effects of water salinity and ion composition on oil recovery are described. The primary purpose was to evaluate the impact that the selection of different interpolants has on the representation of mechanisms related to SWF and the oil recovery estimates. In the literature, the interpolant is typically used only for historic matching, and no studies have been observed that deal with their use to assess mechanisms. In this work, Mg2+ and SO42− concentrations in the aqueous phase were used as interpolant ions of relative permeability curves. The simulation results demonstrated the significant influence of the interpolant on oil recovery estimates. For each interpolant, RF also changes significantly as a function of salinity and composition. The greater the dilution, the smaller the influence of the interpolant and brine composition on the recovery estimates. When considering SO42− as an interpolant, the trend is that the divalent rich brine (DV) has a higher recovery factor. In contrast, when Mg2+ is the interpolant, DV tends to have a lower recovery. Both interpolants have reproduced the pH increase and ion exchange mechanisms associated with carbonate wettability alteration well. This behavior has been observed through geochemical analysis from effluent composition in the scenarios studied. Results based on the alteration of carbonate wettability also support the beneficial effect of divalent ions and salinity reduction on oil recovery. Future works will include the experimental validation of the observed results.
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Figure 1. Simulation grid design with Injector well and Production well. 
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Figure 2. Water–oil relative permeability curves available in Dang et al. [38]. 
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Figure 3. Schematic of smart water injection mechanisms. 
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Figure 4. Oil recovery factor versus adopted approach for each simulation. 
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Figure 5. SO42− concentration in the effluent for brine injection: (a) STD; (b) MV and (c) DV. 
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Figure 6. Mg2+ concentration in the effluent for brine injection: (a) STD; (b) MV and (c) DV. 
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Figure 7. Interpolation factor variation of the relative permeability curves in the grid block {30,1,1} for brine injection: (a) STD; (b) MV and (c) DV. 
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Figure 8. MgSO4 concentration in the effluent for brine injection: (a) STD; (b) MV and (c) DV. 
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Figure 9. pH of the effluent for brine injection: (a) STD; (b) MV and (c) DV. 
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Figure 10. Ion Exchange Equivalent Fraction (CH3COO-X) variation in the grid block {1,1,1} for brine injection: (a) STD; (b) MV and (c) DV. 
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Figure 11. Ion Exchange Equivalent Fraction (SO4-X2) variation in the grid block {1,1,1} for brine injection: (a) STD; (b) MV and (c) DV. 
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Table 1. Connate water composition and properties at reservoir conditions.
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	Ion
	Na+
	K+
	Ca2+
	Mg2+
	H+
	Cl−
	SO42−
	TDS





	Concentration (ppm)
	54,370
	2850
	19,740
	4070
	0.0001
	139,800
	8
	220,838
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Table 2. Oil composition and properties by Sequeira(2006) [35].
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Component

	
Molar Composition (%)

	
Component

	
Molar Composition (%)






	
CO2

	
0.036

	
N2

	
0.023




	
CH4

	
23.736

	
C2H6

	
0.009




	
C3H8

	
0.064

	
NC4

	
0.342




	
iC4

	
0.117

	
NC5

	
0.786




	
iC5

	
0.822

	
C6

	
2.644




	
C7+

	
71.423

	

	




	
Molecular weight (g/mol)

	
164

	
Gas-oil ratio (ft3/bbl)

	
167

	
Specific Gravity @15 °C

	
0.8359
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Table 3. Ionic concentration (in ppm) of the synthetic seawater and smart water evaluated in this study.
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	STD
	STD 3x
	STD 6x
	STD 30x
	MV
	MV 3x
	MV 6x
	MV 30x
	DV
	DV 3x
	DV 6x
	DV 30x





	Na+
	11,075
	3691.7
	1845.8
	369.2
	11,376
	3792.0
	1896.0
	379.2
	0.0
	0.0
	0.0
	0.0



	K+
	393
	131.0
	65.5
	13.1
	404
	134.7
	67.3
	13.5
	0.0
	0.0
	0.0
	0.0



	Ca2+
	142
	47.3
	23.7
	4.7
	0.0
	0.0
	0.0
	0.0
	5239
	1746.3
	873.2
	174.6



	Mg2+
	170
	56.7
	28.3
	5.7
	0.0
	0.0
	0.0
	0.0
	6541
	2180.3
	1090.2
	218.0



	Cl−
	18,847
	6282.3
	3141.2
	628.2
	18,847
	6282.3
	3141.2
	628.2
	18,847
	6282.3
	3141.2
	628.2



	SO42−
	24
	8.0
	4.0
	0.8
	24
	8.0
	4.0
	0.8
	24
	8.0
	4.0
	0.8



	TDS
	30,651
	10,217
	5108.5
	1021.7
	30,651
	10,217
	5108.5
	1021.7
	30,651
	10,217
	5108.5
	1021.7
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Table 4. Overview of all simulated scenarios in this study.






Table 4. Overview of all simulated scenarios in this study.





	
Scenario

	
Injection Brine

	
Scenario

	
Injection Brine

	
Scenario

	
Injection Brine

	
Interpolant Ion






	
1

	
STD

	
9

	
MV

	
17

	
DV

	
Mg2+




	
2

	
10

	
18

	
SO42−




	
3

	
STD 3x

	
11

	
MV 3x

	
19

	
DV 3x

	
Mg2+




	
4

	
12

	
20

	
SO42−




	
5

	
STD 6x

	
13

	
MV 6x

	
21

	
DV 6x

	
Mg2+




	
6

	
14

	
22

	
SO42−




	
7

	
STD 30x

	
15

	
MV 30x

	
23

	
DV 30x

	
Mg2+




	
8

	
16

	
24

	
SO42−
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