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Abstract

:

The separation dynamics of a multiphase fluid mixture is studied with the aim to validate the gas reduction from the mixture by means of a KMS helical static mixer device through a laboratory prototype based on the jet-pump artificial lift system for oil extraction. The study is focused on the cyclone phenomenon, produced by the KMS, to experimentally verify the reduction of foaming in a reservoir behaving as a horizontal gravity separator of an oil–gas–water mixture under specific dynamics conditions of velocity and pressure of an incoming streamline, as well as some physical mounting configurations of the device. The results were numerical and experimentally validated, projecting the real performance in three-phase separators in an oil extraction field to improve efficiency in pumping machines regarding the negative effects of the gas. Concerning the gas reduction, a KMS of two elements located at 100 mm from the entrance of the horizontal reservoir and 20 mm from a gas casing tube successfully improves the gas isolation from the mixture, from 29.2% to practically 0% over 200 min in the reservoir, to let oil and water become separated by sedimentation. This gas reduction is indirectly assessed by the emulsion that is generated, which affects the time of oil separation in the counterbalance.






Keywords:


KMS; gas separation; sedimentation; oil extraction












1. Introduction


In the oil industry, artificial lift systems (ALSs) [1] become the natural alternative when the inner pressure decreases in a mature oil well. Depending on the ALS, such as the hydraulic pumping, the fluid mixture extracted is composed of different volumes of phases as a complex mixture of oil, water, gas, and, sometimes, solid particles. When the phase separation is introduced in the continuous process, separators work typically based on either gravity or centrifugal segregation through vertical, horizontal, as well as spherical configurations [2], and commonly for the gas–liquid segregation [3]. Other separation mechanisms such as impaction or electromotive force are also used for specific mixtures [4]; a comparison of multiple methods as absorption and membrane separation for gas–liquid mixture is studied in [5].



A separator could be implemented in different locations along the stream column, but is typically defined with horizontal configurations and complemented with additional inlet devices, as the helical separator, experimentally analyzed in for viscous fluids, and the so-called poor boy degasser, a vertical low-pressure loss device over two stages of separation, for gas and mud [6]. For multiphase fluids, a three-phase gravity separator is very common, and its performance is influenced by its configuration, the flow pattern, the design pressures, and the complexity of the mixture. In the process, a pre-separation is performed in the inlet section by means of components such as as diverter plates, reversed pipes, dished heads, or cyclonic devices [7]. For many oilfields, the separation of the phases from the mixture frequently involves emulsion and foaming into a horizontal separator without an inlet mechanism. This fact drives an improvement in gas separation, from the inlet device study. According to [8], the cyclonic device might be more efficient than other devices; however, it has limiting factors as its sensitivity to small changes in flow and the large pressure required to generate the centrifugal effect. A recent gas separation strategy based on the cyclonic effect [9] considers a numerical analysis for contours in velocity and pressure to set a mechanical configuration to deviate the gas. Though the cyclonic phenomenon is not explicitly addressed, in [3], an inlet device producing centrifugal effects is used to separate wet gas in high-velocity conditions. An interesting computational fluid dynamics (CFD) analysis of the flow pattern is developed in [10], where a mixture of gas is studied for different diplegs producing cyclonic dynamics. In [11], the separation of a gas–liquid two-phase flow is modeled and analyzed with CFD tools by considering a cone as a cyclonic generator; also, the dynamics of a cyclone separator with helical fins is studied by CFD in [12]. In [13], the cyclonic phenomenon is also studied for an absorption separator of ammonia from a liquid solution.



An innovative horizontal separator is designed with inclined pipelines [14], reducing the liquid at the top, but depending on the dynamics conditions such as the velocity and amount of liquid in the mixture. On the other hand, a static mixer is a device to homogenize the particle distribution into size scales, depending on the nature of the mixture [15,16]. However, for a mixture with a high concentration of gas, the density difference of the phases makes the static mixer fail in mixing; in this case, an interesting dynamics is produced, which favors the separation of gas [17]. In other research fields such as boiling flow fields, separation devices such as the one studied in this paper might be helpful [18], mainly for heat transfer enhancement and liquid evaporation models over the boiling temperature.



In general, the inlet section in a horizontal separator can provide a momentum degradation and promote a phase distribution, being a critical phase in the global separation process. Inlet devices, then, are critical to be designed in order to control that momentum absorption, and they might be selected depending on the application. Splash and diverter plates, for example, manage foam generation and could be useful for mixtures with a high gas concentration. The pipe distribution must deal with the amount of liquid and velocities, and helical devices must manage the pressure drop. However, having established the essential dynamics factors from a given application, the latter is regarded to be designed in gas separation in this study.



Therefore, motivated by a real application in the Gulf of Mexico by Nuvoil corporation for oil extraction, using the jet-pump ALS, the main contributions of this work are summarized as follows:




	
The study of a commercial KMS static mixer for the same effect as a helical separator to be physically implemented as the inlet device for gas separation in scenarios with non-fixed fluid properties and dynamics parameter variations as incoming velocities and different phase distributions in the mixture.



	
Commonly, numerical and theoretical studies are reported in the literature with minimal experimental implementation. In this work, the inlet device is designed according to the fluid properties, and dynamics conditions are evaluated for the gas reduction in a scaled laboratory prototype to respond to a real application in oil fields.



	
The multiphase mixture flowing through a KMS is experimentally studied to verify the gas reduction, contributing both defoaming in a scaled separation reservoir and an improvement of the injection pump efficiency into an ALS process.



	
The effect of gas on the sedimentation time is also analyzed and, instead, is a specific design of the device.








In this work, numerical results allow for the physical configuration of the KMS to be determined under different situations, compared to the case where it is not implemented, producing scenarios for decision-making in the oil industry.



The work is structured as follows. Preliminary considerations of a KMS static mixer are stated in Section 2 to describe the main problem in Section 3 as an improvement in the reduction of gas from a hydrocarbon mixture coming from an oil well. The strategy of separation in the process is proposed from basic experimental results; numerical studies are developed in order to verify the basic performance of the proposal, allowing some configurations for both single (Section 4) and multiphase (Section 5) cases to define the physical implementation, which, as a complement to the experimental analysis in Section 6, is developed with a focus on the effect of the KMS on the reservoir according to the effect of the gas separation reduction. Finally, some general remarks are stated in Section 7, and final conclusions and future work are presented in Section 8.




2. KMS Static Mixer Preliminary Considerations


A static mixer was designed to generate a homogeneous mixture of miscible components without mobile pieces [15]. Multiple geometries are described in [19], where the K, G, R, and M mixers are studied for particular cases and fluid properties such as viscosity; however, it can be also used to produce phase dispersion, chemical reactions, and heat transfer, among other applications [16]. It is verified in [20,21] that, with a gaseous component as a non-miscible phase in the mixture, the mixture fails and dispersion arises along the pipeline where the mixer is hosted. Then, it is possible to take advantage of this effect by producing a phase dispersion because of the tension between the phases. For KMS mixers, if the dispersion phase is a gas into a liquid, the densities’ difference and the produced centrifugal effect concentrate the lightest phase at the center of the pipe, while the heaviest is distributed towards the walls [17]. Figure 1 shows the typical configuration of a KMS, used in this work. Along length L, the mixer is composed by n helical elements with diameter D and length l with relation   l / D = 1  , discontinuously connected by an angle   α =  90 ∘    and walls with a torsion angle   β =  180 ∘    [16].



For the jet-pump ALS, by using the KMS as the inlet device, it is imperative to define a minimum pressure drop in the horizontal separator to ensure the extraction of water as the power fluid for the injection pump. With a KMS, the drop in pressure   Δ  P  s m     is then calculated as [16]


  Δ  P  s m   = 2  K T  f ρ   L  v 2   D   



(1)




where   K T   is the drop coefficient for static mixers in turbulent flow (   K T  = 150  ) with the Fanning factor f defined as   f = 0.079 / R  e  0.25    ,  ρ  being the mean density of the mixture; v, is the velocity of the fluid;   R e  , is the Reynolds number and   L = n D  . The dynamics conditions of the fluid then determine the drop in pressure; however, the n elements of the KMS should be set to avoid a low dispersion according to the coefficient of variation   C  o V    [16], defined as:


   C  o V   =  K i  L / D   =  K i n   



(2)




where   K i   is the coefficient of the mixture, defined for a KMS mixer as    K i  = 0.5   for turbulent flows. Notice that the phase dispersion becomes lower as n increases, producing a high quality of the mixture.




3. Problem Statement and Methodology Overview


For a hydraulic ALS, one of the most common methods for separation in multiphase flows is the segregation by gravity by means of horizontal three-phase separators. As expected and since the process is applied into continuous flow, the separation could be inefficient without adequate equipment, particularly for those oil wells from which the extracted mixture has a high gas composition and foaming becomes an important challenge to deal with. The conventional three-phase separator, even without inlet devices, is quite enough for those oil wells where the gas concentration is not significant, achieving an acceptable performance in the separation of phases and recycling the water as the power fluid. Depending on the oil well, the concentration of the gaseous phase is an important parameter that impacts not only the separation, but also the efficiency in pumping; if the gas is not segregated from the water inside the horizontal separator, the electric pump to reinject the motor fluid into the oil well demands more energy.



The focus of this work is two-fold: the first objective is the study of a KMS mixer as the inlet device to favor the gas reduction just before the multiphase mixture enters the horizontal separator; the second objective of the study is focused on the experimental analysis of the sedimentation times of the phases in the reservoir of the separator as a result of the remaining gas in the reservoir. Although the KMS was originally designed to generate a homogeneous mixture of miscible phases, for an incoming fluid with a high difference in density such as a liquid and gas, the mixer does not operate as expected, and the helical acceleration sends the liquid to the wall of the pipe. while the gas, the lightest component, remains at the center of the tube. The analysis performed in this work aims to characterize this phenomenon for determining the dynamics and geometric conditions for the implementation as a gas pre-separator in the oil extraction process. Once having defined these conditions, the dynamics of sedimentation is analyzed to describe the performance regarding the times and quality of the separation in the reservoir. The studies were developed in a scaled pilot platform where the KMS and the reservoir were assembled based on previous numerical analysis.



The cyclonic phenomenon produced by the KMS is exploited to isolate the gas by means of a deviation strategy that should be characterized in location and geometry in the vertical pipeline just before the entrance to the three-phase separator, as depicted in Figure 2, to guarantee the casing of the concentrated gas.



The parameters to be determined from the study to take full advantage of the phenomenon are the diameter   d i   of the inner gas deviation pipe once in the stable region of the cyclone, the distance d where the KMS is located with respect to the deviation pipe allowing this capture, and the length L of the KMS, which is defined by n helical elements. Once the mixture is broken by the KMS, the gas should be guided to the output depicted in Figure 2, while the heaviest phase at the walls ends at the bottom of the horizontal separator, where, by sedimentation, the oil is segregated from water over time.



The experimental performance is studied with the configuration from Figure 2, where the pipeline is set as in the oilfield, with   D = 44.8   mm. In the pilot experimental platform, a   1 / 2 [ H P ]   pump supplies the mixture to the system, making the fluid pass through a 3D-printed KMS of either 4 or 2 elements with   l / D = 1   and a reservoir as the horizontal gravity separator, where the remaining mixture is accumulated.



The induced cyclone phenomenon was captured by an endoscope full-HD camera with   1920 × 1080   pixels and 60 fps at the outlet section where the deviation pipe, with diameter   d i  , to be defined, is located for casing the gas and deviating it. The behavior of fluids in the reservoir while filling was analyzed by means of another lateral camera of 30 fps, which captures the longitudinal section of the reservoir to identify the generated layers’ thickness, a slow dynamics with samples every 10 min, as described in Section 6.



A particular real oil well application of the Mexican company Nuvoil suggests the drop in pressure of   Δ  P  s m   ≤ 1   Kg/cm   2   to maintain a continuous process of extraction of water from the horizontal separator by means of a triplex pump for injection at the surface. Then, according to the current pipelines at the surface, the number of elements n becomes crucial for the configuration, not only for the pressure drop, but also for the required high dispersion, which impacts the reduced sedimentation times in the reservoir. Based on a mean production of 2500 bdp and streamline velocities’ measured samples from the company, it can be deduced from Equation (1) that a 4-element KMS can produce a maximum pressure drop of   Δ  P  s m   = 0.95   Kg/cm   2  , which, according to physical implementation in the field, yields a mean pressure of 8 Kg/cm   2   measured in the separator, enough to extract segregated liquids for the already described injection pump. A KMS with   n ≤ 4   elements was then studied as the inlet device by means of numerical simulations and validated with a laboratory experimental platform with controlled operational conditions, to define a solution for extended realistic cases.




4. Validation Studies of the KMS Cyclonic Effect


4.1. Preliminary Experimental Setup


To configure a CFD code as a reference tool, simple preliminary experiments were designed to parameterize the gas concentration geometry from the thickness of a fluid in the wall of the pipe. Repetitive experiments with water/air in a free-falling condition through a 4-element KMS were sampled regarding the thickness of the walls  δ  along a distance   d l   after the KMS by using the endoscope camera and a digital image treatment to identify the stationary regimen and the thickness with an uncertainty of   0.04   mm per pixel. Though the thickness  δ  is not homogeneous along the flow, Figure 3 shows 12 samples on average for three experiments with the same condition. It can be noticed that the captures are not coincident because of the uncertainty in the measurement; however, a mean performance was also depicted from a fitting function defined by the power expression   δ = 0.0004  d  l  2  − 0.015  d l  + 2.11   with a coefficient of determination    R 2  = 0.46   along    d l  = 200   mm from the bottom end of the KMS. It is important to remark that    d l  = 0   at the bottom end of the KMS, and it is positive in the flow direction, as depicted in Figure 2, but Figure 3 shows only the stationary regimen where the thickness is homogeneous.




4.2. Numerical Validation for a Single Phase


Thickness  δ  is aimed to be reproduced in a CFD simulation platform, which must serve as a baseline to analyze the KMS effect and predict the performance with different fluid properties. The CFD code was analyzed according to the effect of parameters such as as the drag and lift forces, bubble size, and turbulence; moreover, the coalescence and rupture of the surface are important factors to be considered in the numerical configuration [22]. Based on the ALS where the liquid fluid is a continuous flow carrying dispersed gas bubbles along the pipe in a lower volume of the fraction, the CFD code was developed in Ansys CFX©to perform numerical experiments with an Eulerian-Eulerian multiphase model approach that ensures that the turbulence effect does not affect the continuity equation, considering it as a turbulent dispersion force in the momentum equation [23]; instead, the Lagrangian available solver is used, where the flow was considered as tracking particles. In addition, transient state simulations were developed to verify the time behavior of the flow.



On the other hand, a sensitivity mesh analysis to define a suitable discretization of the computational domain to capture the pressure drop at the walls and the turbulence dynamics includes 6 different meshes differing by the number of nodes and elements and the skewness metric, resulting in a configuration of 2.9 million nodes for more than 6 million hexahedric elements and a skewness metric of 0.79 to better reproduce the phenomenon.



To reproduce the experimental performance of Figure 3, Table 1 depicts the evaluated parameters from which the best of the 54 configurations results in the SST model of turbulence with a bubble size in the dispersion phase of 2 mm without drag and lift forces being considered and the bound conditions are defined by different controlled velocities at the incoming stream, while at the output, the pressure condition is set at the reservoir with no slipping on the walls. It has been shown that the   k − ϵ   is a fast model; however, it is not necessarily the most accurate for multiphase flows and transient state simulations. The BLS model, in comparison, produces good results, but the eddies at the end of the KMS are not appreciated as in the SST model.



Figure 4 shows the numerical performance of this configuration on water/air for the thickness  δ  on the transversal section along the distance   d l  . The sections are defined as S1 at    d l  = − 110   mm, S2 at    d l  = 0   mm, and S3 at    d l  = 50   mm, showing a non-homogeneous distribution of the fluid at the wall, so thickness  δ  is not possible to determine in this transient regimen. However, Sections S4–S6, at    d l  = 120   mm,    d l  = 150   mm, and    d l  = 180   mm, respectively, exhibit a rotational dynamics with an easy thickness identification, suggesting a mean inner diameter   d i   of gas for the casing and deviation tube.



Discrete samples from multiple transversal sections along   d l   construct a numerical curve that fits with the experimental one with an   R M S E = 10.8 %   in the domain of   d l  , as depicted in Figure 5, where it can be seen how the cyclone becomes stable about    d l  = 120   mm and remaining with the profile at least to    d l  = 200   mm.





5. Multiphase Numerical Analysis


From the previous CFD configuration for the free-falling conditions, some additional simulations were tested including a mixture of water and oil (density    ρ 0  = 997   Kg/cm   3   and viscosity    μ 0  = 31.5  ( c p s )   ), as well as added gas with the proportions as described in Table 2 for different incoming velocities and volumes. The pressure at the output was set according to the one in the horizontal separator for the real process as   10.54   Kg/cm   2  . The only refinement of the numerical code consisted of a new sensitivity mesh analysis, resulting in a configuration of 3.5 million elements and a skewness of 0.81 for the same configuration parameters in Table 1. Case 1 in Table 2 corresponds to the configuration for water without gas, but only the accumulated air in the pipe before the liquid flows through the KMS. The velocity is defined as free-falling along 250 mm after the KMS.



For Cases 2–4, the dynamics through the KMS is depicted in a transversal XY plane in Figure 6 from the perspective of the oil phase at 10 seconds once the stationary regimen has been achieved. Notice that, since the configuration does not consider additional gas and the velocity is higher than the preliminary simulations, the KMS behaves as a pure mixer with a low dispersion for   n = 4   regarding Equation (2), and the mixture totally fills the pipe independently of the volume of phases in the liquid mixture. Though the KMS induces the centrifugal effect, the absence of a gas phase does not produce an evident adhesion of liquid on the pipe wall; however, the device produces a bubble of air at the bottom end of the KMS (   d l  = 0   mm), from the air at the beginning of the simulation.



The cases with gas in the mixture are quite different, as expected, and proportions are motivated by data provided by Nuvoil from samples of the extracted mixture in a typical oil well where the jet-pump ALS is applied. Cases 5 and 6 are depicted in Figure 7, where the gas becomes the lightest phase and becomes distributed at the center of the pipe. In the figure, three instances of the dynamics are depicted at t = 1, 2, and 3 s after the entrance, and it can be observed that Case 6 has a more visible gas concentration since the gas phase in the mixture is higher. It can be noticed that at t = 2 s and t = 3 s, no significant changes are perceived, and an irregular gas concentration is obtained. In addition, according to Figure 5, a preliminary stable concentration could be identified at    d l  = 200   mm.



However, to verify the effect of velocity on the phenomenon, Cases 7–9 were analyzed with different conditions at   t = 3 ( s )   after the fluid entrance. In Figure 8, the dynamics of air as the initial component in the pipe is shown, which, for the low velocity in Case 7, remains at the center while the liquid is in the wall, a similar result as Case 1. As the flow velocity increases (Cases 8, 9, and 6), the air is removed and replaced by gas, as depicted in Figure 9.



Notice that, though the gas is distributed at the center with an irregular dispersion, a regular bubble of gas is always generated just at the bottom end of the KMS, which tends to flow while the mixture of oil and water is added to the walls.



From these comparisons, it can be verified that, in general, there is a non-homogeneous concentration of gas at the center of the pipe, so that the thickness could not be considered regular as in the single phase, especially for higher velocities and the combined properties from different volumes of the fraction in the phases. However, an important characteristic that stands out from Cases 5–, is the gas concentration in a bubble just ending at the KMS, such that it could be cased to be canalized before it flows along the pipe. This bubble is formed approximately at    d l  = 15   mm from the KMS and has a rotating geometry with a mean diameter, as depicted in Figure 10, with the axis variation in Figure 11 for increasing velocities.



It can be noticed that the bubble diameter varies around a mean value of 13 mm. According to the assumption of gas concentration and the requirement of a gas deviation, this fact becomes an important result since t allows defining a standard diameter    d i  = 15   mm for the deviation pipe to trap the bubble, and it should be located where the bubble remains regular at least at a distance   d = 20   mm for casing the maximum gas before it becomes dispersed.




6. Experimental Validation of the Numerical Result


6.1. Methodology


Based on the numerical results, the improvement of the gas reduction was verified with a laboratory-scale platform based on the configuration in Figure 2, where an   80 ( l t ] )   mixture composed of   25 %   oil and   75 %   water, motivated again by the Nuvoil samples’ data, was complemented with dispersed gas injected into the flow at the entrance. The experiments allowed not only the validation of the gas isolation, but also verifying the sedimentation time of the phases and the resulting fraction of the volumes in the reservoir for both cases: with and without the KMS as the inlet device. In addition, a configuration of a 2-element KMS was studied and compared with the 4-element case.



It is important to recall that the amount of gas in the mixture at the reservoir is deduced by characterizing the resulting volume with respect to the defined incoming liquid; the resulting difference implies disperse gas bubbles that contribute to a higher volume, which should converge to the original as the gas emerges to the surface by sedimentation.



An additional parameter r describes the distance where the KMS is located with respect to the input of the horizontal separator and is considered to ensure a suitable pressure drop due to the mounting of the deviation tube. Regarding the location of the bubble at the end of the KMS,   r ≥ 20   mm and two cases were tested. According to Equation (1) with    K T  = 1  , implying the flow without the KMS,   r = 100   mm implies a drop pressure of   Δ P = 0.0037   Kg/cm   2  , barely contributing to   Δ  P  s m    , which is even lower for   n = 2  .



Four different cases were studied as described in Table 3 and from which several experiments were carried out at room temperature. Case A describes the current operational scenario of the real case in the company, where foaming results in injection pumping issues.



The analysis was addressed under two perspectives on the total mixture in the reservoir once having passed through the KMS. On the one hand, three samples spaced by 10 min were taken from the layer at the bottom of the reservoir, where a dominant water as the heaviest component was expected and, on the other hand, a vision system based on the lateral camera monitors the dynamics of an intermediate layer where a mixture is evolving in time because of the gravity separation. This intermediate mixture layer (IML) is particularly interesting because it includes the original mixture with different proportions over time and its thickness decreases since the water gets to the bottom layer, the oil emerges to the top layer, and the gas emerges from the mixture. Figure 12 depicts a capture of these layers in the reservoir, which vary over time in thickness depending on the configured case and the concentration of the involved phases, as studied in what follows.




6.2. Results


Even though a sample composed mainly of water is expected, the bottom layer exhibits different proportions of water–oil, as depicted in Figure 13 for each configuration. It can be noticed that water is increasingly dominant over time in all cases; however, the KMS in Cases B-D, which were implemented to reduce the gas from the mixture, contributes a homogenization of the liquids, producing a delay in the sedimentation and letting the oil remain for a longer time at the bottom layer. The findings of a 2-element KMS appear to be comparable to those of 4 elements, differing approximately   3 %   among Cases C and D. This implies that for these configurations, 2 elements are enough to generate the cyclonic effect that allows the gas deviation, reducing the drop in pressure by half (  Δ  P  s m   = 0.43   Kg/cm   2  ) according to Equation (1), enabling even a higher mounting distance r before a critical drop in pressure.



Although Case A seems to be the optimum scenario since the oil is effectively segregated, the presence of gas at the IML is an important consideration to allow operating the injection pump efficiently. An analysis of the IML was developed for a longer time, since it was focused on the decrement rate regarding how the three phases involved were segregated by gravity into their corresponding layer. For the configuration cases, a sample at   t = 200   min is shown in Figure 14, where it can be appreciated that Case A holds   29.2 %   of gas. The other cases clearly exhibit a gas reduction, Case D being the one where the gas completely vanishes from the layer.



The average behavior of the IML thickness over time is shown in Figure 15 with respect to the total volume of the mixture in the reservoir. In contrast with the KMS implementations, Case A, the configuration without the KMS, shows a higher decrement rate (0.32) compared to the KMS implementation cases, which means that the presence of gas in the mixture favors the separation of the liquids more quickly. The similitude between Cases C and D holds since both exhibit a decrement rate of 0.26, with a slight difference in consistency with Figure 12 and Figure 13.



Considering the total volume at the IML, the quantification of each fraction of volume of phases can be seen in Figure 16 for all cases, where the behavior of the gas reduction versus the remaining mixture water–oil to be still separated can be compared. Case A exhibits the lowest mixture, but the highest gas concentration, the opposite of Case D, where no gas is present, but a high mixture portion is included.





7. General Remarks


It is important to remark that the main motivation of this work was the requirement of reducing the gas from the mixture in the current operation of the Nuvoil company, to decrease the foaming and emulsion phenomenon in the horizontal separator of a real hydraulic ALS in oil wells, letting the injection pump operate more efficiently. Since the presence of gas represents difficulties in the current operation, the main goal is the gas’s isolation before the mixture enters the horizontal separator.



From the results of the presented cases, it can be noticed that the KMS implementation as the inlet device contributes to the gas separation:   29.2 %  ,   11.3 %  ,   7 %  , and   0 %   of gas for Cases A, B, C, and D, respectively, in an average performance under controlled conditions.



On the one hand, the KMS implementation results in gas reduction from the mixture, which improves the efficiency of the injection pump by enabling it to operate with almost liquid phases. On the other hand, the sedimentation time required to create these liquid phases, which is correlated with higher operation costs, is increased. This is a crucial topic to consider while extracting oil from an oil well since businesses need to determine what will best meet their production targets. Table 4 summarizes the main criteria to make decisions on the configuration; the current implementation in the real application refers to Case A, but it has the issues already discussed; therefore, Case D may be an alternative following this study regarding the gas reduction.



Recalling Figure 2 and since the identified bubble and the bottom end of the KMS have a geometry that slightly varies in time because of the rotation, traces of the liquid phase could also be trapped in the physical implementation. Several orifices are distributed in the horizontal section to let liquid fall into the reservoir. In addition, a minimum amount of gas could also fall into the reservoir within the liquid phase and should be separated by sedimentation in the usual way, influencing at the same time the sedimentation times.



Regarding the models of turbulence in Table 1 for the CFD code, it was shown that   k − ϵ   is a fast model to obtain a solution; however, it is not necessarily the most accurate for multiphase flows and transient state simulations. The BLS model, in comparison, produces good results, but the eddies at the end of the KMS are not appreciated as in the SST model, which finally was selected for the experiments.




8. Conclusions


The idea of employing a commercial static mixer arrangement as a separator when the combination has a gas component, as in the case of ALS, was experimentally tested in a prototype platform. It was established that adding the KMS causes the liquids to become more homogeneous and takes longer to separate by sedimentation, but the gas is practically entirely separated.



Since the cyclone effect is still created with the two-element KMS, it is suggested for use in the final implementation. This is further supported by the fact that, in contrast to Cases A and B, where the presence of gas bubbles makes it possible for them to contribute to the separation of water and oil when they rise to the surface, the only method for separating liquids in the absence of gas is the sedimentation by gravity. Since the time required for liquid separation is a drawback to increasing energy efficiency in the equipment at the surface by reducing the gas concentration, it is a crucial problem to consider when using the KMS as an intake device for an ALS. To validate the performance and examine the temporal separation between the liquid components entering the horizontal separator, which is anticipated to change due to the helical phenomena, an actual experimental implementation in oilfields is required in this situation.



The experimental results showed the consistency of the thickness measure over multiple experiments and a suitable model to describe the behavior of the mixture, but a better approximation of the fluid performance after the KMS could be produced because the experimental data were captured by a low-resolution camera. Due to the slow dynamics of sedimentation in the case of lateral monitoring, a slower camera velocity is sufficient to collect the data. Additionally, temperature was treated as constant and ambient in this study; nevertheless, in-depth field tests are needed to confirm the suggested setup.
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Figure 1. KMS static mixer configuration for   n = 4  . 
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Figure 2. Physical configuration of the KMS as the inlet device with the main parameters to be characterized. 
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Figure 3. Experimental thickness  δ  for water. The performance is described from the fitting curve to develop CFD codes along the distance   d l   where the cyclonic phenomenon remains. 
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Figure 4. Transversal sections’ performance at S1 = −110 mm, S2 = 0 mm, S3 = 50 mm, S4 = 120 mm, S5 = 150 mm, and S6 = 180 mm. 
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Figure 5. Numerical performance of liquid thickness  δ , compared with the experimental fitting curve. 
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Figure 6. Oil performance in the lateral plane at 10 s of simulation. 
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Figure 7. Gas distribution in the multiphase mixture. The concentration at the center of the pipe can be noticed. 
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Figure 8. Air distribution in cases with gas. 
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Figure 9. Gas distribution in multiphase fluid. 
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Figure 10. Transversal sections at    d l  = 20   mm with a rotating gas bubble. 
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Figure 11. X and Z bubble ratios’ performance at the output of the mixer for increasing velocities. 
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Figure 12. Layers in the horizontal reservoir permanently monitored by the vision system. 
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Figure 13. Samples from the bottom layer at   t = 10   min (Sample 1),   t = 20   min (Sample 2), and   t = 30   min (Sample 3) after filling. 
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Figure 14. Proportions of phases at   t = 200   min in the IML for different cases of study. 
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Figure 15. Mean dynamics performance in the intermediate layer over time for different cases. 
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Figure 16. Mean performance of the cases of study in the intermediate layer over time. Observe a decrease in the amount of gas is observed form case A to case D. 






Figure 16. Mean performance of the cases of study in the intermediate layer over time. Observe a decrease in the amount of gas is observed form case A to case D.



[image: Applsci 12 07988 g016]







[image: Table] 





Table 1. Configuration parameters for CFD code definition. The final parameters are identified in bold font. SST: shear stress transport, BSL: baseline.
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	Turbulence Model
	Bubble Size
	Non-Drag Forces





	k- ϵ , SST, BSL
	0.5, 1.0, 1.5, 2.0, 4.0, 5.0 (mm)
	Lift force (Tomiyama model), virtual mass force (CVM = 0.5), wall lubrication (Tomiyama model), non-drag forces omitted
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Table 2. Cases of study for multiphase analysis.   a i   is the initial air in the tube before the experiment.
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	Case
	% Water
	% Oil
	% Gas
	Velocity





	1
	100
	0
	a   i  
	Free falling



	2
	40
	60
	0 + a   i  
	3 m/s



	3
	30
	70
	0 + a   i  
	3 m/s



	4
	20
	80
	0 + a   i  
	3 m/s



	5
	37
	60
	3 + a   i  
	3 m/s



	6
	32
	60
	8 + a   i  
	3 m/s



	7
	32
	60
	8 + a   i  
	0.3 m/s



	8
	32
	60
	8 + a   i  
	1 m/s



	9
	32
	60
	8 + a   i  
	2 m/s
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Table 3. Experimental analysis cases.
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	Case
	KMS
	r
	d





	A
	NA
	NA
	NA



	B
	4-element
	40 mm
	20 mm



	C
	4-element
	100 mm
	20 mm



	D
	2-element
	100 mm
	20 mm
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Table 4. Decision criteria for physical implementation.
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	Case
	Gas (% of Volume)
	Oil (% of Volume)
	Mixture (% of Volume)
	IML Decrement Rate
	Drop Pressure (Kg/cm    2   )





	A
	up to 30%
	up to 40%
	up to 30%
	0.32
	0.006



	B
	up to 11%
	up to 30%
	up to 59%
	0.31
	0.96



	C
	up to 7%
	up to 19%
	up to 74%
	0.26
	0.98



	D
	≈0
	up to 25%
	up to 75%
	0.26
	0.49
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