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Abstract

:

This research answers the following question: What is the fluid dynamic behavior of a supercritical fluid (SCF) inside a membrane module? At this time, there is very little or no reported information that can provide an answer to this question. The research studies related to the themes of supercritical CO2 (SC-CO2), hollow fiber membrane contactors (HFMCs), and numerical simulations have mainly reported on 2D simulations, but in this work, 3D profiles are presented. Simulations were performed based on the experimental results and other simulations, using the geometry of a commercial module. The results were mainly based on the different operating conditions and geometric dimensions. A mesh study was performed to ensure the mesh non-dependence of the results presented here. It was observed that the velocity profile developed at 10 mm from the wall of the supercritical CO2 entrance pipe. A profile equilibrium around the fiber close to the entrance of the module was achieved in the experimental hollow fiber membrane contactor when compared to the case of the commercial hollow fiber membrane contactor. The results of this research provided a visualization of the boundary layer, which did not cover the entire fiber length. Finally, the results of this paper are interesting for technical applications and contribute to our understanding of the hydrodynamics of SCFs.
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1. Introduction


Each year, the number of research studies related to the themes of supercritical CO2 (SC-CO2), hollow fiber membrane contactors (HFMCs) and numerical simulations are increasing (see Figure 1). Researchers have mainly reported on the 2D simulations of the mass transfer and velocity profile [1,2,3,4], however, the question of what the fluid dynamic behavior of a supercritical fluid (SCF) is inside a membrane module still remains.



Membranes are semi-permeable barriers capable of separating substances by means of various mechanisms (solution/diffusion, Knudsen diffusion, molecular sieving, and ion transport). They are available in different types of materials: Organic (polymeric) or inorganic (carbon, zeolite, ceramic, or metallic), and may or may not be porous [5]. The membranes act as filters that separate one or more compounds from a feed mixture and generate a permeate phase rich in the specific compound [6]. Microporous hollow fiber modules provide a larger contact area per volume between gas and liquid than conventional devices [7]. In the hollow fiber membrane contactors, the gas mixture flows on one side of a microporous membrane, while the liquid absorbent flows on the other side. A gas–liquid interface forms at the opening adjacent to the liquid absorbent when the membrane is not wet with liquid, but filled with gas (Figure 2). In the absorption process based on microporous hollow fibers, gases diffuse from the gas phase to the gas–liquid interface through the pores and are absorbed in the liquid solvent [8]. Compared to conventional devices including the packed tower, spray tower, venturi scrubber, and bubble column, the hollow fiber membrane contactor has the following advantages [9] of operational flexibility, greater economy, linear scale-up, and easier performance prediction.



On the other hand, a fluid is supercritical when its temperature and pressure are greater than its critical point values (TC, PC). Most applications of SCFs occur in the range of 1 < T/TC < 1.1 and 1 < P/PC < 2 [11]. Under these conditions, the fluid exists as a single phase with some of the advantageous properties of both a liquid and a gas: It has sufficient density to provide appreciable dissolving power; but the diffusivity of solutes in SCFs is higher than in liquids, and the viscosity of SCFs is lower, facilitating mass transport and endowing SCFs with more favorable hydrodynamic properties than those of the liquids. Finally, due to the high compressibility of fluids near the critical point, their density and dissolving power can be tuned sensitively through small changes in pressure [12]. Furthermore, solute solubility depends exponentially on density [13], and small pressure changes in the highly compressible critical region can cause very large solubility variations, allowing the selective dissolution or precipitation of solutes [12,14]. On the other hand, their very low surface tension allows them to penetrate readily porous solids and packed beds [15].



The thermodynamic properties of the fluid at the critical point have their theoretical basis in that the first and second partial derivatives of the pressure, with respect to the volume at a constant temperature TC, are zero because there is a point of inflection at the critical point. This implies that, at the critical point, the isothermal compressibility and the coefficient of the thermal expansion are infinitely positive, the enthalpy of vaporization is zero, and the specific heat at a constant volume is infinite.



For the hydrodynamic analysis, it is necessary to know the behavior of the density and viscosity in the vicinity of the critical point. Density in the supercritical region increases sharply with increasing pressure at a constant temperature; in addition, it decreases with increasing temperature at a constant pressure. It is worth emphasizing the steep slopes of the curves in the vicinity of the critical point [14,16]. As reported by Stephan [17], at constant pressure, viscosity under subcritical conditions (T < TC) decreases with increasing temperature to the critical point, then viscosity under supercritical conditions (T > TC) increases with increasing temperature. In SCFs, viscosity increases with the pressure at a constant temperature. In general, the influence of pressure is low at high reduced temperatures (T/TC) and at low reduced pressures (P/PC) [18]. Moreover, increased pressures also result in diminished solute diffusivity and transport phenomena, but also in increased solubility through decreased density [18].



The main compound used under critical and supercritical conditions is CO2. Until 2018, 27,233 journals on SC-CO2 applications had been published on the ScienceDirect website [19,20,21,22,23,24,25,26,27,28]. The broad use of SC-CO2 is due to the fact that it is inexpensive, chemically inert, non-toxic, and non-flammable, has a relatively low critical point (PC = 7.38 MPa, TC = 304.15 K), and is considered by the Food and Drug Administration (FDA) as being a GRAS (Generally Recognized as Safe) product [29].



Pabby and Sastre [30] reported that a particularly interesting application of membrane contactors is extraction with dense gases (i.e., near critical or SCFs). Like liquids, dense gases offer the high solubility of many solutes of interest, yet also offer the high mass transfer rate and low pressure drop enjoyed with gases. Furthermore, solubility is usually a strong function of density, and dense gas is thus easily separated from the dissolved solutes simply by reducing the pressure [31,32]. Due to the growing interest in SC-CO2 applications, one of them being in membrane contactors, this paper presents the fluid dynamic behavior of the SC-CO2 for different configurations of hollow fiber membrane modules. The authors highlight that this research helps to visualize the velocity profiles, the formation of the boundary layer, the effects of geometry, among other aspects, which supports the accuracy of models to determine the phenomena of material transference.



Supercritical CO2 in a Membrane Contactor


The method that takes into account the use of SCFs in a membrane contactor is called the Porocrit process (PoroCrit LLC, Berkeley, CA, USA) [33]. It is different from the traditional membrane processes based on the pressure difference since in the case of the Porocrit membrane process, it is porous and acts mainly as a contact device that allows the stabilization of an interface between two phases of matter exchange, the feeding solution, and the SC-CO2 extraction solvent [34].



The membrane contactors used in the Porocrit process are of the hollow fiber type. Several studies have considered the use of SC-CO2 in hollow fiber membrane contactors (HFMCs) [19,34,35,36,37,38,39,40,41,42]. There are two important issues for the Porocrit process: The mass transfer (MT) and fluid dynamics (FD) inside the membrane module. Much of the research based on the Porocrit process is focused on the MT, whereas this research work focuses on the other important issue, the FD.



In the research on the MT in HFMCs, the following is assumed: A steady-state system; equilibrium is reached at the fluid–fluid interface; the phases present in the shell and tubes are perfectly mixed; there is a developed laminar flow; the pore size is uniform in the whole membrane; the curvature of the interface does not have a significant effect on the mass transfer or solute distribution; the membrane is “humidified” homogeneously; the mass transfer is correctly described with the boundary layer model; MT does not occur in the non-porous zone of the membrane; the fluids are immiscible; and the coefficient of the partition of the solute is constant [43,44,45,46,47,48,49,50]. On the other hand, there are authors that have studied the MT in HFMCs that have used SC-CO2 as a solvent [1,19,43,51,52,53].



This research study’s purpose is to deepen the understanding of the fluid dynamic behavior of an SCF inside a membrane module.





2. Materials and Methods


The methodology is outlined in Figure 3. In the initial stage, the experiments performed by Valdés and collaborators [19] were analyzed as these experiments considered the passage of the SC-CO2 through the shell of the HFMC. Then, the following problem was established: There is uncertainty regarding the fluid dynamic behavior of the SC-CO2 inside the HFMC. Hence, three cases (A, B, and C) were defined to solve this assumption. In both cases, the FD simulations were performed under the experimental operating conditions reported by Valdés et al. [19], along with the variation of the number of fibers. Case A considered the HFMC manufactured by Valdés and collaborators [19], whereas Case B considered the dimensions of a commercial HFMC with the dimensions of the Case A fiber, and Case C was the commercial HFMC with the fiber dimensions given for this module. In the cases studied in this research, the change in pressure and temperature along the membrane was negligible and imperceptible. Subsequently, the simulations were performed with the Computational Fluid Dynamics (CFD) tool of the ANSYS software. Finally, the results obtained were analyzed.



The conservation equations were solved using ANSYS/FLUENT applications and numeric libraries. These apply the finite volume method to unstructured meshes of polyhedral elements by using a spatial discretization scheme in the cell centers. The time discretization was implicitly performed, treating the pressure-velocity coupling in an analogous manner to what is described by Rhie and Chow [54].



2.1. Experimental System


The FD simulations were based on three cases: A, B, and C. Case A considered the experimental operating conditions (Table 1) of Valdés et al. [19]. This research work was based on the experimental methodology of the Porocrit process. The authors ran experiments with HFMC manufactured by them.



On the other hand, Cases B and C considered that the dimensions of the commercial HFMC (MiniModule™, Liquicel, 13840 South Lakes Dr. Charlotte, NC 28273 USA) had a pore size of 0.3 μm, wall thickness (fiber) of 0.04 mm, active length of 0.114 m, internal diameter of shell of 42.5 mm, and the outside fiber diameters were 1.8 and 0.3 mm for Cases B and C, respectively (Figure 4). For these geometries, the operating conditions of the HFMC manufactured by the authors were considered. The simulation of Cases B and C allowed us to project future studies.




2.2. Numerical Method


The behavior of the fluids in motion was of interest to us as well as the way in which it related to the moments and forces applied. Both liquids and gases have a different way of behaving when they are subjected to tangential stresses, which explains their fluidity and why they are crucial in developing the principles of FD.



FD has its fundamental basis on conservation equations, i.e., in the cases studied, it was considered as an incompressible flow, which is why the density remained constant. Thus, the conservation equation of the mass is as follows:


∂ui∂xi=0,



(1)




where ui and xi are the velocity and the distance components, respectively. On the other hand, there are conservation momentum equations. It is expected that at some point, the flow reaches a steady state, thus the velocity does not change over time, resulting in the following:


ρ∂ujui∂xj=∂τji∂xj−∂p∂xi,



(2)




where τji represents the components of the shear stress tensor; and ρ and p are the density and pressure of the system, respectively. The gravity effect is not considered.



Due to the complexity that turbulent movements can have, as reported by Ferziger and Peić [55], it has become necessary to have simplified models to describe the physical phenomena. The most common of these is the Reynold’s Averaged Navier–Stokes equation (RANS), with which the equation for the conservation of momentum is as follows:


ρ∂uj¯ui¯∂xj=−∂p¯∂xi+∂τji¯∂xj−ρ∂uj′ui′¯∂xj,



(3)




where the last term of the previous equation −ρuj′ui′¯ is called the Reynolds stress, which cannot be calculated directly; therefore, turbulence models are required to obtain an approximation of their value. In this research, the RSM turbulence model was used to obtain these Reynolds tensions.



This model calculated a transport equation separately for each Reynolds stress, thus abandoning the hypothesis of the fluid’s isotropic behavior and therefore being able to show the curvature of the streamlines and the rapid changes in the strain rate tensor, which were expected to be found in the case studies. There are low-Reynolds turbulence models [56], which allow a good approximation within the vicinity of the fiber wall. Since the number of Reynolds in the shell of a membrane module is very low (8 < Re < 20), the velocity profile in the boundary layer is expected to be very abrupt; therefore, a significant refinement of the mesh in the vicinity of the wall is necessary for the model to satisfactorily comply with the study requirements.



The transport equations of the Reynolds efforts have the following form:


∂uk¯τij∂xk=−(τik∂u¯j∂xk+τjk∂u¯i∂xk)+ρεij−∏ij+∂∂xk(ν∂τij∂xk+Cijk)+S,



(4)




where the transport equation is defined for τij=ρuj′ui′¯ and is composed of strength production terms (first two terms), dissipation tensor (ρεij), pressure-strain (∏ij), two diffusion terms: Molecular (ν∂τij∂xk) and turbulent (Cijk), and in addition, a source tensor (S) that can be defined by the user. For the dissipation and pressure-strain tensors, modeling is required in order for them to be calculated. The RSM model models the dissipation as isotropic and in the cases used, a linear model was used for the pressure-strain.



The turbulent model was used instead of the laminar model because of the low Reynolds number. Laminar models in computational fluid dynamics tend to be unstable at this range of velocity and diverge easily at minimal instability. Figure 5 also shows that turbulent phenomena were expected given the order of magnitude of turbulent viscosity giving more problems for the laminar model to converge. A decrease in the turbulent viscosity profile at the entrance to the HFMC was observed as the number of fibers increased. In this case, the number of fibers was as follows: 0, 4, 17, and 25.



Table 2 summarizes the cases that will be analyzed with the FD simulation. In Cases A, B, and C, as described above, the speed of the experiments of Valdés et al. [19] was used with these values.



The meshing was done with the tools delivered by CFD (Figure 5). In all cases, the meshing was done with the ANSYS automatic marking machine. In case A, hexahedral elements were used, while in Cases B and C, tetrahedral elements were used. The quality of the meshing was verified with the following indicators: Skewness, orthogonal quality, and element quality, and in all three cases, between 75% and 90% of the elements presented a good or superior quality. In addition, the Y-plus was found to be less than 1, indicating that the simulation was sufficiently accurate to represent all the turbulent phenomena in the vicinity of the walls.



The simulations were performed based upon the RSM model. The boundary conditions were based on the experimental conditions (Table 1). A mesh study was performed to assure the mesh non-dependence of the results exposed here (Figure 6 and Table 3).



There were two boundary conditions to be considered (Table 4). Velocity and pressure at the entrance of the geometry were taken from the values shown in Table 2. The pressure at the exit of the module was calculated based on the experimental data [19] expecting a 2% loss of pressure.





3. Results


The numerical simulations allowed us to analyze the behavior of the SCF inside the HFMC. Initially, the streamlines were analyzed inside the HFMC in Cases A, B, and C. Then, the development of the velocity profile in the vicinity of the HFMC singularities was verified, as was how this affected the mass transfer.



The streamlines were analyzed because they are indicators of the instantaneous direction of the fluid movement throughout the flow field. Streamlines cannot be directly displayed experimentally, except in steady flow fields where they coincide with the pathlines and streaklines. However, in order to achieve this, one must work with transparent HFMC.



The visualization of the fluid dynamics of fluids in the supercritical state is complex and even more so in small spaces such as in the HFMC; thus, the importance of the results of this research.



3.1. Flow Visualization


Figure 7 and Figure 8 show the streamlines for the HFMC of the experimental conditions studied. In all of these cases, the behavior of an incompressible fluid such as SC-CO2 was observed. The ratio of linear deformation was positive in the horizontal direction and negative in the vertical one due to the stretching of the fluid element, maintaining the constant volume. Therefore, along with the HFMC, the streamlines tended to approach each other. On the other hand, in all cases, it was observed that in the entrance and the exit of the HFMC, the profile’s highest speed was presented. In these curved zones, the viscous resistance reduced the speed in the contour, resulting in the energy being lower there than in the adjacent layers. In addition, it was observed that the lowest system velocity occurred at the end of the HFMC that was perpendicular to the flow because the SC-CO2 flows followed the curvature of the streamlines generated at the inlet and outlet of the HFMC. Therefore, one of the first design recommendations is that the HFMC should not have a flat and perpendicular termination at the entrance and exit, but rather the termination should have the shape of the curvature generated by the streamlines.



In Figure 7 and Figure 8, there are no signs of flow lines forming flow irregularities inside the HFMC, since the available space for the circulation of the SC-CO2 favored the development of the flow at a short distance from the entrance and exit to the membrane module. In addition, it was observed that at a pressure of 90 bar, the maximum speed was lower than for the 70 bar. It must be considered that the velocity range was different in both cases since they had the same mass flow. In both of these pressures, the maximum speed value was double the average value.



Figure 9 shows the streamlines in the commercial HFMC. As in the experimental module, velocities of greater magnitude were located at the module’s entrance and exit. The lowest velocity was found around the fibers since this varied according to the conservation of the mass balance.



On the other hand, it was observed that as the number of fibers increased, the SC-CO2 recirculation decreased at the entrance of the HFMC. This recirculation occurred due to the abrupt change in the circulation diameter of the SC-CO2. Thus, increasing the number of fibers preventing the generation of this recirculation. Due to our limited computational resources for the simulation, it was not possible to increase the number of fibers as well as to reach the actual fiber value of the commercial HFMC, but it was observed that for 265 fibers, the streamlines were parallel and the recirculation of the flow at the entrance did not exist.



In Figure 10, the planes (45°) perpendicular to the fiber of the experimental HFMC can be seen. These planes represent the velocity vectors in the lumen of the experimental HFMC. The velocity had a constant direction 10 mm from the wall of the entrance duct toward the HFMC. The same effect was observed at 10 mm from the SC-CO2 entry duct. Therefore, this result should be considered when calculating the transport phenomena that depend on the effective area of contact between the fluid and the fiber.



The velocity distribution depends on the geometry of the system, the degree of turbulence, and the nature of the fluid. In a tubular system, the maximum speed is in the axis and the minimum is in the contour. Figure 11 shows the velocity profiles in the fully developed flow region (half of the HFMC). The elongated shape of the parable was due to the fact that since the Reynolds numbers were low, the velocity distribution was very large.



In Figure 11a, the profiles for the experimental HFMC module were observed at 90 bar and the cases at extreme speeds. The parabolic tendency of the curve around the fiber was similar for both speeds. Figure 10b,c represents the velocity profiles for the commercial HFMC. It was observed that the parabolic profile tended to form between the fibers. When comparing Cases B.8 and C.1, the effect of the fiber diameter was observed. For Case B.8 (coarse fiber), it was observed that thinner parables than those in Case C.1 (thin fiber) formed between the fibers. When considering the global movement, i.e., summing up all the small parables formed between the fibers, the SC-CO2 did not circulate like a perfect parable but tended rather, to perform a piston-like movement by increasing the number of fibers.



In Table 5, the mean velocity values inside the module that were calculated in the experimental HFMC [19] were compared with those delivered by the numerical simulation. It was observed that the average error was 0.5 ± 0.04%, i.e., the results of the simulation were in line with what was expected.



In Figure 12, it can be observed that the flow was homogeneously distributed in the membrane module as it moved away from the entrance. This corroborated the existence of a “fit” flow section near the entrance.




3.2. Profile Development


Figure 13 and Figure 14 show the development of the velocity profile along the HFMC. In the experimental HFMC (Figure 13), a clear tendency was observed, indicating that as the fluid moved along the module, the parabolic profile changed its extension. Thus, in both operating pressures, it was observed that the parabolic profile on the fiber was shortened, while the parabolic profile under the fiber lengthened until both profiles ended up with the same extension.



This is due to the effect that caused the presence of the fiber at the entrance of the SC-CO2, toward the commercial HFMC. Consequently, all along the module, that effect was counteracted. In Figure 14, it can be observed that in all four cases, starting at 173 mm from the entry of the fluid, that is, half of the effective length, the profile was kept constant and balanced, whereas, in the commercial HFMC, this equilibrium was achieved at 79% of the effective length.



Figure 14a shows the presence of a velocity profile opposite the flow direction, which confirmed the divergent current lines of Figure 9 (Case B.2). This phenomenon has a very strong effect on the boundary layer since it has the friction effect of the contour. The fluid particles of the boundary layer move very slowly because there is adverse pressure, they start losing speed until they finally stop.



The development of the velocity profile was accompanied by the formation of the boundary layer. For the SC-CO2 under the simulated conditions, the viscous forces predominated over the inertial forces, therefore, the formation of the boundary layer was facilitated.




3.3. Boundary Layer


The influence of the contour is limited to a very thin layer, close to the walls. There, the viscous stresses are large and the velocity gradient is intense. The thickness of the layer is the distance from the contour (velocity = 0) to a point where the velocity of the fluid is velocity in the absence of contour. One way to visualize the boundary layer is with graphs of the vorticity areas (Figure 15).



The fluid particles within the viscous boundary layer are rotational, i.e., they have non-zero vorticity, whereas the fluid particles outside the boundary layer are irrotational, i.e., they have zero vorticity. Thus, in Figure 14, it can be observed that in the central area (blue) of the lumen, there was no vorticity, whereas in the vicinity of the fiber, there was clearly vorticity, and therefore the presence of the boundary layer was confirmed. On the other hand, in Figure 14b, a large presence of vorticity was observed in the entrance and exit towards the commercial HFMC, which was the product of the expansion and compression, respectively, that the SC-CO2 was subjected to because of the change in the diameter of the flow area.



The rotational movement in the boundary layer favors collisions between the particles, which strongly influences the diffusion process. The different-sized molecules have different movements, thus the heavier molecules dominate the diffusion process. On the other hand, it is known that the movement of the fluid considerably improves mass transfer. The Schmidt (Sc) number compares the relative magnitudes of the amount of molecular motion and mass diffusion in the velocity and concentration boundary layers, respectively.



In the experimental study [19] that was analyzed with the simulations of this work, the Sc was between the values 5 and 6, which indicated that the diffusion of momentum in the speed limit layer predominated over the mass diffusion in the boundary layer of concentration, hence, the boundary layers did not exactly match each other. Finally, it is known that the boundary layers are formed in the order: Velocity–thermal–concentration. That is, according to our results, the boundary layer of concentration will form after 10 mm from the wall of the entrance tube of the SC-CO2 fluid since it is at that distance that the development of the velocity boundary layer was observed.



It is predicted that the exact development of the boundary layer is achieved when the concentration difference between a point on the fiber and the point farthest from the layer is 99% of the difference between the concentration at one point on the fiber and at the fluid circulation center. In order to predict the exact point of the development of the boundary layer, simulations similar to the one carried out in this paper, but applied to the transfer, should be performed, which remains as a projection of this research. The exact definition of the place for the development of the boundary layer would imply an improvement of the simplified models that predict the mass transfer in the HFMC.





4. Discussion


In this research, the Reynolds numbers were very low. Therefore, the turbulent model was used instead of the laminar model as laminar models diverge easily at these speeds.



Research by other authors [1,2,3,8] has partially described the fluid dynamics inside an HFMC but have focused on the mass transfer and not on the hydrodynamics. In this research, the fluid dynamics inside the HFMC is shown in detail. In this research, the greatest effect on the fluid dynamics of the SC-CO2 was visualized (3D) along with the changes of the geometry of the module, that is to say, by using different HFMC and by varying the number of fibers. By increasing the number of fibers, the irregularities of the flow at the entrance and at the exit of the HFMC were minimized. Furthermore, “micro-profiles” of velocity between the fibers were produced.



The results showed that the model used fit well with the experimental conditions. It was observed that if there were no changes in the pressure and temperature, as in the experiments of this research, then, the hydrodynamic behavior profile of an SCF was similar to that of a liquid at low pressures.



Polyanin et al. [57] reported the hydrodynamics to underlie numerous processes of chemical engineering science. On the other hand, Pahl and Beitz [58] reported that design is a creative activity that calls for a sound grounding in mathematics, physics, chemistry, mechanics, thermodynamics, hydrodynamics, electrical engineering, production engineering, materials technology, and design theory as well as knowledge and experience of the domain of interest. Therefore, the findings of this research are interesting for technical applications and contribute to the understanding of the hydrodynamics of SCFs.



Future research directions include simulating a membrane module of 5400 fibers or more; using the results of this investigation to estimate the effective area of mass transfer flow; and to consider the hydrodynamic profile throughout the HFMC for new phenomenological models.




5. Conclusions


In this research work, the greatest effect on the fluid dynamics of the SC-CO2 was visualized along with the changes in the geometry of the module by using different HFMC and by varying the number of fibers. By increasing the number of fibers, the irregularities of the flow at the entrance and at the exit of the HFMC were minimized. Furthermore, “micro-profiles” of velocity between the fibers were produced. It was possible to observe different aspects of the fluid dynamics within the HFMC such as current line trends, velocity changes, velocity profile development, boundary layer development, and irregularities, among others. The fluid-dynamic behavior of the SC-CO2 was dependent on the density, viscosity, velocity, and geometry. Finally, this research answered the question initially asked of what is the fluid dynamic behavior of an SCF inside a membrane module.
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Figure 1. (a) Published papers on the ScienceDirect website from 1995 until 2018. Advanced search: “Numerical simulation” + “membrane” + “supercritical”; (b) density visualization (VOSviewer) of authors (with co-citation) for “membrane” + “simulation” + “hollow fiber” in Web of Science. 






Figure 1. (a) Published papers on the ScienceDirect website from 1995 until 2018. Advanced search: “Numerical simulation” + “membrane” + “supercritical”; (b) density visualization (VOSviewer) of authors (with co-citation) for “membrane” + “simulation” + “hollow fiber” in Web of Science.



[image: Computation 07 00008 g001]







[image: Computation 07 00008 g002 550]





Figure 2. Porous hollow fiber membrane in a membrane contactor [10]. 
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Figure 3. Outline of the methodology followed in this research work. 
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Figure 4. (a) Geometry experimental case A; (b) geometry commercial hollow fiber membrane contactor (HFMC) case (B and C). 
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Figure 5. Turbulent viscosity in hollow fiber membrane contactors (HFMC) (2D), according to the number of fibers: (a) 0; (b) 4; (c) 17; and (d) 25. 
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Figure 6. Outline of the mesh in Cases A, B, and C. (a) Detail of non-conformal mesh in the critical area of flow entry (experimental), Case A; (b) overview of Case B shows the change in mesh structure when adding more fibers; and (c) overview of Case C by zoom to show the refinement in the fiber vicinity. 
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Figure 7. Streamlines of Cases A.1–A.6. Flow direction: Left to right. Velocity in m/s. 
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Figure 8. Streamlines of Cases A.7–A.12. Flow from left to right. Velocity in m/s. 
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Figure 9. Streamlines of Cases B.1–C.2. Flow from right to left. Velocity in m/s. 
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Figure 10. Vector representation of velocity (m/s) at the entrance and exit of the membrane (Case A.7). Flow direction: Left to right. 
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Figure 11. Flow developed in Cases (a) A.7 and A.12; (b) B.2 and B.8; and (c) C.1 and C.2. 
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Figure 12. Velocity vectors of Case C2 at 15, 30, and 45 mm from the flow entrance. 
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Figure 13. Velocity profile development in Cases (a) A.1; (b) A.6; (c) A.7, and (d) A.12. 
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Figure 14. Development of velocity profile, cases (a) B.2, (b) B.8, (c) C.1, and (d) C.2. 
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Figure 15. Vorticity areas along the HFMC for Cases (a) A.12 (flow direction: Left to right) and (b) B.2 (flow direction: Right to left). 
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Table 1. Summary of the experimental operating conditions [19].
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Property (SC-CO2)

	
Pressure: 90 bar

	
Pressure: 70 bar

	
Unit






	
Density

	
483.81

	
198.19

	
kg m−3




	
Viscosity

	
3.615 × 10−5

	
2.017 × 10−5

	
kg m−1 s−1




	
Velocity range (inlet)

	
(2.48–5.57) × 10−4

	
(6.04–13.60) × 10−4

	
m s−1




	
Temperature

	
40

	
40

	
°C




	
Features of the HFMC (PTFE-Fiber)

	
Unit




	
Outside diameter (fiber)

	
1.8

	
mm




	
Wall thickness (fiber)

	
0.4

	
mm




	
Active length (fiber)

	
0.353

	
m




	
Number of fibers

	
1

	
-




	
Internal diameter (shell)

	
3.6

	
mm




	
Pore size

	
2.0

	
μm
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Table 2. List of the cases analyzed.
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Case

	
Pressure (bar)

	
Velocity × 104 (m/s)

	
Number of Fibers






	
A.1

	
70

	
6.0445

	
1




	
A.2

	
7.5557




	
A.3

	
9.0668




	
A.4

	
10.5779




	
A.5

	
12.0891




	
A.6

	
13.6002




	
A.7

	
90

	
2.4761




	
A.8

	
3.0951




	
A.9

	
3.7142




	
A.10

	
4.3332




	
A.11

	
4.9522




	
A.12

	
5.5712




	
B.1

	
5.5712

	
0




	
B.2

	
1




	
B.3

	
4




	
B.4

	
9




	
B.5

	
17




	
B.6

	
25




	
B.7

	
49




	
B.8

	
81




	
C.1

	
81




	
C.2

	
265
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Table 3. Specifications of the mesh used in Cases A, B, and C.
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	Case
	Elements
	Fiber Refinement
	Specifications





	A
	Hexahedral
	Non
	Non-Structured non-conformal mesh



	B
	Tetrahedra
	Yes
	Ordering of fibers by angular equidistance



	C
	Tetrahedra
	Yes
	Ordering of fibers by triangular tessellation
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Table 4. Variable boundary conditions.






Table 4. Variable boundary conditions.





	Geometry
	Boundary Condition
	Input Data





	Entrance
	Velocity inlet
	Velocity, Pressure



	Exit
	Pressure Outlet
	Pressure
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Table 5. Comparison of simulated vs. experimental velocity within the HFMC.
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Case

	
Velocity (m/s)

	
Error




	
Experimental

	
Simulated






	
A.1

	
6.04 × 10-4

	
6.01 × 10-4

	
0.504%




	
A.2

	
7.56 × 10-4

	
7.52 × 10-4

	
0.498%




	
A.3

	
9.07 × 10-4

	
9.01 × 10-4

	
0.584%




	
A.4

	
1.06 × 10-3

	
1.05 × 10-3

	
0.547%




	
A.5

	
1.21 × 10-3

	
1.20 × 10-3

	
0.449%




	
A.6

	
1.36 × 10-3

	
1.35 × 10-3

	
0.448%




	
A.7

	
2.48 × 10-4

	
2.46 × 10-4

	
0.490%




	
A.8

	
3.10 × 10-4

	
3.08 × 10-4

	
0.484%




	
A.9

	
3.71 × 10-4

	
3.70 × 10-4

	
0.488%




	
A.10

	
4.33 × 10-4

	
4.31 × 10-4

	
0.492%




	
A.11

	
4.95 × 10-4

	
4.93 × 10-4

	
0.484%




	
A.12

	
5.57 × 10-4

	
5.54 × 10-4

	
0.481%
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