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The mixing process between miscible fluids in a splitting-and-recombination microreactor is analyzed numerically by solving the Navier–Stokes equation and species transfer equation. The commercial microreactor combines rectangular channels with comb-shaped inserts to achieve the splitting-and-recombination effect. The results show that the microreactor with three-layer standard inserts have the highest mixing rate as well as good mixing efficiency within a wide range of Reynolds numbers from 0.1 to 160. The size parameters of the inserts, both the ratio of the width of comb tooth (marked as l) and the spacing distance (marked as s) between two comb teeth, and the ratio of the vertical distance (marked as V) of comb teeth and the horizontal distance (marked as H) are essential for influencing the liquid–liquid mixing process at low Reynolds numbers (e.g., Re ≤ 2). With the increase of s/l from 1 to 4, the mixing efficiency drops from 0.99 to 0.45 at Re = 0.2. Similarly, the increase in V/H is not beneficial to promote the mixing between fluids. When the ratio of V/H changes from 10:10 to 10:4, the splitting and recombination cycles reduce so that the uniform mixing between different fluids can be hardly achieved. The width of comb tooth (marked as l) is 1 mm and the spacing distance (marked as s) between two comb teeth is 2 mm. The vertical distance (marked as V) of comb teeth and the horizontal distance (marked as H) are both 10 mm.
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1 INTRODUCTION
In the past 2 decades, microreaction technology has developed rapidly, becoming an emerging technique widely used in the synthesis of drugs, high-end fine chemicals, and nanomaterials (Jensen, 2017). As the micro-scale mixing of fluids is critical in determining the performance of the microreactor, designing efficient and practical micro-mixing devices has mostly been a concern (Hessel et al., 2005; Suh and kang, 2010; Ward and Fan, 2015; Lee et al., 2016; Cai et al., 2017). Convection effect tends to dominate at macroscopic scales, while the mixing in microfluidic devices largely relies on the molecular diffusion process due to low Reynolds numbers (less than 100) (Viktorov et al., 2015). However, the molecular diffusion is so slow that complete mixing of two fluids in a simple channel such as the T channel requires a long time and mixing distance. According to the Fick’s law, the diffusive flux increases linearly with the concentration gradient, and the diffusion time is proportional to the square of the diffusion distance. Consequently, it is necessary to minimize the diffusion distance between fluids and maximize the interfacial area and concentration gradient for a rapid and efficient mixing process (Hessel et al., 2005; Feng et al., 2013).
The micromixer can be classified into active and passive mixers, respectively, considering whether or not an external field is present (Nguyen and Wu, 2005; Lee et al., 2011). The active micromixer relies on an external field to enhance mixing, such as electric field, magnetic field, or ultrasonic wave, whereas, the passive micromixer benefits from the structure design of the channel to obtain sufficient contact of fluids. In recent years, aiming for the fast mixing rate and high mixing efficiency, a number of new passive mixers have been proposed. As far as the laminar flow is concerned, the concept of “splitting and recombination (SAR)” has been proposed to increase the interfacial area between the fluids as much as possible (Hao and Meiners, 2004; Ansari and Kim, 2010; Chen et al., 2011; Lim et al., 2011; Feng et al., 2013). In this method, the fluid is first split into multi-layer fluids followed by recombination. Through sequential splitting and recombination, the diffusion distance between fluids is continuously reduced, and the contact area is constantly updated. As a result, the mixing performance is significantly improved. Feng et al. (2013) designed an SAR mixer with a double-layer XH-shaped structure, which can realize continuous rotation of the contact surface between fluids. Based on the results of numerical simulations and experiments, they proved that the mixer exhibited good mixing performance in a wide range of Re (0 < Re < 60), and the mixing efficiency was higher than 89.4%. Ansari and Kim (2010) proposed a new planar SAR microreactor which could achieve unbalanced collisions at recombination unit by designing unequal width of rhombic sub-channels. It was found that the width ratio of the sub-channels was the most important design parameter and the micromixer with symmetrical sub-channels had the lowest mixing efficiency. In addition, efforts have been made to improve the mixing performance of the mixer by inducing chaotic advection or vortexes (Xia et al., 2005; Ansari and Kim, 2009; Li et al., 2012; Lin, 2015; Yang et al., 2015; Hossain et al., 2017). For chaotic convection, mixing between fluids depends on the process of splitting, stretching, folding, and breaking up of the fluid. Chaotic convection is mainly realized by designing curved, spiral, or more complex channels. Li et al. (2012) designed an S-shaped micromixer to induce the Dean vortex through numerical simulation. On this basis, they fabricated a two-dimensional planar labyrinth mixer and carried out the experimental test. The results showed that the labyrinth mixer could achieve rapid and efficient mixing. With Re ranging between 2.5 and 30, the mixing time was between 9.8 s and 32 ms. Furthermore, a series of novel and efficient micromixers have been proposed based on the combination of different mixing mechanisms (Zhang et al., 2011; Liu et al., 2015; Raza et al., 2018; Raza and Kim, 2019a; Raza and Kim, 2019b; Gidde, 2019). Raza and Kim (2019a) designed an asymmetric planar micromixer by numerical simulation, which combines the splitting-and-recombination mixing unit with the curved channels containing obstructions. In this micromixer, two streams of fluids from subchannels with different width collide unevenly at the recombination unit, and vortexes are generated in the curved channel with radial baffle. Consequently, the mixing index was higher than 0.9 at Re ≥ 20. Liu et al. (2015) proposed a 3D cross-linked dual helical micromixer. In the dual helical channels in which the directions are opposite, two streams of fluids were split, accompanied by chaotic convection, while in the crossing region, two streams of fluids realized recombination. The mixer enabled to achieve full mixing at low Reynolds numbers (0.03–30).
The passive mixers mentioned above often rely on the design of an ingenious channel structure to achieve efficient mixing process. Such micro-mixing devices are difficult to produce on a large scale due to the difficulty of fabrication. Herein, we reported the design of a commercial microreactor that enables an easy splitting and recombination mixing process by combining simple rectangular channels with comb-shaped inserts. In this study, the computational fluid dynamics method (CFD) is employed to investigate the liquid mixing process in this commercial microreactor. The effects of the number of layers and size parameters of standard inserts on mixing performance and pressure drop are studied in detail.
2 A SPLITTING-AND-RECOMBINATION MICROREACTOR: GEOMETRY, MODELING, AND SIMULATION
Figure 1 shows the design of a commercial microreactor which combines rectangular channels with comb-shaped inserts, which has eight channels in series with a channel cross-sectional area of 12 × 1.5 mm2. It holds the advantage of having removable and structured inserts, providing a high surface-to-volume ratio and continuous and intensive cross-mixing capability. Figure 2A illustrates the specific size of the standard insert. The width of comb tooth (marked as l) is 1 mm, and the spacing distance (marked as s) between two comb teeth is 2 mm. The vertical distance (marked as V) of comb teeth and the horizontal distance (marked as H) are both 10 mm. The total length of an insert is 60 mm. The structured inserts can be placed one on top of another in several layers to form a fine flat grid. The influence of size parameters (s/l and V/H) on the mixing process is subsequently investigated. In general, there are three inserts inside a channel with an insert thickness of 0.5 mm. Therefore, modeling the whole reactor would result in an excessive number of grids, which is not a cost-efficient way in terms of simulation. Therefore, the model is reasonably simplified and only a single channel is modeled. The simplified three-dimensional model is shown in Figure 2B.
[image: Figure 1]FIGURE 1 | Photo of a commercial microreactor with detailed inset structures.
[image: Figure 2]FIGURE 2 | Schematic diagram of standard inserts [(A), s/l = 2, V/H = 10:10] and (B) a simplified microreactor model.
The liquid–liquid flow and mixing process are analyzed numerically by using commercial software Fluent. In the simulation, the flow is regarded as the laminar flow because of the low Re (Re < 160) in the microreactor, and the liquid is considered incompressible due to low pressure drop and constant temperature in the flow process. The governing equations to be solved include conservation equations of mass, momentum, and species.
The mass conservation equation, or called as continuity equation, is given by the following:
[image: image]
The momentum equation, or Navier–Stokes equation, can be written as follows:
[image: image]
where ρ is the density of fluid, kg/m3; p is the static pressure, Pa; [image: image] is the gravity and [image: image] is the external force, N; and μ is the molecular viscosity, Pa·s. In general, the gravity can be ignored in microfluidic devices. Meanwhile, there is no external force in the flow process.
In Fluent, the species transfer model is described as a convection–diffusion equation for the ith species, the general form is as follows:
[image: image]
where Yi is the local mass fraction of species i, Ri is the net rate of production of species by chemical reaction, and [image: image] is the diffusion flux of species i, which arises due to the gradients of concentration and temperature. In the simulation, the mixing process is operated isothermally. Therefore, Ri = 0 and mass diffusion adopts the Fick’s law.
[image: image]
Here, Di,m is the mass diffusion coefficient for species i is the mixture, m2/s.
Two liquids are chosen as the working fluids in the simulation process, that is, water and ethanol. The densities of water and ethanol are 998.2 kg/m3 and 790 kg/m3, respectively, and their viscosities are 0.0010 and 0.0012 Pa·s, respectively. The diffusion coefficient of ethanol in water is 1.2 × 10−9 m2/s. It is known that they are miscible in any proportion. However, the model ignores the molecular interaction between water and ethanol to simplify the mixing simulation. In the simulation, the convergence condition is that the relative residual is less than 1 × 10−7 and the water concentration at outlet remains constant.
In order to quantitatively analyze the mixing process, the mixing index (MI) is employed to evaluate the mixing efficiency. The specific calculation formula is as follows:
[image: image]
Here, cp is the point concentration at the cross-sectional plane perpendicular to the flow direction, mol/m3. [image: image] is the average concentration and N is the number of measuring points.
The MI compares the standard deviation with the average concentration, and its value range is between 0 and 1. When MI = 1, it indicates that the concentration at the cross section is uniform, and two fluids are fully mixed. When MI = 0, it means that the point concentration at the cross section fluctuates greatly, and the two fluids hardly mix.
In addition, the pressure drop is calculated to evaluate energy consumption.
The Re number is calculated based on average density and viscosity.
[image: image]
where dH is the hydraulic diameter of the main channel, m. u is the velocity normal to flow direction at the inlet, m/s.
The combination of hexahedral and polyhedral meshes are selected to reduce the computation time. In the simulation, the pressure-based solver is used to calculate the steady flow process. To improve the calculation accuracy, the PISO (Pressure-Implicit with Splitting of Operators) scheme is chosen for pressure–velocity coupling; second-order upwind scheme for the pressure interpolation and momentum.
For boundary condition, two entrances which feed liquids respectively are set as “velocity inlet,” the outlet is set as “pressure outlet,” and all walls are no-slip.
3 RESULTS AND DISCUSSION
3.1 Grid Independency Test
The number of grids directly determines the reliability of simulation results. In general, a smaller size of grids is beneficial to improve the calculation accuracy. However, it may result in a longer calculation time and higher requirement for computer hardware. Therefore, the grid independency test was first carried out for the aim of determining the optimal number of grids. Figure 3 compares the mixing index with different number of cells which varies from 3.337 million to 24.576 million. The mixing index along the main channel is almost the same with 13.178 million and 24.576 million cells, both at Re = 0.2 and Re = 99. Therefore, the optimal number of cells is 13.178 million for three-layer standard inserts.
[image: Figure 3]FIGURE 3 | Grid independency test: mixing index along the main channel (standard inserts with three layers): (A) Re = 0.2 and (B) Re = 99.
For other cases, such as different number of layers or other shapes of inserts, the grid independency was also tested first, and the optimal number of cells was between 10 million and 25 million.
3.2 The Number of Layers of Inserts
The number of layers of inserts plays an important role in liquid–liquid mixing, which imposes more disturbances on the liquid flows and their interaction. Figure 4 presents the effect of the number of layers of inserts. The general variation of mixing index with Re can be roughly divided into three ranges (such as 2, 3, and 4 layers in Figure 4). First of all, when Re ≤ 10, which is in the low Re range, molecular diffusion plays a dominant role in the mixing process compared with convective diffusion. Consequently, the mixing performance mainly depends on the residence time of the fluid in the microreactor. When the velocity of the fluid is very low, the residence time is sufficient to guarantee the overall mixing performance between species. It is clear that the mixing index decreases rapidly due to the decrease of residence time with the increase of Re. Moreover, when Re is in the intermediate region, that is, 10 < Re ≤ 100, the inertial force which benefits to induce secondary flow becomes more important in the mixing process. When Re continues to increase, the residence time is further shortened, but the secondary flow is strengthened significantly. Therefore, the mixing index starts to improve with the increase of Re. Finally, in the higher Re range, that is, 100 < Re < 160, the secondary flow is further enhanced. Through stretching and folding of the interface between fluids, mixing can be realized at a faster speed. In this range, the mixing index basically does not change with the increase of Re.
[image: Figure 4]FIGURE 4 | Mixing index at the outlet of the microreactor with different number of layers (standard inserts, s/l = 2, V/H = 10:10, l = 1 mm, V = 10 mm).
As can be seen from Figure 4, compared with the empty rectangular channel, the standard inserts greatly improve the mixing efficiency. The mixing efficiency remains at a low level (MI < 0.20) for Re between 0.1 and 160 when the microreactor is just an empty rectangular channel without inserts. However, the mixing index is greatly improved to 0.86 when three-layer standard inserts are placed into the main channel. When Re is greater than 100, the mixing index which maintains above 0.90 shows no significant difference, even if the number of insert layers changes from two to five. It is interesting to note that for microreactor with different layers of inserts, there are obvious differences in the Re range from 0.1 to 40. The specific reasons will be analyzed later.
Figure 5 shows the pressure drop data under the conditions with different number of layers. It is within our expectation that increasing the number of layers brings higher pressure drop due to more complex fluid flow resistance.
[image: Figure 5]FIGURE 5 | Pressure drop under the conditions with different number of layers (standard inserts, s/l = 2, V/H = 10:10, l = 1 mm, V = 10 mm).
For better understanding the mixing differences in the microreactor with different number of insert layers, the concentration distribution of water and velocity vectors on the x-y planes which are normal to flow direction are analyzed in detail. The positions of selected x-y planes are shown in Figure 6 and marked as A-A′, B-B′ … H-H′, respectively. In addition, the z coordinate position of A-A′ plane is set as z = 0 mm, and then other planes z = 12, 13, 14, 42, 43, 44, and 60 mm.
[image: Figure 6]FIGURE 6 | Positions of selected x-y planes.
Figures 7, 8 show velocity vectors in the microreactor with three-layer and five-layer inserts on x-y planes at different Re, respectively. The velocity vectors well reveal the mixing principle of splitting and recombination. For the microreactor with three-layer inserts, the two sub-fluids are recombined on the B-B′ plane. Due to the sudden increase in the cross-sectional area, the flow rate slows down, and the residence time extends which provides a longer molecular diffusion time. It is interesting to note that when Re = 0.2, a symmetrical double-saddle-shaped flow structure can be observed on the B-B′ plane, which is beneficial to enhance mixing by stretching and folding the fluid interface (Xia et al., 2005; Viktorov et al., 2015). As the fluid continues to flow and reaches the C-C′ plane, part of the fluid at this cross-section is split and divided into two sub-fluids, while the other part of the fluid is converged into the channel with a narrower cross-sectional area for reorganization. On the D-D′ plane, the flow is reoriented with the change of insert structure. After multiple splitting and recombination cycles, the fluids can be fully mixed. For the microreactor with five-layer inserts, the fluid is also recombined on the B-B′ plane. The biggest difference from the three-layer inserts is that on the C-C ′and D-D′ planes, the fluid is continuously divided into two or three sub-fluids, and no recombination is occurred.
[image: Figure 7]FIGURE 7 | Velocity vectors in the microreactor with three-layer inserts on x-y planes: (A) Re = 0.2 and (B) Re = 99.
[image: Figure 8]FIGURE 8 | Velocity vectors in the microreactor with five-layer inserts on x-y planes: (A) Re = 0.2 and (B) Re = 99.
When Re is 99, for either three-layer or five-layer inserts, there is sufficient contact between different sub-fluids with parallel but opposite velocity direction on the B-B′ plane, which greatly promotes the mixing process.
Figure 9 shows the concentration distribution of water in the microreactor with three-layer and five-layer inserts at Re = 0.2. It can be seen clearly that at the entrance, the two fluids are completely separated, and the mixing process only depends on the molecular diffusion at the interface between the fluids. For the microreactor with three-layer inserts, due to the symmetrical double saddle-shaped flow structure and recombination on the C-C′ and the D-D′ planes, ethanol and water are effectively mixed so that the concentration of water in the plane G-G′ near the outlet is essentially uniform. However, for the microreactor with five-layer inserts, there is no recombination between water and ethanol on the C-C′ and D-D′ planes. Hence, the effect of splitting and recombination is not obvious, and the mixing efficiency is poor.
[image: Figure 9]FIGURE 9 | Concentration distribution of water on x-y planes at Re = 0.2: (A) three-layer inserts and (B) five-layer inserts.
When Re = 99, in Figure 10, the effect of inertial force is enhanced, and water and ethanol are no longer in a completely separated state, local mixing occurs, and the uniformity of the water concentration distribution is significantly accelerated.
[image: Figure 10]FIGURE 10 | Concentration distribution of water on x-y planes at Re = 99: (A) three-layer inserts and (B) five-layer inserts.
3.3 Dimension Parameters of Inserts
The size parameters, s/l and V/H, are selected to investigate the effect of the standard inserts on the mixing process. Figure 11A shows the effect of s/l on the mixing performance at different Re. It can be clearly seen that the ratio of s/l has a significant effect on the mixing performance at low Re (Re ≤ 2). With the increase of s/l from 1 to 4, the mixing efficiency drops from 0.99 to 0.45 at Re = 0.2. When s/l is equal to 1, it is more conducive to improve the mixing performance due to the higher frequency of splitting-and-recombination cycle. While s/l is equal to 4, despite the prolonged diffusion time, the mixing between water and alcohol is poor due to the reduction in the number of splitting-and-recombination cycles (Figure 12). In this range of Re, water and alcohol mixes faster with the increase of Re for s/l = 2, 3, and 4, while the mixing efficiency becomes a litter worse for s/l = 1 with the increase of Re due to the shortened diffusion time. But when Re > 2, vortexes could be better induced in the microreactor and the mixing time is longer. As the case has higher ratio of s/l, the mixing efficiency is greater than that of s/l = 1, as shown in Figure 13.
[image: Figure 11]FIGURE 11 | Effects of s/l and V/H on mixing performance at different Re: (A) s/l (l = 1 mm, V/H = 10:10, V = 10 mm) and (B) V/H (l = 1 mm, s/l = 2, V = 10 mm).
[image: Figure 12]FIGURE 12 | Concentration distribution of water on x-y planes with different ratios of s/l at Re = 0.2 (V/H = 10:10, V = 10 mm, l = 1 mm): (A) s/l = 1, (B) s/l = 2, (C) s/l = 3, and (D) s/l = 4.
[image: Figure 13]FIGURE 13 | Concentration distribution of water on x-y planes with different ratios of s/l at Re = 20 (V/H = 10:10, V = 10 mmL = 1 mm): (A) s/l = 1 and (B) s/l = 3.
The effect of V/H on mixing performance at different Re is shown in Figure 11B. Similarly, the mixing performance is sensitive to the ratio of V/H at low Re number. The higher ratio of V/H is, the worse mixing performance becomes (Figure 14). When the ratio of V/H changes from 10:10 to 10:4, the splitting and recombination cycles reduces, the uniform mixing between different fluids can be hardly achieved.
[image: Figure 14]FIGURE 14 | Concentration distribution of water on x-y planes with different ratios of V/H at Re = 2 (s/l = 2:1, V = 10 mm, l = 1 mm): (A) V/H = 10:4 and (B) V/H = 10:6.
4 CONCLUSION
For the purpose of evaluating and improving the mixing performance of the commercial microreactor, a three-dimensional simplified microreactor model based on the principle of splitting and recombination was established, and a systematic numerical study was carried out. The effects of the number of layers and size parameters of the inserts were investigated systematically. Compared with empty rectangular channel, the mixing performance improved significantly with the standard inserts. Meanwhile, the pressure drop increased with the increase of the number of layers. Both the ratio of s/l and V/H were essential for the liquid–liquid mixing process at low Reynolds numbers (Re ≤ 2). With the increase of s/l from 1 to 4, the mixing efficiency dropped from 0.99 to 0.45 at Re = 0.2.
Similarly, the increase in V/H is not beneficial to promote the mixing between fluids. When the ratio of V/H changes from 10:10 to 10:4, the splitting and recombination cycles reduces, the uniform mixing between different fluids can be hardly achieved. Remarkably, the microreactor with three-layer standard inserts (s/l of 2, V/H of 10:10) had the fast mixing rate and excellent mixing efficiency for a wide Reynolds numbers (0.1–160).
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