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Abstract
In chemical synthesis, competition often occurs between reactions of intermediates. The main operation that affects reaction results is mixing, and the control of the mixing time is important. The laminated micromixer with three-dimensional (3D) serpentine channel can achieve residence time in the submillisecond range, allowing control of intramolecular rearrangements not possible with conventional mixers. However, the channel design of this type of mixer is important because the pressure drop increases as the number of bends in the channel increases. In this study, various channel configurations, shapes and sizes were designed, and their mixing performance was evaluated using computational fluid dynamics (CFD) simulation. As a result, a microdevice consisting of a non-alignment confluence section and a mixing channel with two serpentine sections was designed as a laminated mixer. It was shown that the designed microdevice exhibited the mixing performance equivalent to the conventional microdevice for various inlet flowrate ratios and had lower pressure drop than the conventional microdevice. Additionally, the usefulness of the designed microdevice was confirmed through experiments on the anionic Fries rearrangement. 
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Introduction
Most functional chemicals are manufactured using batch methods, and a large amount of waste containing organic solvents is discharged, and energy is consumed to dispose of the waste. In recent years, it has been reported that functional chemicals are synthesized with high yield and selectivity using flow methods (Tsubogo et al., 2015). It is expected that the use of such flow methods will increase in the future in place of the batch methods.

Mixing is an important operation for synthesizing target substances using the flow methods, and various mixers have been developed with the aim of achieving rapid mixing (Falk and Commenge, 2010). A mixer can be divided into two sections: a fluid confluence section and a fluid mixing section. The main channel structure of the fluid confluence section is T-shaped or Y-shaped, and the fluid mixing section uses the channel structure in which, for example, the channel diameter is suddenly reduced or the channel is bent. Compared to planar machining, three-dimensional (3D) machining has a possibility of producing a mixer with better mixing performance, but it involves higher machining costs (Chung et al., 2014; Asano et al., 2015). In recent years, a laminated mixer has been reported, which achieves a 3D channel structure by stacking two-dimensionally machined plates (Kim et al., 2016). This type of mixer is attracting attention because it is expected to improve mixing performance while reducing machining costs. The laminated mixer developed in the previous study features 3D serpentine channels and can achieve residence time in the submillisecond range, allowing control of intramolecular rearrangements not possible with conventional mixers. However, the previously developed mixer had the fluid mixing channel with four serpentine sections obtained by stacking six plates, and such complex channel caused high pressure drop. Therefore, in this study, various channel configurations, shapes and sizes were designed with reference to the conventional mixer, and their mixing performance was evaluated using computational fluid dynamics (CFD) simulation.
Laminated mixer with 3D serpentine channel
A schematic diagram of the laminated mixer with 3D serpentine channel (Kim et al., 2016) is shown in Fig. 1. At the confluence section, fluid A enters from above perpendicular to the flow of fluid B, which tends to generate vortices. After the two fluids come into contact, the channel at the mixing section is bent four times to promote mixing. Detailed analysis and design optimization of this mixer has not been sufficiently performed so far. In this study, CFD simulation is used to analyze the influence of the channel design of the confluence section and mixing section on mixing performance. The mixing performance is evaluated on the basis of the degree of mixing at the cross section indicated by the red frame in Fig. 1 (corresponding to a mixing time of 0.4 ms). Based on the analysis results, the aim is to design a laminated microdevice with simpler channel structure and lower pressure drop, while having the same mixing performance as the previously reported mixer.

The following constraints were set when designing the microdevice. Excluding the upper and lower cover plates, the number of laminated plates in the previous study was four, but in this study, the maximum number is two. The minimum channel size is 0.2 mm in width and 0.125 mm in height, which were determined based on the previous study. As a design policy of this study, first, the channel shape of the confluence section is investigated so that the kinetic energy of the inflowing fluids is actively utilized for mixing. Next, if a target degree of mixing cannot be achieved by the channel design of the confluence section, the channel shape of the mixing section is further investigated.

In this study, CFD simulations were employed to evaluate the mixing performance. Mathematical model of the microdevice and simulation settings are as follows: the equations used to describe the system are the continuity, Navier–Stokes (pressure and velocity) and the species convection-diffusion equations. In all cases studied, the flow is laminar, while adiabatic conditions are applied at domain boundaries. Compressibility 
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Fig. 1. Previously reported mixer. (Left) schematic diagram and (Right) CFD result.

and slip effects are negligible. Each fluid is supplied in a uniform flow from the inlet, and its physical properties are the same as water (293 K). Unless otherwise stated all simulations were performed in three dimensions. Simulations were performed using ANSYS Fluent. Structured grids were used and the cell size was 2.5μm in all cases. The SIMPLEC method was implemented for pressure-velocity coupling and the spatial discretization was performed using the second order upwind scheme. In addition, Mflow calculated by Eq. (1) was used as an evaluation index of the degree of mixing (Malecha and Malecha, 2014). The closer the value is to 1, the higher the mixing performance.
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Here,  is the standard deviation of the concentration weighted by the velocity distribution,  is the standard deviation of the mass fraction when the two fluids are not mixed, F1 and F2 are the inlet mass flow rates, Φi is the mass fraction of a certain component in each grid, and Fi is the flow rate in each grid. 
Results and discussion
When the previously studied mixer was evaluated using CFD simulation, the concentration distribution on the cross section where the mixing degree was evaluated was as shown in Fig. 1 (right), and the mixing degree, that is Mflow, was 0.72. Therefore, the target mixing degree in this study was set to 0.72.

In order to improve the laminated micromixer, first, three types of channel configuration at the confluence section were investigated. As shown in Fig. 2, convective mixing called engulfment flow occurs in all types. Among them, Type C showed the highest mixing performance when mixing at equal flow rates (A: 2.25 mL/min, B: 2.25 mL/min) as well as when mixing at different flow rates (A: 3.5 mL/min, B: 1.0 mL/min). Therefore, Type C was next focused on, and the channel size of the confluence section was investigated with the aim of further improving mixing performance. As a result, the concentration distribution and mixing degree on the cross section indicated by the black frame were as shown in Fig. 3. It was shown that the device Type C with a channel width (W1) of 0.25 mm at the confluence section had the highest mixing degree when mixing at equal flow rates as well as when mixing at different flow rates. Visualization of the velocity vector in addition to the concentration distribution revealed that when the channel width at the confluence section is small, the formation of vortices is suppressed due to the influence of the wall, and when the channel width is large, stagnation occurs. For these reasons, W1 = 0.25 seems to have shown the best result. However, the mixing degree has not reached 
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Fig. 2. Effect of channel configuration at the confluence section on the mixing.
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Fig. 3. Effect of channel size at the confluence section on the mixing (Type C).
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Fig. 4. Type C mixer with 3D bending and 2D bending.


the target value. The main reason for this seems to be that the velocity of the secondary flow at the outlet of the confluence section, which contributed to the promotion of mixing, decreased to about 2/5 times at the cross section where the mixing degree was evaluated.


Table 1. Comparison between proposed and existing mixers.
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Fig. 5. Experimental verification using anionic Fries rearrangement (Kim et al., 2016).

Therefore, in order to accelerate the secondary flow once again, the channel was bent just before the cross-section for evaluating the degree of mixing. As shown in Fig. 4, two types of channel bending methods were proposed: 3D bending and 2D bending. According to the streamlines obtained from CFD simulations, it was confirmed that 3D bending reduces stagnation and accelerates the secondary flow due to the generation of vortices. As a result, the target mixing degree was achieved. Table 1 summarizes the results of comparing the performance of the mixer with 3D bending proposed in this study and the existing mixer. It was shown that the proposed mixer exhibited the mixing performance equivalent to the existing mixer for various inlet flowrate ratios and had lower pressure drop than the existing mixer.

Additionally, the usefulness of the proposed mixer was confirmed through experiments on the anionic Fries rearrangement, shown in Fig. 5. The proposed mixer was fabricated in one step by stacking and thermally bonding four laser-cut polyimide plates, including two covers for sealing from top and bottom, and was used as R1 and R2 in Fig. 5. As a result of the experiment, the production of by-product was suppressed and the target product was successfully produced selectively, and the result of this study were equivalent to that of the previous study. Furthermore, when the throughput was doubled, leakage was observed with the conventional mixer due to an increase in internal pressure, but with the proposed mixer, the desired product could be selectively obtained without leakage, leading to an increase in production. 
Conclusions
Micromixers have demonstrated their capabilities in a variety of application fields with the aim of replacing batch synthesis of chemicals with flow synthesis. T-shaped micromixer is one of the typical mixers and can achieve a residence time of a few milliseconds, but in order to further reduce the residence time below milliseconds, it is necessary to devise a micromixer with a smaller internal volume, which requires very sophisticated channel processing techniques. In this study, a laminated microdevice with 3D serpentine channels that can achieve residence times in the sub-millisecond range was featured as an alternative to T-shaped micromixers. Computational fluid dynamics (CFD) simulations are employed to evaluate the mixing performance for various design and operating variables. Based on the evaluation results, a microdevice consisting of a non-alignment confluence section and a mixing channel with two serpentine sections was designed. It was shown that the designed mixer exhibited the mixing performance equivalent to the conventional mixer for various inlet flowrate ratios and had lower pressure drop than the conventional mixer. Additionally, the usefulness of the designed mixer was confirmed through experiments on the anionic Fries rearrangement, a well-known reaction that is often applied to total synthesis of natural products in organic synthesis. Finally, the design of the device in this study involved extensive use of CFD simulations, which have high calculation accuracy but have a heavy computational load. Therefore, improving design efficiency will be a future challenge.
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