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This study proposes a new design of milli-or micro-mixers based on the split-intersect-recombine principle. The vascular flow topology mimics the respiratory or circulatory architectures existing in nature, including tree-like bifurcated networks and meshed flow circuit. Special focus is given to the enhancement of mixing performance by fluid collisions and flow deviations at the intersections of the meshed circuit. To do that, an optical tracer is added in one of the fluids to be mixed and its progression is monitored and recorded by a high-definition CCD camera. The mixing efficiency of the meshed circuit is then characterized by the evolution of the tracer's local concentration profiles based on the Beer-Lambert absorption. Experimental results obtained show that compared to straight channels, the mixing performance can be improved by about 20% owing to the numerous flow intersections in the meshed circuit. Moreover, the viscosity difference between two fluids to be mixed has a positive effect on the mixing performance by augmenting the chance of flow deviation from one stream into another at the crossroads. An optimum performance can be noticed in the form of a plateau of the estimated shear stress.

After complete mixing -

Introduction

Well-controlled mixing process within a milli-sized or micro-sized channel is widely used to handle sensitive chemical reactions [START_REF] Woldemariam | Mixing performance evaluation of additive manufactured milli-scale reactors[END_REF], for the purpose of chemical or biochemical analysis [START_REF] Roder | Early events in protein folding explored by rapid mixing methods[END_REF]; [START_REF] Alemàn | Exploring rna folding one molecule at a time[END_REF] or nanomaterials synthesis deMello and deMello (2004). Generally, it is used to better monitor the reaction kinetics that starts when reagents are actually mixed and their molecules are in close contact [START_REF] Hertzog | Optimization of a microfluidic mixer for studying protein folding kinetics[END_REF]. This is the reason why mixing process has to be carried out swiftly and efficiently [START_REF] Egawa | Design and evaluation of a passive alcove-based microfluidic mixer[END_REF]; [START_REF] Gambin | Ultrafast microfluidic mixer with three-dimensional flow focusing for studies of biochemical kinetics[END_REF]; [START_REF] Mao | Milliseconds microfluidic chaotic bubble mixer[END_REF].

Based on the spatial scales, the mixing of liquids can be categorized into macro-mixing, meso-mixing and micro-mixing, each governed by its proper mechanisms and corresponding driving forces [START_REF] Ottino | The kinematics of mixing: stretching, chaos, and transport[END_REF]. Macro-mixing happens by the spatial movement of fluid, characterized by the convective flow and the turbulences. Meso-mixing happens between the interface of two liquids, where the viscous or shear stress can stretch the fluids and force them to be mixed. The mechanism for micro-mixing is mainly the molecular Brownian movement, usually described as a diffusion. Since all the above mentioned mechanisms determine the mixing performance in a cascade manner [START_REF] Schwertfirm | The low reynolds number turbulent flow and mixing in a confined impinging jet reactor[END_REF], the actual design of mixers should try to enhance all the three scales to reduce the overall mixing time and to intensify the mass transfer. Particularly for milli-or micro mixers that are usually operated under laminar flow regime due to small channel dimensions, various geometric considerations were taken into account through optimization so as to enhance the meso and micromixing Chen et al. (2016); [START_REF] Chen | A novel passive micromixer designed by applying an optimization algorithm to the zigzag microchannel[END_REF]. For example, modified T-type mixers, E-shape micromixers [START_REF] Chen | Numerical analysis of mixing behaviors of two types of e-shape micromixers[END_REF], lamination-based micromixers, obstacle-based micromixers and staggered herringbone micromixers [START_REF] Chen | Optimized modular design and experiment for staggered herringbone chaotic micromixer[END_REF]; static and chaotic micromixers have been constructed and their mixing performances have been well demonstrated [START_REF] Lee | Passive mixers in microfluidic systems: A review[END_REF]; [START_REF] Bayareh | Active and passive micromixers: A comprehensive review[END_REF].

Recently, the design of mixers having nature-inspired geometries has also received increasing attention. One of the typical categories mimics the respiratory or circulatory systems of live organisms, in the sense that fluids are firstly divided into several small streams and then joined together downstream [START_REF] Cieslicki | Investigations of mixing process in microfluidic manifold designed according to biomimetic rule[END_REF]. This vascular flow topology is reported to be capable of treating high throughput mixing flows with high spatial nonhomogeneities in their composition at the cost of an acceptable pressure drop [START_REF] Ghanem | Static mixers: Mechanisms, applications, and characterization methods a review[END_REF]; [START_REF] Gray | Novel interconnection technologies for integrated microfluidic systems[END_REF]; [START_REF] Neerincx | Compact mixing using multiple splitting, stretching, and recombining flows[END_REF]; [START_REF] Chen | Optimal designs of staggered dean vortex micromixers[END_REF]. The advantages are threefold. Firstly, since the time of diffusion is proportional to the square of the diffusion distance, a splitting of large stream into n small laminae could accelerate the micro-mixing by a factor up to n 2 [START_REF] Erbacher | Towards integrated continuous-flow chemical reactors[END_REF]; [START_REF] Suh | A review on mixing in microfluidics[END_REF]. Secondly, the surface area of the two fluids in contact, i.e. the interface, could also be multiplied. Finally, the multiple collisions and flow impingements caused by the recombination of small streams into a unique channel further enhance the mixing [START_REF] Guo | Mixing performance assessment of a multichannel mini heat exchanger reactor with arborescent distributor and collector[END_REF].

Among other applications such as self-sorting of microbeads and cells [START_REF] Lee | Three-dimensional hydrodynamic focusing with a single sheath flow in a single-layer microfluidic device[END_REF]; [START_REF] Choi | Hydrophoretic sorting of micrometer and submicrometer particles using anisotropic microfluidic obstacles[END_REF], biomimetically designed micro-mixers usually apply the Murray's scaling law within their successive bifurcations of the flow [START_REF] Huang | Rapid fabrication of bio-inspired 3d microfluidic vascular networks[END_REF]. In order to precisely bound this field of biomimetics, [START_REF] Lee | Distinguished lecture: Biomechanics of the microcirculation, an integrative and therapeutic perspective[END_REF] reminds that it consists in microchannels with a cylindrical cross-section mimicking micro-vascular networks from arterioles and venules (8 -250 µm) to small arteries and small veins (0.25 -2 mm). As an example, this range of size matches the smallest vessels in the liver which play a critical role in the transportation of a small number of molecules to and from the blood stream, respectively [START_REF] Jang | Non-photolithographic plastic-moldbased fabrication of cylindrical and multi-tiered poly(dimethylsiloxane) microchannels for biomimetic lab-on-a-chip applications[END_REF]. The identified Murray's law has a slightly different exponent in larger vessels closer to the base of arterial trees [START_REF] Huang | Rapid fabrication of bio-inspired 3d microfluidic vascular networks[END_REF]; [START_REF] Tondeur | Constructal optimization of arborescent structures with flow singularities[END_REF]. To produce 3D nature-inspired geometries presenting a high level of complexity, specific fabrication processes like stereolithography [START_REF] Tarlet | Entropy generation analysis of a mini heat exchanger for heat transfer intensification[END_REF]; [START_REF] Ching | Fabrication of complex 3d fluidic networks via modularized stereolithography[END_REF], irradiated PMMA resin [START_REF] Huang | Rapid fabrication of bio-inspired 3d microfluidic vascular networks[END_REF] or milled PDMS Jang et al. (2015) are intensively used.

The present study proposes a new split-intersect-recombine design of milli-or micro-mixers based on nature-inspired architectures. Firstly, a multi-scale tree-like network is intended to deliver and split a certain quantity of fluid from a single inlet to a series of small streams, and vice versa for the recombining. The bifurcation topology is able to guarantee the same flow paths and conditions for each of the distributed channels, i.e., the residence time and the flow rate are expected to be identical in each of them [START_REF] Yue | Flow distribution and mass transfer in a parallel microchannel contactor integrated with constructal distributors[END_REF]; [START_REF] Zhou | Water-in-oil emulsification in a bifurcated tree-like network: Flow distribution properties and their impact on the emulsion polydispersity[END_REF]. Secondly, meshed circuit inspired by the land crack architecture in nature connects the split part and the recombine part Tondeur et al. (2011a,b). Compared to the simple straight channels counterpart, enhanced mixing is expected owing to the frequently happened fluid collision at the numerous intersections of the meshed circuit.

Regarding the multi-scale tree-like network, the flow-rate equipartition feature when used as fluid distributor under laminar flow conditions [START_REF] Zhou | Novel multi-scale parallel mini-channel contactor for monodisperse water-in-oil emulsification[END_REF]; [START_REF] Barber | Optimal design of microfluidic networks using biologically inspired principles[END_REF]; [START_REF] Wang | Distribution optimization for plate-fin catalytic combustion heat exchanger[END_REF] and the mixing enhancement when used as fluid collector [START_REF] Guo | Mixing performance assessment of a multichannel mini heat exchanger reactor with arborescent distributor and collector[END_REF]; [START_REF] Cieslicki | Investigations of mixing process in microfluidic manifold designed according to biomimetic rule[END_REF] have been well demonstrated in earlier studies. The present study is thus focused on the meshed circuit with the purpose of characterizing the mixing performance enhancement by fluid collisions and flow deviations at the intersections.

To quantify the local mixing efficiency, one of the possible methods is to add an optical tracer in one of the fluids to be mixed and optically measure the local concentration profiles of the tracer [START_REF] Aubin | Current methods for characterising mixing and flow in microchannels[END_REF]; [START_REF] Hsieh | Mixing efficiency of y-type micromixers with different angles[END_REF]. Inhomogeneity of the concentration field indicates an incomplete mixing, whereas a perfectly achieved mixing results in a totally homogeneous concentration field. In this study, the fluorescein is used as the tracer and its concentration field is measured by means of Beer-Lambert absorption. The local mixing efficiency is then quantified covering all channels of the meshed circuit part. Complete mixing has been achieved in some cases at the end of the meshed circuit part, especially when the viscosities of the two liquids are different.

Experimental set-up and methodology

Nature-inspired mixer

The design of the mixing device is based on the split-intersect-recombine principle comprising of nature-inspired geometries, as shown in Fig. 1. The first step is the equal splitting of both fluids from their single inlet port (diameter 3 mm) into 8 sub-streams through multi-scale bifurcated distributors. The natural curved tree shape is a result of structural optimization realized by a numerical algorithm developed in house [START_REF] Wang | Heuristic optimality criterion algorithm for shape design of fluid flow[END_REF][START_REF] Wang | Lattice boltzmann method for shape optimization of fluid distributor[END_REF]. In this tree-like network, the channel depth equals to 1 mm and the channel widths of the successive branches are listed in Tab. 1. The sub-streams of both fluids to be mixed are then guided into the meshed circuit having channel interlacing, all channels having a rectangular cross-section of 1.1 mm in width and 1 mm in depth. Collision happens at each channel intersection at a crossing angle of 60 • . Finally, a multi-scale bifurcated collector recombines the sub-streams of mixture from the 16 endpoints of the meshed circuit to the global outlet port. The multiple collisions resulted from the recombining of the fluids in the multi-scale collector can provide efficient and supplementary fluid interactions towards a complete mixing at the global outlet [START_REF] Guo | Mixing performance assessment of a multichannel mini heat exchanger reactor with arborescent distributor and collector[END_REF]. Another example of split-intersect-recombine geometry among the scientific literature (inspired from vascular topology) is also shown in Fig. 1.

Another configuration having parallel straight channels (cross-section: 1.1 mm × 1.0 mm) instead of meshed circuit is also introduced for comparison (shown in Fig. 4). The mixture from Y-type junctions flows directly to parallel straight channels and then to the collector. The testing of this conventional split-recombine design will highlight the effect of channel intersecting on the enhancement of the mixing performance. The manufacturing of the mixer prototypes by laser stereolithography has been realised at the LTeN laboratory using the FORMLABS Form 1+ / Form 2 3-D printer. Transparent resin FLGPCL03 was used. Once produced by the 3-D printer, the external surfaces of the prototypes were swept using a piece of cotton and Abel Industries polishing agent until good transparency has been achieved for optical measurement.

Rectangular channel sections

Depth 1 mm Width [3.28, 2.65, 1.8, 1.1] mm

Experimental set-up and working fluids

The experimental setup is shown in Fig. 2. The mixing device was oriented vertically (i.e. horizontal metal rail) during experiments with water at both sides (section 3.1). Due to buoyancy effects, it was placed horizontally (i.e. vertical metal rail) during experiments with different viscosities reported in section 3.3. Both liquids were fed into the inlets of the mixer prototype by KDS syringe pushers (KDS-100-CE and Legato 110, with uncertainty +/-0.05 mL.h -1 ), ensuring a good stability of the liquid feeding flow rate. The tested liquid flow rate ranged between 3.1 mL.h -1 and 25 mL.h -1 , corresponding to an average Reynolds number from 0.1 to 0.8 in every 1 mm × 1.1 mm branches of the meshed circuit. Two pressure sensors (KELLER LEO-3, measuring range 0-4 bar, precision 1 mbar) were installed to monitor the pressure at each inlet of the mixer. The mixture of the two liquids was collected from the outlet port on top of the mixer at the atmospheric pressure. To ensure the steady state of the fluid flow, the constant flow rates were maintained during 5 minutes before measurements were started. The CCD camera and the light source were also attached on the same metal rail as for the mixer where their axial positions could be adjusted and clamped, so as to guarantee reproducible experimental conditions and optical focus. Good reproducibility of the measurement under different tested conditions was observed.

Tap water was used as the working liquid while different amounts of glycerine from 0.1 to 11.1% vol. were added in water to modify its viscosity. Tab. 2 lists the physical properties of the tested liquids measured at 25 • C. The liquid viscosity was measured by a LAMY RM-200 rheometer with its attached uncertainty of 1%. To examine the possibility of an effective mixing process, a rapid comparison is suggested by [START_REF] Woldemariam | Mixing performance evaluation of additive manufactured milli-scale reactors[END_REF]. Considering water mass diffusivity D = 2.3.10 -9 m 2 .s -1 across half of the channel width ( 0.55 mm) gives the diffusional time scale as long as 132 s that can be compared to the residence time in the meshed circuit (not including distributor and collector) estimated between 667 s and 76 s at 3.1 and 25 mL.h -1 in both feeding inlets, respectively. But the fluids are not always in contact with each other, except at the crossroads. The residence time and the diffusional time scale have nearly the same order of magnitude, so the enhancement in the form of flow deviation and shear stress had to be implemented beside molecular diffusion, which will be further discussed later.

Measurement of concentration profiles in the meshed circuit

To understand the effect of channel intersecting on the transport properties, the mixing has been studied by measuring the local concentration field within the channels and the intersects of the meshed circuit. Concentration of the fluorescein that gives water a bright green-yellow colour was measured through Beer-Lambert absorption [START_REF] Li | A microsecond microfluidic mixer for characterizing fast biochemical reactions[END_REF]; [START_REF] Hsieh | Mixing efficiency of y-type micromixers with different angles[END_REF]; [START_REF] Woldemariam | Mixing performance evaluation of additive manufactured milli-scale reactors[END_REF]. It enables a non-intrusive measurement of the local concentration field, for the characterization of the local mixing performance. The LED panel LEDP (JAGO AG Stuttgart 48 W, 115 × 25 cm) is much larger than the mixing device to provide a homogeneous enlightenment over the whole surface. It is covered with a purple plastic film (SATEMO SARL Company, filmpourvitrage.com) to illuminate the transparent meshed circuit device from behind, providing purple (blue and red) light. At the opposite side of the device, the absorption of the blue light by the fluorescein was measured by a high-definition CCD LUMIX DMC TZ 60 camera (4896 × 3672 pixels) that gives the blue component of the obtained image with 18 million of pixels. The white balance and exposure level of the camera were predefined and kept the same in all the experiments. Finally, the concentration field C i in the channels and intersections of the meshed circuit (excluding the distributors and the collector) is composed of a number of pixels n around 3.1 million, each pixel having a side of about 21 µm.

According to the well-known Beer-Lambert theory Parnis and Oldham (2013) the absorbance A of the blue light across the channel is proportional to the concentration in fluorescein, as expressed by Eq. 1 where is molar absorptivity, X the length of the beam through the solution and C the concentration. An experimental calibration of this optical method has been performed by filling the channel with water having a known concentration of fluorescein. The blue component B i (value between 0 and 255) of the JPEG image issued from the CCD camera as a function of the concentration is plotted and shown as the inserted picture on Fig. 3.

A = X C
(1)

The concentration measurement using a high-definition camera enables the non-intrusive characterization of the mixing progress all along the successive sections, as illustrated for example in Fig. 3. The two streams were fed with each 15 mL.h -1 flow rate, one having 300 mg.L -1 of fluorescein, and the other without the dye. The higher concentration of fluorescein appears reddish in the raw image while pure water appears purple (A). The image (B) shows the blue component of the image, and Beer-Lambert absorption makes it much lower where a higher concentration of fluorescein is present on the raw image (A). Finally, in the image of the concentration field (C) one can see the mixing being progressively achieved along the successive intersections of the meshed circuit. In the end, all the channels are of the intermediate color, i.e. half concentration, which is interpreted as the complete mixing. The obtained concentration field C i was treated by 2-D median filtering (Matlab-Image Processing Toolbox) and smoothing of the data to remove the noise. To obtain the value of C i , image acquisition was performed in a dark room by the DMC TZ-60 camera and computational post-treatment included the chosen calibration formula. Considering the dispersion of C i values using every fitting calibration formula, the uncertainty range was observed as less than 5%. A relative uncertainty of C i was thus estimated as ± 2.5%, taking into account the image acquisition, the Beer-Lambert calibration and the computational post-treatment.

Indicators and dimensionless numbers

Different indicators and dimensionless parameters are used to describe the liquid flow properties and its interactions along with the mixing process. The Reynolds number Re (Eq. 2) is less than 1 in the meshed circuit under the present tested conditions. [START_REF] Chen | Optimal designs of staggered dean vortex micromixers[END_REF] found that the molecular diffusion is dominant over advective transport in a split-and-recombine mixing flow for a Re number between 0.5 and 50. The mixing efficiency M X (Eq. 3) is calculated based on the extended concentration field C i and its mean value C. The value of M X is 1 in the theoretical case of perfectly homogeneous concentration and decreases when the concentration field becomes inhomogeneous due to the worse mixing of two fluids. Because the relative uncertainty of the concentration field C i is ± 2.5%, propagation of uncertainty gives the relative uncertainty of M X as high as ± 5%.

Re

= ρD h V q µ (2)
M X = 1 - 1 C n 1 C i -C 2 n 1 2
(3)

Taking into account real-world measurements imperfections and elimination of the background noise, a value of M X exceeding 85% is considered here as a complete mixing. In numerical studies reviewed by [START_REF] Lee | Passive mixers in microfluidic systems: A review[END_REF], a different formulation of the mixing index M * X (Eq. 4) is used, where C 0 and C ∞ are the values of concentration before any mixing and with complete mixing respectively. In the case of complete mixing, the best mixing performance is 86% Ansari and Kim (2010) and 83% [START_REF] Afzal | Convergent divergent micromixer coupled with pulsatile flow[END_REF].

M * X = 1 - n 1 |C i -C ∞ | n 1 |C 0 -C ∞ | × 100% (4)

Results and discussion

Mixing performance of the meshed circuit

The measured concentration fields in the channels of the meshed circuit with different feeding flow rates are shown in Fig. 4. Note that identical liquid flow-rates were fed in both inlets of the mixer, one with fluorescein dye and the other not. At the entry of the meshed circuit (the flow goes from the left to the right in Fig. 4), a part of the highly concentrated flow is deviated into the pure water, as it is visible in (A) at the lower flow rate (4.3 mL.h -1 each). This flow deviation enables a good mixing, as color change of the pure water can be rapidly seen dowstream. When the flow rate is increasing (B; 8.8 mL.h -1 each), this phenomenon of deviated flow is less pronounced despite successive intersections and only a small quantity of fluorescein dye enters into the pure water. At the highest flow rate tested (C; 18.8 mL.h -1 each), no obvious mixing effect can be seen. The flow of pure water remains apart with almost no intrusion of highly concentrated fluorescein stream all along the trajectory. To sum up, the lower velocity favours to deviate a part of the highly concentrated fluorescein stream into the pure water from the first stage of the meshed circuit, drastically improving the mixing performance.

Fig. 4D shows a case of straight channel for comparison. The shear stress is not enhanced except at the single Y-junction. In these straight mixing channels, the two streams can be seen flowing side-by-side and the mixing is mainly due to the molecular diffusion. A homogeneous concentration field can not be achieved at the end of the straight channels before entering into the multi-scale tree-like collector.

The progression of the local mixing efficiency M X within the meshed circuit (every 10% of its total length) is shown in Fig. 5. This kind of graph is also displayed from CFD simulations by [START_REF] Cieslicki | Investigations of mixing process in microfluidic manifold designed according to biomimetic rule[END_REF]. A general increasing trend can be noticed with a small decrease at the last 10% length, where the domain of calculation is ending in the middle of the last crossroad. Although the mixing process is clearly happening, the M X value does not reach the complete mixing considered as 85% (cf. Section 2.4). In this regard, it is necessary to investigate how this M X value can be increased or decreased by the intrinsic flow conditions i.e., viscosity difference and/or flow-rate. Thus, the average mixing efficiency M X (Eq. 3) is calculated over the delimited red rectangle shown in Fig. 2, covering the whole area of the meshed circuit. It is plotted in Fig. 6 as a function of the channel Re number. In the case of water/water flow at 3.1 mL.h -1 the value of M X is 0.67, which is lower than the average of its local values (plotted in Fig. 5) due to an interval of concentration values being larger over the whole area than in a single 10% of its length. This average M X decreases when the flow rate is increasing. The tendency shown in Fig. 4 is thereby confirmed : the higher the flow rate, the less flow deviation through the crossroads and consequently, the worse the mixing performance. The mixing efficiency M X significantly decreases from 0.67 to 0.37 with the increasing flow rate from 3.1 to 23.8 mL.h -1 at each inlet. Another series of experiments using 11.1% glycerine in water was also carried out to test the effect of a higher viscosity, in the same range of flow rate. Its results are shown by red squares in Fig. 6. The observed tendency is confirmed in another way: the increased viscosity decreases the Re number by about 20% (cf. Tab. 2), thereby decreasing flow deviation from one stream to another. For the straight channel mixer the average mixing efficiency M X is around 20% below that of the meshed circuit device as shown in Fig. 6. To sum up, the meshed circuit with channel intersecting is significantly more efficient than the straight geometry in terms of fluid mixing. Moreover, the higher merging of the streams at the crossroads instead of rebounds will enhance the mixing. 

Effect of the device position

Although a small concentration of glycerine (0.1% to 11.1%) is used here to adjust the viscosity, a significant effect was noticed in the vertical position : one fluid was flowing down into the other at the outlet of distributors, instead of continuing together into the meshed network. This problem vanished when the meshed circuit device was put in the horizontal position, as it was in all the experiments with different viscosities reported here. The buoyancy effect may provide an interpretation of this observation. Fig. 7 shows the progression of the mixing process through the meshed circuit both in the vertical and the horizontal positions using pure water at both inlets, within the same range of flow rate (10, 11.2 and 15 mL.h -1 at each inlet). In the vertical position, some areas in the first half of the meshed circuit are entirely transparent, resulting in an overestimated local M X that is not shown here. The comparison is clear: the progression of the mixing process is significantly reduced in the vertical position, whereas the horizontal position reaches complete mixing at 10 mL.h -1 (local M X exceeding 85%). 

Effect of viscosity difference

To investigate the role of increased shear rate and flow deviation that are expected to enhance the meso-mixing, experiments were carried out feeding two liquids with different viscosities. In fact, when the two liquids are meeting at intersections, their viscosity difference augments the chance of flow deviation from one stream into another. This effect can be clearly seen on the concentration fields shown in Fig. 8, which were measured at the same flow rates (15 mL.h -1 at each side). The bottom picture using water with 0.25% vol. glycerine clearly shows that more amount of fluorescein enters into the other stream (pure water) compared to the blank situation (top image, pure water for both liquids). Flow deviation is visible even at such a low concentration of glycerine.

The progression of the mixing efficiency M X along the length of the meshed circuit is shown in Fig. 9. All the displayed cases have a flow rate of 10 mL.h -1 at both sides. Except for the case with 0.1% vol. glycerine, they all achieve almost complete mixing (M X ≥ 0.85) at the end of the meshed circuit, before entering into the tree-like collector. In the cases with 2.5% and 5% vol. glycerine, most of the mixing process is done at the first crossroad just downstream the distributor, although the two streams continue their mixing afterwards. The highest increase in M X , i.e. the most efficient mixing process is the case with 0.5% vol. glycerine. Its concentration field is also displayed as the inserted picture on Fig. 9. It shows a good progression of mixing, which is efficient from the first crossroads and converging towards a homogeneous concentration afterwards.

The factors that contribute to the enhanced mixing due to viscosity difference at the intersections are multiple, including different velocity profiles, higher shear rate, flow deviation, etc. First of all, the shear rate µ ∂u ∂x is expected to be different at the meeting point of the two different streams having different viscosities. Secondly, the flow velocities are the same at both sides but the viscosities differ. At the first intersection, the difference between the two streams is quantified as their common flow velocity V q multiplied by the viscosity difference (µ 1 -µ 2 ). The average mixing efficiency M X over the whole meshed circuit as a function of V q × (µ 1 -µ 2 ) is plotted in Fig. 10. The global trend is obvious: the M X increases with the increasing shear rate until it reaches a plateau from about V q × (µ 1 -µ 2 ) 3 × 10 -9 kg.s -2 . 

V q × (µ 1 -µ 2 ) [kg.s -2 ] M X
10% Glycerine 5% Glycerine 2.5 % Glycerine 0.5 % Glycerine 0.25 % Glycerine 0.1% Glycerine 

Exploring the flow deviation through simple CFD simulations

Flow deviation caused by different viscosities can be properly described by means of CFD. In this extent, straightforward 3D simulations of the first crossroad (205,776 cells, see Fig. 11 and Tab. 3) were carried out with laminar model (Re ≤ 1), using ANSYS Fluent 18.1. The same gauge pressure (up to 0.25 Pa) was applied to both inlets. The viscosity is calculated by the mixing law, and the gravity effect was not considered (horizontal position). Exploiting the results of CFD simulations, it was seen that this flow deviation is accurately reported by ∆Q V that is simply the difference between the flow rates at the outlets, divided by the minimum value of these two flow rates. Tab. 3 shows that deviation becomes significant (with ∆Q V exceeding 1.5%) from V q ×(µ 1 -µ 2 ) 3.10 -9 kg.s -2 . This value matches the plateau of M X observed in the experiments Fig. 10, which confirms that flow deviation actually contributes to improve mixing efficiency, as it can also be seen in the concentration fields in Fig. 8.

Furthermore, these CFD simulations clearly show a significant flow deviation at the first crossroad, promoting the mixing from the very beginning of the meshed circuit, which is also experimentally confirmed at the first crossroad shown in Fig. 8. Deviation from the first crossroad can explain the different tendencies observed in the concentration profiles in Figs. 5 and 9 along an increasing difference in viscosity: even in the vertical (Fig. 5) or horizontal (Fig. 9) positions, the mixing index M X is progressively increasing from 30% to 85% when the difference in viscosity is tiny (0.1% Glycerine) or null, but M X starts around 80% when the difference in viscosity is high (see the cases with 2.5% and 5% glycerine Fig. 9). This also indicates that the length of the meshed circuit is also a parameter subject to optimization: only several crossovers are already sufficient in case of large viscosity difference, making the mixing device much more compact.

µ 1 -µ 2 Glycerine Flow rate V q × (µ 1 -µ 2 ) ∆Q V Pa.s % Vol. mL.h -1 kg.s -2 % 9.

Pressure drop

The pressure drop was measured (Fig. 2) with the nature-inspired mixer in the uprising position. Due to the low flow rate, it depends more on the water height than the flow rate. In the worst case with 20 mL.h -1 at both inlets, its value was less than 2000 Pa using water, and less than 3000 Pa using the most viscous liquid of the present study, i.e., water with 11.1% glycerine. This value was not seen as surprising, since the circuit is 12 cm long and 10 cm of water height gives 981 Pa of hydrostatic pressure. The void volume for fluids in the mixer V in is 2 ml, so the energy dissipation rate W q (Eq. 5) is less than 1.4 × 10 -2 W.kg -1 using water. [START_REF] Bothe | Fluid mixing in a t-shaped micro-mixer[END_REF] obtain from numerical simulations, at a higher velocity of 0.1 m.s -1 , less than 2.10 -1 W.kg -1 in a T-shaped micro-mixer.

W q = Q V ∆P ρ V in -→ [W.kg -1 ] (5)
The order of magnitude of the measured pressure drop is compared with the relevant studies in the literature. Chen et al. (2016) give a CFD-computed pressure drop through square-wave, zig-zag and multi-wave channels that are around 1 mm large and 5 cm long of [0-5000] Pa for Re ≤ 50. [START_REF] Shah | Experimental and numerical analysis of y-shaped split and recombination micro-mixer with different mixing units[END_REF] give results of numerical simulations within Y-shaped split-andrecombine micro-mixer that are less than 2000 Pa with Re being 0.5 and 10, within a 300 µm × 200 µm section over 30 mm length. In the present case with Re ≤ 1, the pressure drop of 3000 Pa is regarded as acceptable for biochemical applications.

Conclusions and prospects

A detailed, in-depth investigation of mixing throughout a nature-inspired mixer based on the split-intersect-recombine principle was carried out. A non-intrusive, easy-to-implement measurement of the concentration field of fluorescein was successfully implemented. Main findings of this study can be highlighted as follows.

• Mixing performance is improved by deviation of a stream into the other one, and this is why the crossroads of the meshed circuit are beneficial.

The residence time through the straight channels is not long enough for sufficient molecular diffusion.

• Acceptable pressure drop and the resulting energetic cost are found, aiming at possible applications such as biochemical analysis or nanomaterials synthesis.

• Flow deviation is triggered by adjusting viscosity at one side. An optimum performance was noticed in the form of a plateau of the estimated shear stress at the first crossroad, as confirmed by CFD simulations. Complete mixing is achieved using a tiny (0.5%) addition of glycerine at one side.

• As prospects, further geometrical considerations such as obstacles or other topologies could be expected to adapt the present mixing device to higher Reynolds numbers (in the order of 50). Future studies should also focus on increasing the compactness of the meshed circuit geometry. Intrinsic fluid properties like viscosity should also be taken into account to solve a wide range of industrial situations within the laminar flow regime.

Figure 1 :

 1 Figure 1: Schematic view of the split-intersect-recombine mixing device with natureinspired geometries -(A): Front view; (B) Isometric view; (C) Vascular topology Montpellier, reproduced with permission of Benoît Charlot c IES (CNRS/Université de Montpellier), 2018.

Figure 2 :

 2 Figure 2: Schematic of the experimental setup for the measurement of concentration profiles. An actual picture of the mixing device is inserted.

Figure 3 :

 3 Figure 3: The three steps of the concentration measurement. (A): Raw image of the two fluid streams with and without fluorescein. (B): Blue component of the image A. (C): Concentration of fluorescein calculated based on the Beer-Lambert law. Channel width: 1.1 mm, channel depth: 1 mm, flow rate: twice 15 mL.h -1 , superficial velocity: 4.7.10 -4 m.s -1 -Inserted picture: Calibration of the Beer-Lambert law of absorption (Blue component [0-255]).

Figure 4 :

 4 Figure 4: Concentration fields in [mg.L -1 ]. The flow goes from the left to the right. (A) : 4.3 mL.h -1 each. (B): 8.8 mL.h -1 each. (C): 18.8 mL.h -1 each. (D): Straight mixing channel, 7.5 mL.h -1 each.

Figure 5 :Figure 6 :

 56 Figure 5: Progression of the local mixing efficiency along the length of the meshed network (3.1 mL.h -1 each).

Figure 7 :

 7 Figure 7: Comparison on the local mixing efficiency between horizontal and vertical position of the mixing device (pure water at both inlets).

Figure 8 :

 8 Figure 8: Concentration field at the first meeting point, 15 mL.h -1 each. (Top): pure water both; (Bottom): Water with 0.25% vol. glycerine, and pure water.

Figure 9 :

 9 Figure 9: Progression of M X along the length of the meshed circuit -flow rate: 10 mL.h -1 at each inlet. The inserted concentration field is the case with 0.5% vol. glycerine.

Figure 10 :

 10 Figure 10: Average mixing efficiency of the meshed circuit using two liquids with different viscosities.

Figure 11 :

 11 Figure 11: Mass fraction of one of the two liquids, along pathlines within the first crossroad (10 % vol. glycerine, 2.59 mL.h -1 ). (Inserted picture): the 3D mesh.

Table 1 :

 1 Dimensions of the branches of the tree-like network.

Table 2 :

 2 Physical properties of the used fluids.

	Liquids at 25 • C	Water		Glycerine (% vol.)
			11.1	5	2.5	0.25
	µ [mPa.s]	1	1.2	1.09 1.045 1.0045
	ρ [kg.m -3 ]	998	1003 1001 1000	1000
	Supplier	Tap water		Chemlab

Table 3 :

 3 CFD simulation results of a single crossroad at the beginning of the meshed circuit.
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