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Experimental measurement of flow distribution in a parallel mini-channel fluidic network using PIV technique

in the literature may be classified into two main categories: intrusive and non-intrusive 19 methods. One straightforward intrusive method is the weighting method [START_REF] Fan | Experimental investigation of the flow distribution of a 2-dimensional 25 constructal distributor[END_REF][12][13] , by weighting 20 out the mass of fluid collected from each individual channel/tube during a typical sampling 21 time when the flow-rate is stabilized. This method is relatively simple to operate by using a 22 digital balance and a stop watch, but unfortunately cannot be applied to an enclosed parallel instruments and their basic principles may be found in the books of Baker [START_REF] Baker | Flow measurement handbook: industrial designs, operation principles, performance, and 33 application[END_REF] and LaNasa and 35 Upp [15] .

36

Although the intrusive methods are relatively easy for implementation and operation, they 37 may not be suitable for flow distribution measurement in micro-or mini-channel fluidic 38 networks. Firstly, most of the flowmeters without probes may occupy a large volume 39 compared to micro-or mini-channel. For example the minimum required piping is about 10 40 mm for Venturi meter, and about 25 mm for liquid turbine meter [15] . Some micro sensors may 41 be commercially available but are either immature or very expensive [START_REF] Kuo | Micromachined thermal flow sensors-A review[END_REF] . Secondly, the 42 variation of measurement locations required for multiple channels devices is relatively 43 difficult to be realized. Thirdly, the intrusive methods will inevitably change the flow paths of To overcome aforementioned drawbacks, non-intrusive techniques become well-developed 4 which usually involve the flow visualization. Some researchers [17][18][19] tried to obtain more PIV technique may be found in relevant review articles [20][START_REF] Luo | Heat and Mass Transfer Intensification and Shape Optimization: A Multi-scale Approach[END_REF][22][23][24][25] . A general comparison between 34 various frequently-used techniques for micro-or mini-fluidic flow measurements are 35 presented in Table 1. It can be noted that PIV is a non-intrusive, whole field method with 36 possible high resolution and precision.

37

PIV technique used in microfluidics (or called µPIV) was firstly introduced by Santiago et 38 al. [26] . In their study, the movement of particles tagged with fluorescent dye was recorded 39 under a continuous Hg-arc lamp by CCD camera. After the introduction of laser illumination 40 by Meinhart et al. [27] , abundant studies in the literature have been devoted to the improvement of PIV technique for flow field measurement. However, most of these studies were focused 42 on single channel [27][28][29][30][31][32][33] , or at best on two parallel channels [34] . A noticeable exception is the study of Wen et al. [35] which measured the flow-rate distribution among multiple outlets of an Actually, the velocity vectors on a single plane parallel to the flow direction cannot correctly 3 reflect the velocity profiles on the channel's cross-sectional surface (Fig. 4 as an example). In the rest of this paper, we shall first introduce the experimental set-up and the PIV 21 instruments used in this study. The measurement parameters, the experimental procedure and 22 the uncertainty will be discussed using a double-channels device as an example. Then, a mini-23 fluidic network having 15 parallel channels will be tested under different total inlet flow-rate 24 conditions. The flow-rate distribution among parallel channels obtained by PIV technique will 25 be compared with CFD simulation results under the same operational conditions. Finally, 26 remarks and main conclusions will be summarized. The light scattered from the particles was collected by a CCD camera (DANTEC, FlowSense) with 2048×2048 pixels. The minimum time interval between two frames was 1 µs. An 16 additional macro LAVISION lens was used to yield a magnification of about 260 pixel•mm -1 17 for double-channels device and about 230 pixel•mm -1 for 15-channels device. Therefore, the 18 view field was 7.87 mm×7.87 mm and 8.73 mm×8.73 mm, respectively. Note that the frame 19 must be recorded when the laser sheet outputs, so a synchronizer (DANTEC, 80N77) was 20 used to guarantee that the laser and the CCD camera work synchronously. A commercial 21 software FlowManager (v3.41) was used to control the PIV system and to process the data by 22 2-frame cross-correlation and Fast Fourier Transforms (FFTs). After that, the velocity vector 23 profiles could be obtained. In the current study, the size of the PIV interrogation window was 24 fixed at 16×16 pixels with an overlap of 50% after several attempts considering a compromise 25 between the measurement accuracy and the computational time. The spatial resolution of PIV 26 is determined by 2.8 times of the size of interrogation window [START_REF] Luo | Heat and Mass Transfer Intensification and Shape Optimization: A Multi-scale Approach[END_REF] . Therefore, the physical spatial resolution was 0.17 mm for double-channels device and 0.19 mm for 15-channels 28 device, respectively.

29

A workbench which permits the subtle movements of the test-section was specially designed 30 and built. The camera may be moved in x direction whereas the platform to fix the test-section 31 is moveable in y and z directions, as shown in Fig. 2. The movements in x and y directions 32 were realized using steel orbits while the movement of the platform along z direction was 33 realized using a precise lift and a digital gauge with an accuracy of 0.01 mm. Due to the 34 different scattered light optical paths, the focus of the lens must be adjusted for each vertical 35 plane, leading to different magnification ratios which must be taken into account in the post-36 processing. It should be noted that the platform can also be rotated around z-axis to ensure a 37 fine overlap between the walls of channels and the boundaries of the PIV interrogation technique for parallel channels under multiple refractions. Each channel has a square cross-13 section of 5 mm×5 mm, the hydraulic diameter thus being 5 mm. The total channel length is 14 320 mm (the transparent part being 100 mm), longer than 20 times of its hydraulic diameter to 15 ensure the fully-developed flow [37] . The distance between the axes of two channels is 15 mm.

16

The channel closer to the laser source is named as CH1 while the other one is named as CH2. 

Measuring procedure and post-processing 24

Recall that the 2D-2C PIV technique yields the flow velocity field on a certain plane. We 25 define the middle plane of channels parallel to the flow direction as the base plane (z=0) so 26 that the cross-section of channels ranges from z=-2.5 mm to z=+2.5 mm. In order to construct 27 accurate fluid flow field, the cross-section of channels was divided into 21 planes along z axis, 28 with a stepping distance of 0.25 mm to be measured. It should be noted that the laser source 29 was fixed so that the device should be moved vertically along z direction for different 30 measuring planes, using the adjustable workbench described in Section 2.2.

31

For each measuring plane, a large number of frames (200 or 375 pairs in this study) should be should be recalculated as follows:

3 U U G t ′ = ∆
(2)

4
where U′ is the flow velocity obtained by PIV post-processing under the unit of pixels/frame 5 and ∆t is the time interval between two frames. A MATLAB programme was built to handle 6 the calculation process automatically.

7

Once the unit conversions for all measuring planes were finished, a fixed physical position where U is the mean fluid velocity in a channel, µ the dynamic viscosity of water and d h the 26 hydraulic diameter of the channel calculated as:

27 4 h S d A =
(5)

28
where A is the perimeter of the channel's cross-section.

29 where m is the average mass flow-rate among 15 channels given by: 
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Simulations were performed under steady state, incompressible and isothermal condition 23 without heat transfer. The gravity effect at -z direction was also taken into account.

24

A commercial code FLUENT (version 12.1.4) was used to solve the Navier-Stokes equations.

25

The fluid flow was calculated by the COUPLED method for pressure-velocity coupling, and 26 second-order upwind differential scheme was applied for discretization of momentum and 27 standard method for pressure. Laminar or standard k-ε model was used to simulate the laminar 28 or turbulent flow, respectively. Constant mass flow-rate at inlet surface was given and the 29 boundary condition of outlet was set as pressure-outlet with zero static pressure. Adiabatic 30 wall condition was applied and no slip occurred at the wall. The solution was considered to be 31 converged when 1) sums of the normalized residuals for control equations were all less than 32 1×10 -6 ; and 2) the mass flow-rate at each channel was constant from one iteration to the next 33 (less than 0.5% variation).

34

The grid density used in the study was 5 segments per millimeter (1.42 million elements in cases, a uniform distribution among parallel channels is generally required [START_REF] Lalot | Flow maldistribution in heat exchangers[END_REF][START_REF] Tondeur | Uniform flows in rectangular lattice networks[END_REF]39] , while in 1 many other cases, a target flow distribution which is non-uniform should be achieved [40][41][42] . In 

23

  channels fluidic network due to the presence of the fluid collector. 24 Other intrusive methods are usually based on the establishment of relationships between the 25 flow-rate (or flow velocity) and another physical quantity which can be measured easily. For 26 example, the mean fluid velocity in a channel may be obtained by measuring the difference 27 between the static and dynamic pressures using a Pitot tube pointing directly into the fluid 28 flow and then by solving the Bernoulli's equation. Hot Wire Anemometry (HWA) is based on 29 the measurement of convective heat transfer coefficient between the heated wire and the 30 surrounding flow velocity. Due to the scalar quantity measurement, however, HWA is 31 incapable of determining the direction of fluid flow. Other intrusive flowmeters include 32 orifice plate meter, Venturi meter, variable area meter, positive displacement flowmeter, 33 turbine and related flowmeter, vortex-shedding flowmeter, etc. More details on these 34

  44the fluidic network (for example the removal of the outlet collector for the weighting method), 45 or disturb the established streamline profiles due to additional boundary conditions of the for example the insertion of different probes). Hence, intrusive 1 methods are difficult to be applied for precise measurement of flow distribution in micro-or 2 mini-channel fluidic networks.
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  detailed fluid flow characteristics through the estimation of Residence Time Distribution 6 (RTD) inside the device. Concentration meters or spectrometers are usually used to measure 7 the concentration variation of indicator at the outlet. In this case, the inevitable diffusion 8 between the indicator and the fluid flow and the theoretical mixing models used may have 9 great influences on the precision of the measurement results. 10 Another significant advance in optical-based non-intrusive flow measurement is the Laser-11 Doppler Velocimetry (LDV), which consists of laser transmitting and receiving optics and the 12 seeding particles mixed in the measured fluid flow. It is based on the Doppler effect which is 13 the linear change of laser light frequency proportional to the velocity of seeding particles. 14 LDV technique has various features, i.e., linear output signal, no calibrations required, high 15 frequency response and direct velocity measurement. When opaque fluid flow (e.g. liquid 16 slurries) is involved, Doppler Ultrasonic Velocimetry (DUV) using the ultrasound instead of 17 laser is a suitable alternative. Both LDV and DUV can offer good spatial and temporal 18 resolutions, but are limited by single point measurement. Multipoint measurement for parallel 19 channels is theoretically feasible with a combination of many measured points, but may 20 practically be prohibitive due to the heavy workload. 21 Recently, Particle Image Velocimetry (PIV) technique has undergone a rapid development 22 which benefits from the advances in laser and camera technologies. Different from LDV, PIV 23 takes the images of seeding particles suspended in the fluid flow while the local fluid velocity 24 vectors are measured by the displacement of various particles within a short time interval. 25 More precisely, the laser is introduced to illuminate the seeding particles in a plane twice in a 26 known time interval while the light scattered by the particles is recorded by a Charge Coupled 27 Device (CCD) camera equipped with a lens on a sequence of two frames. The images are then 28 digitized and transferred directly to the memory of a computer. After that, an individual image 29 is divided into a number of interrogation windows, the mean displacement of all particles in 30 each interrogation window being calculated with statistical methods (such as the cross-31 correlation) through post-processing. Finally, the whole flow field in the plane can be 32 established based on the velocity vectors of all interrogation windows. More details on the 33

44

  individual gas distributor. The distributor had a conventional dimension of 905 mm in length 45 and 154 mm in radius, with a middle inlet pipe of 176 mm in length and 200 mm in diameter. 46 41 parallel tubes with the width of 9.5 mm served as the outlets of the distributor. Although

  properties among parallel outlets were measured by PIV technique, only 1 one plane parallel to the flow direction was selected as the sampling plane for each outlet.
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  Consequently, noticeable measurement errors and uncertainties on the flow-rate seem 5 inevitable. Moreover, the effect of boundary layers may greatly affect the flow distribution, 6 especially in micro-or mini-channels. To the best of our knowledge, systematic and precise 7 measurement of flow distribution among multiple micro-(mini-) channels using PIV 8 technique is still lacking.

  9

Table 1 : 10 11

 110 Comparison between various frequently-used microfluidic measurementsAs a result, the present study aims at realizing PIV measurement of the flow-rates in parallel 12 channels and studying the fluid flow distribution in a multiple channels fluidic network. To do 13 this, two steps are programmed. Firstly for the precise measurement of flow-rate in a single 14 channel, standard PIV technique will be used to obtain the 2D-2C (2 dimensions, 2 15 components) velocity vectors on multiple planes parallel to the flow direction, so as to 16 reconstruct accurate velocity profiles on the cross-sectional surface taking the potential effects 17 of boundary layers into account. Secondly, such procedure will be repeated for every micro-18 (mini-) channel in the fluidic network so as to obtain the actual flow distribution properties 19 among parallel channels.
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Figure 1

 1 Figure1shows the schematic diagram of the experimental set-up built in the laboratory LTN

3 Standard

 3 Figure 1: Schematic diagram of experimental setup
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Figure 2 : 3 .

 23 Figure 2: Schematic view of the experimental workbench for subtle movements of the test-section

9 3 .

 3 1. Double-channels device for pre-test 10 A double-channels device was fabricated in house using Polymethyl Methacrylate (PMMA) 11 material, as shown in Fig. 3, for the purpose of confirming the feasibility of the 2D-2C PIV 12

  17

A

  static pressure probe and a valve were installed at the inlet of each channel to adjust the 18 balanced flow-rates needed in the following test.

Figure 3 :

 3 Figure 3: The geometry and dimensions of double-channels device: (a) schematic view (unit: mm); (b)

  32 captured and averaged to eliminate the random errors. Likewise, different planes were 33 measured successively to obtain the fluid flow velocity vectors in y-z plane. Note that for each 34 plane, the acquisition parameters (e.g., the focus of the lens, the time interval between two 35 laser pulses, and the laser energy) should be adjusted according to different vertical positions, 36 implying different magnifications of lens. In the post-processing, different relationships 37 between the actual length (the width of channel in this study) and the corresponding numbers 38 of pixels should be used by introducing a magnification ratio G defined as follows: the width of the channel and N is the corresponding pixel numbers in the captured 1 image. Due to non-identical values of G for different measured planes, the actual velocity U 2

8 ( 21 where

 821 for example the middle of the image) for all measuring planes was chosen as the transverse 9 surface and the fluid flow velocity profiles at y-z surface could be obtained, as an example 10 shown in Fig.4. The boundary layers near the side walls could be clearly observed while 11 those near the top and bottom walls are less obvious. That is due to the fact that the spatial 12 resolution is less accurate in vertical direction (z direction) than in horizontal direction (y 13 direction). Indeed, the horizontal spatial resolution is determined by the size of interrogation 14 window (0.17 mm in this study) while the vertical spatial resolution is limited by the stepping distance (0.25 mm) combined with the laser sheet thickness (0.11 mm). For more accurate 16 description of the top and bottom boundary layers, a smaller stepping distance could be used 17 which means more sampling x-y planes.18Based on the fluid flow velocity profiles at y-z surface (cross-section), the mass flow-rate m 19 passing through the channel can be easily obtained as follows: Q is the volume flow-rate, S is the area of the cross-section of the channel and ρ is the 22 density of water used in our study (998.2 kg•m -3 ). The channel Reynolds number is calculated

Figure 4 : 8 3. 3 .

 483 Figure 4: Example of fluid flow velocity profile at the cross-sectional surface of a channel

Table 2 : 21 22 4 .

 2214 The results of different cases in pre-test Measurement of flow-rate distribution in a multi-channel fluidic network 23 After the pre-test and uncertainty analysis of the 2D-2C PIV technique using the double-24 channels device, a 15-channels device with integrated distributor and collector was fabricated 25 and tested to show the effectiveness and the validity of the experimental method. The results 26 obtained by PIV are also compared with CFD simulation results under different total flow-rate channels fluidic network consisting of 15 parallel channels, a distributor and a 30 collector was used for study, as shown in Fig. 5. The overall dimension is 242 mm in length 31 and 90 mm in width. For the convenience of fabrication, the entire fluidic network has the 32 identical channel depth (e=2 mm). The inlet and outlet channels located in diagonal position 33 have the same width of 5 mm, but different lengths (50 mm for inlet tube and 100 mm for 34 outlet tube). The length of the distributing manifold is 13 mm and the width is 90 mm. 35 Identical dimensions are used for the collecting manifold (length of 13 mm and width of 90 36 mm). There are fifteen parallel straight channels with identical width of 2 mm, length of 60 37 mm and depth of 2 mm. They are evenly spaced at 4 mm between the axis of one channel and 38 another. For the convenience of description, they are indexed by k from 1 to M from the inlet 39 side to the outlet side. By this way, the mass flow-rate in kth channel is notated as m k . The 40 flow-rate ratio σ is introduced for each channel as follows:

3 4Figure 5 :74. 2 . CFD simulation parameters 16 3D

 35216 Figure 5: The geometry and dimensions of 15-channels fluidic network. (a) Cube A; (b) Cube B (unit:

  35total) and structured mesh was generated using software ICEM (version 12.1) to build up the 36 geometry model. A grid independence study was performed with a refined mesh (8 segments 37 per millimeter; 5.49 million elements in total). Simulation results with the inlet volume flow-38 rate of 1.8 L•min -1 indicated a difference of about 3.2% on the inlet pressure. For the mass 39 flow-rate in each channel, the maximum difference was less than 4.9%. Therefore, the normal 40 mesh was used as a compromise between the calculation time and the precision while the 41 value of 4.9% was indicated as error bars for the CFD results in the following figures.

1

  Two different inlet total fluid flow-rates (Q in ) were tested in this study, i.e. high inlet flow-rate 2 of 1.8 L•min -1 and low inlet flow-rate of 0.18 L•min -1 , in order to cover both the laminar and 3 the turbulent flow patterns. The corresponding Re number at the inlet channel (Re in ) was 8500 4 and 850, respectively. The mean Re number in the parallel channels (Re ch ) was 1000 for 5 Q in =1.8 L•min -1 and 100 for Q in =0.18 L•min -1 . The numerical (CFD) and experimental (PIV) 6 results on fluid flow distribution among the 15 parallel channels are shown in Fig. 6.

7 8 Figure 6 : 10 11 37 Figure 7 : 38 mean 40 Figure 8 :7 8 among parallel channels. 9 18may be reached: 25 • 30 •

 861037738408892530 Figure 6: The flow distribution properties obtained by PIV and CFD under different inlet flow-rate
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 7 our earlier work, an original CFD-based evolutionary algorithm has been proposed to realize 3 uniform or non-uniform fluid flow distribution among parallel channels[43][44] . The 4 experimental validation of this optimization method with the PIV technique developed in this 5 paper is our on-going work. 6 This work is financed by the BPI France and the Region Pays de la Loire, and monitored by 9 the SATT OUEST VALORISATION within the project OPTIFLUX (No. DV2054). One of 10 the authors, M. Min WEI would also like to thank the French CNRS for its partial financial 11 support to his PhD study. The authors also thank Mr. Gwenaël BIOTTEAU and Mr. Nicolas 12 LEFEVRE for their great assistances during the device fabrication and the building of the 13 experimental set-up.
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Table 1 : Comparison between various frequently-used microfluidic measurements 1
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	Name	Intrusive/ non-intrusive	Spatial resolution	Tracer needed	Required instruments
	Weighting method	Yes	No flow field information; flow-rate measurement only	No	Container; digital balance; stop watch
	RTD	No	No flow field information; flow-rate measurement only	Yes	Tracer injector; fast camera; concentration meter or spectrometer
	HWA	Yes	Single point measurement; local scalar flow velocity	No	Hot-wire probe; analog-to-digital convertor; data processing
	LDV/DUV	No	Single point measurement; local vectorial flow velocity	Yes	Continuous laser (or Ultrasonic); beam-splitter; light collector; data processing
	PIV	No	Whole flow field measurement; velocity profiles	Yes	Double pulsed laser; CCD camera; lens; data processing
	2				
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Table 2 : The results of different cases in pre-test 1 No. Case Number of frames for each plane Q f (L•min -1 ) Q p (L•min -1 )
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