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Fluid flow Characteristics of a Multi-Scale Fluidic Network
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ABSTRACT

This paper presents an original study on the fluid flow characteristics of a multi-scale fluidic
network consisting of a number of elementary ladders. Computational Fluid Dynamics (CIFD)
simulations were performed to characterize local fluid flow patterns and flow distribution properties in
such a complex geometry. In parallel, flow visualizations using fast camera and tracers were carried out
in a transparent prototype. A special effort was made to improve the flow distribution uniformity
among the 90 parallel mini-channels by inserting the geometrically optimized perforated baffles. The
global pressure losses of the multi-scale network with or without baffles were also measured

experimentally so as to be compared with the numerical results.

For the multi-scale fluid network, non-uniform flow distribution was observed even under very low
flow-rate conditions (e.g., mean Re;=10). For higher flow-rate conditions, significant flow non-
uniformity seems inevitable. The insertion of optimized perforated baffles could provide a remarkable
improvement on flow distribution uniformity, even under high flow-rate conditions (mean Re., up to

2000). Good agreements between numerical and experimental results are observed.
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1. INTRODUCTION

Facing the challenges of climate change and energy shortage issues, Process Intensification that
leads to smaller, less costly, cleaner, safer, higher productivity and more energy efficient technologies
has now become a widely accepted concept in chemical and process engineering. Particularly, the
innovative designs of high yield processes or compact equipments through integration and

miniaturization are effective ways to realize process intensification [1-3].

Researches in the field of miniaturization, thanks to the advances in fabrication and observation
tools, target at miniaturized structures (e.g., micro or mini-channels) because of their enhanced heat
and mass transfer properties and improved controllability. Miniaturized process and energy equipments
include heat exchangers [e.g., 4-7], chemical mixers or reactors [e.g., 8-11], catalytic monoliths or fuel
cells [e.g., 12-14] and integrated multifunctional systems [e.g., 15-19] with the purpose of realizing a
lab-on-a-chip. Nevertheless, to obtain a high throughput or production rate, a large number of
micro/mini-channels should be installed in parallel. This so-called scaling-up by numbering-up process
is far from trivial but is a key issue involving how to design and develop globally macro-sized, locally

micro-structured process equipment by using multi-scale fluidic networks [20-21].

One typical geometry commonly used to form multi-scale fluidic networks is the elementary Z-
ladder structure, which consists of an inlet fluid distributor, an outlet fluid collector and a number of
perpendicular parallel cross-channels (as shown in left part of Fig. 1). Abundant literature is available
on the hydrodynamic, heat transfer or reaction characteristics of such structure. These studies
distinguish themselves by the presence of analytical [e.g., 22-25], numerical [e.g., 26-29] or experimental
results [e.g., 30-32|, by the continuous [e.g., 33-34] or discrete [e.g., 35-39] description of the network,
and by different aimed applications. Relatively fewer studies were devoted to the construction of a more
complex multi-scale fluidic network through parallel arrangement of elementary Z-ladders by
introducing intermediate connections, as shown in the right part of Fig. 1 for example. Noteworthy is
the group of Falk and Commenge who first performed hydrodynamic modeling of the multi-scale
network under isothermal and laminar flow conditions, so as to provide design charts for rapid and
flexible numbering-up of parallel micro-reactors [40-41]. In their later works, the heat transfer
characteristics [42] and the selectivity of consecutive catalytic reactions [43] of such multi-scale
networks have also been investigated. A few other studies focused on the global flow resistance
minimization [44-47] or thermal performance [48] of similar multi-scale geometries. Nevertheless, most
of these works are pure analytical while detailed numerical and experimental results on the fluid flow

characteristics are still lacking.

One of the key issues for parallel multi-channel devices is the fluid flow maldistribution that
deteriorates their global performances. Extensive efforts have been made on the uniformization of fluid
distribution among parallel channels of an elementary Z-ladder. Some studies focused on determining
the optimal ratio between hydraulic resistances of the distributor, the collector and the cross-channel
[e.g., 35]. Others worked on triangular or trapezoidal-shaped distributor and collector instead of the
basic rectangular (or cylinder) shape [e.g., 26, 49]. Still others introduced more degrees of freedom and
proposed stairway-type [e.g., 22, 25, 50-52] or curvature-shaped [e.g., 53-55] obeying some scaling-

relations or subjected to geometric optimization. More detailed description of these approaches may be



found in recent review papers [56-57]|. With these methods, a relatively uniform flow distribution is
achievable at the price of lower compactness. Moreover, it seems very difficult to prevent the flow
distribution non-uniformity under higher flow-rate conditions (e.g., mean Re;>500) [40, 51]. For multi-
scale fluidic networks comprising of a number of elementary ladders, only some preliminary thoughts
[40, 44, 46] were reported, but without further supplementary numerical or experimental data to the

best of our knowledge.

Recently, an innovative method based on the insertion of a geometrically optimized perforated
baffle in the distributing manifold is proposed by Luo et al. [58-59]. This method, associated with an
evolutionary algorithm to determine the optimal sizes of orifices, is in similar relation to the study of
Tong et al. [60] and that of Liu and Yu [61] which adjust the dimension of the inlet/outlet opening of
every mini-channel as a supplemental hydraulic resistance. Numerical and experimental results [62-64 |
confirmed that this method is practical, easy to implement, effective and robust in realizing different
target (both uniform and non-uniform) flow distributions among parallel channels. For complex multi-
scale fluidic networks such as shown in Fig. 1, it could be a promising option but hasn’t yet been applied

nor fully tested.

The main objective of this study is to investigate the fluid flow characteristics of a multi-scale
fluidic network consisting of a number of elementary Z-ladders. Both Computational Fluid Dynamics
(CFD) simulations and local flow visualization using fast camera and tracers were performed. A special
attempt is made to improve the flow distribution uniformity among the parallel mini-channels, by the
insertion of geometrically optimized perforated baffles. Note that neither the local fluid flow patterns
nor the flow distribution properties in such multi-scale fluidic networks have been reported in the

literature before; these are also the main originalities of this paper.

The rest of the paper is organized as follows. Section 2 introduces the geometry, the detailed
dimensions and a transparent prototype of the multi-scale fluidic network tested in this study. Section
3 presents the used methodologies including the CFD simulation parameters, the experimental set-up
and the procedure on the sizing and optimization of perforated baffles. Numerical and experimental
results on the hydrodynamic characteristics of the basic network (without baffles) and the optimized
network (with insertion of baffles) are compared and discussed in section 4. Finally in section 5, main

findings of this study as well as the future research directions are summarized.

2. GEOMETRY AND DEVICE

2.1 Geometry of the multi-scale fluidic network

Figure 1 shows the geometry and dimensions of the multi-scale fluidic network. The basic
component of this network is a Z-ladder circuit. Ten mini-channels having a square cross-section of 1
mm X 1 mm and a length of 50 mm are arranged in parallel, spaced one from each other by 4 mm. These
parallel channels are connected together by an inlet fluid distributor and an outlet fluid collector to
form an elementary 2-scale circuit. Both the elementary distributor and the collector have a

rectangular-shape manifold, connected to an inlet/outlet port of 5 mm in length and 5 mm in width. The
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length of the collecting manifold is 46 mm and the width is 7 mm whereas for the distributing manifold,
the length is 46 mm and the width is 9 mm. A groove of 1 mm in thickness is reserved for the insertion
of an elementary perforated baffle, situated in the distributing manifold with 2 mm distance away from
the entrance of mini-channels. Note that regarding the convenience of prototype fabrication, the

channel depth is identical (1 mm) for the elementary circuit and for the entire multi-scale network.
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Figure 1. Geometry and dimensions of the multi-scale fluidic network [10, 3, 3] (unit: mm).

Three elementary Z-ladders are then arranged in parallel connected by a distributor and a collector
to form a 3-scale circuit. The dimensions of the intermediate distributor and collector are listed in Table
1. A groove is located at 2 mm distance away from the inlet port of elementary distributors, permitting
the insertion an intermediate perforated baffle of 1 mm in thickness. Likewise, three 3-scale circuits are
arranged in parallel to form a 4-scale fluidic network, connected by a principal distributor (with groove
reserved for 1 mm thickness principal baffle) and a principal collector. Their detailed dimensions are
also listed in Table 1.

Table 1. Detailed dimensions for the multi-scale fluidic network.

Table 1. Detailed dimensions for the multi-scale fluidic network.

Parameter Value
Number of mini-channel 90
Mini-channel cross-section 1 mm X 1 mm



Channel depth of the whole network 1 mm

Mini-channel length 50 mm

Distance between two mini-channels 4 mm
Manifold of the elementary distributor [length X width] 46 X< 10

Manifold of the elementary collector [length X width] 46 X 7

Inlet/outlet port of the 2-scale ladder [length X width] 5%X5
Manifold of the intermediate distributor [length X width] 148 x 15
Manifold of the intermediate collector [length X width] 148 x 12

Inlet/outlet port of the 3-scale circuit [length X width] 5%5
Manifold of the principle distributor [length X width] 148 x 15
Manifold of the principle collector [length X width] 148 x 12

Inlet/outlet port of the 4-scale network [length X width] 5%5

Following the above-mentioned scaling-up measure, a 4-scale fluidic network with a topology [10,
3, 3] has been built. Here “10” is the number of parallel mini-channels in an elementary ladder, the
middle “3” is the number of 2-scale ladders and the second “3” is the number of 3-scale circuits. The
total number of parallel mini-channels equals to 90. For the convenience of description, 9 elementary
Z-ladders are indexed from A to I from top-left to bottom-right, as shown in Fig. 1. For each elementary
ladder, 10 mini-channels are indexed by j from 1 to 10 from left to right.

2.2 Prototype fabrication

The prototype was fabricated in the laboratory LTEN, France by digitally-assisted carving of the
multi-scale fluidic network (shown in Fig. 1) on the surface of a PMMA rectangular parallelepiped.
Another PMMA rectangular parallelepiped was used as the cover. Numerous grooves were reserved
around the whole fluidic network or between neighboring parallel mini-channels, and filled with rubber
strips to prevent the water leakage. Moreover, a number of bolts were used for further sealing. The
overall dimension of prototype is 285 mm in length, 260 mm in width and 35 mm in thickness. The

photo view of the multi-scale fluidic network prototype after assembling is shown in Fig. 2.



Figure 2. Photo view of the transparent prototype of the multi-scale fluidic network.

2.3 Parameter definition

In this study, the flow distribution uniformity is quantified by two parameters: the relative flow-
rate deviation (0;;) and the maldistribution factor (MF). The relative flow-rate deviation is defined as:

m;, =M j

(1)

% = Ty,

where m;; is the mass flow-rate in the mini-channel i,j with i varying from A to I and j varying

from 1 to 10. m; ; represents the average mass flow-rate among all 90 parallel channels:
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Maldistribution factor is also introduced, for each elementary Z-ladder (MF4 to MF) and for the
whole fluidic network (MFctwork):
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3. METHODOLOGIES

In this section, simulation parameters and the experimental set-up are described. In particular, the
detailed procedure on the sizing and optimization of perforated baffles for the multi-scale network is

presented.
3.1 CFD Svmulation parameters

The geometry of the basic and optimized networks and the corresponding meshes were generated
using different modules of ANSYS Workbench 16.1. Note that due to symmetrical character of the
network in the direction of the depth, half of the real object was adopted in the simulation, the gravity
effect being neglected. Pure water at constant temperature of 293 K was chosen as working fluid
(density p=998.3 kg'm3 and viscosity #=1.003X10-% kg-m-':s'!). The operational pressure was fixed at
101325 Pa. In this study, simulations were performed under steady state, incompressible and isothermal

condition without heat transfer. For simplification, viscous heating was also neglected.

Fluent code V.16.1 was used to solve the Navier-Stokes equations. Constant mass flow-rate normal
to the inlet surface of the principal distributor was given. Eight mass flow inlet (m,) were tested: 4.5X10-
4 kgsl; 9X104 kgs!; 1.8X10-3 kgs'1; 4.5X103 kg-s1; 9X10-3 kg's1; 1.8X10-2 kg-s!; 4.5X10-2 kg-s'1; 9x10-2
kg's!, corresponding to a value of mean channel Reynolds number (Req) of 10; 20; 40; 100; 200; 400;
1000; 2000, respectively. The boundary condition of outlet was set as pressure-outlet with zero static

pressure. Non-slip wall condition was applied.

Laminar flow model was used under very low velocity conditions while the k-6 RNG model was
used for higher velocity conditions because micro turbulences and local vortex may exist. For the
pressure-velocity coupling, standard SIMPLE method was used. For discretization, standard method
was chosen for pressure and first-order upwind differentiation for momentum. The solution was
considered to be converged when the flow-rate at each channel and the inlet static pressure were
constant from one iteration to the next (less than 0.5% variation) and the normalized residuals of all

monitoring parameters were lower than the order of magnitude of 10-.

A grid independence study was performed using three structured meshes with different densities:
coarse mesh (10 segments per millimeter; 0.64 million elements in total); medium mesh (20 segments per
millimeter; 2.8 million elements in total) and refined mesh (30 segments per millimeter; 7.21 million
elements in total). Simulation results with an inlet velocity of 9X10-2 kg.s'! (mean Re;,=2000) indicated
a difference of 5.4% on the inlet pressure between the coarse mesh and the refined mesh, and of 1.1%
between medium mesh and refined mesh. Mass flow-rates in each mini-channel were also compared,
showing a maximum difference of 2.2% between the coarse mesh and the refined mesh, and of 1.4%
between the medium mesh and the refined mesh. Hence, the medium mesh was selected as a compromise

between the calculation time and the precision.

3.2 Experimental set-up and measuring procedure

Fluid flow visualization was performed on the transparent prototype using fast camera and tracers

so as to compare with the CFD results. Figure 3 shows the experimental set-up built in laboratory LTEN



for this purpose. Pure water was pumped from a 200 liters water tank to pass through the prototype
from its inlet to its outlet. A precision pump (VWR, REGLO-Z) with a range from 32 to 3200 mL-min-
I was used and the flow-rate was measured by a flow meter (KOBOLD, DPL-1P15GL443) with a
precision of £2.5% full-scale. A pressure sensor Huba Control 692 with a measuring range from 0 to 1.6
bar (£0.4% full-scale) was installed to measure the global pressure loss between the inlet and the outlet
of the prototype. The flow meter and the pressure sensor were powered by a 24 'V Calex 52024 and linked
to an Agilent card 34901a for data recording.

Black ink was used as a tracer. The injection was done once the fluid flow was stabilized using a
syringe. A fast camera AVT Prosilica GE (40 pictures per second) was used to film and record the ink
progression through the multi-scale fluidic network. An acquisition program has been developed under
the LabVIEW software to pilot the fast camera. The size of the acquisition window was set on 640 X
480 pixels. The contrast, the exposure, the gain and the white balance were also adjusted in order to

have a white background and to clearly visualize the ink flow patterns through the multi-scale network.
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Figure 3. Experimental set-up for the visualization of the ink progression through the multi-scale fluidic

network.

Air bubbles, being observed mainly in stagnant zones of the network but also in parallel mini-
channels, could unfortunately disturb the flow patterns. Their presence was frequently encountered at
the beginning of liquid circulation and might keep blocking the mini-channels if they had not been
successfully removed. To avoid the presence of air bubbles, the prototype was assembled in water
environment and the inlet/outlet pipes were also connected to the prototype under water. The tightness

was checked before each recording to prevent the water leakage.

For convenience of comparison, all the tests were carried out at room temperature (about 25 °C).
For each measurement, it took about several minutes for the stabilization of fluid flow. The acquisition

time was set as 10 seconds and it launched simultaneously when ink was injected. Same procedure was



performed for both the basic network (without baffles) and the optimized network (with baffles). Local
ink flow patterns were captured and analyzed image by image in order to make a comparison with the
CFD simulation. Serval tests were performed for the same inlet flow-rate condition and good

reproductivity was observed.

3.3 Sizing and optimization of perforated baffles

The basic idea is to install a perforated baffle in the distributing manifold and to optimize the size
of orifices by an evolutionary algorithm in order to reach the target flow distribution. This method has
been proposed and tested in our earlier studies [58, 62-63] for the purpose of achieving target flow
distribution among parallel channels of a two-scale elementary ladder, but is applied in the first time to

a multi-scale fluidic network.

Regarding the complex multi-scale geometry, the simultaneous optimization of 13 baffles (9 for
elementary distributors, 3 for intermediate distributors and 1 for principal distributor) is a highly
challenging task, even prohibitive due to the difficulty in generating adapted meshes, complicated fluid-
structure interactions and high requirement on computing facilities. In this study, the optimization

process is divided into four steps with reasonable simplifications and assumptions.

e Step 1: Simulation on the intermediate collectors and the principal collector part (green
color in Fig. 4) in order to evaluate the outlet pressure of each elementary ladder.

e  Step 2: Sizing and optimizing the elementary perforated baffle in the distributor (red color
in Fig. 4) of the elementary ladder and evaluating the pressure loss.

e Step 3: Sizing and optimizing the intermediate perforated baffle in each intermediate
distributing manifold (blue color in Fig. 4) and evaluating the inlet pressure of intermediate
distributors.

e  Step 4: Sizing and optimizing the principal baffle in the principal distributor (yellow color
in Fig. 4).
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Figure 4. Division of optimization process in 4 steps.

- Step 1: Outlet pressure at each elementary ladder

Figure 5 shows the simulation domain for step 1 including three intermediate collectors and the
principal collector. The aim of this step is to evaluate the pressure at each inlet which corresponds to
the outlet pressure (Pou, i) of each elementary ladder. For 9 inlets of the simulation domain in Fig. 6
which represent the outlets of 9 elementary ladders, constant and equal mass flow-rate m is set as inlet
boundary condition. Different values of m ranging from 5.0X10-5 kg's'! to 1.0X10-2 kg's'! were tested
corresponding to the mean Reg number ranging from 10 to 2000. The boundary condition of outlet is

set as pressure-outlet with zero static pressure.
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Figure 5. Simulation geometry for step 1.

Figure 6 shows that the static pressure at each inlet of the simulation domain increases rapidly
when mean Reg, increases. At a certain mean Req, the pressure at inlet A is always the highest while
that at inlet I is the lowest. This is mainly due to the distance difference between each inlet to the

common outlet. The calculated pressure data were used in the following steps.

Figure 6. Static pressure at the outlet of each elementary ladder as a function of mean Reg.

- Step 2: Elementary baffle

The results obtained in step 1 indicate that the outlet pressure of elementary ladder varies with the
position, but it will not influence the flow field and the pressure drop (Apclementary) when inlet mass flow-
rate is identical for all ladders. So one elementary ladder (e.g., A) is studied here and the elementary

baffle, once optimized, is applicable for all elementary ladders.
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Figure 7. Simulation geometry of step 2.

The studied geometry in this step is then shown in Fig. 7. Constant velocity normal to the boundary
of inlet surface is given (inlet mass flow-rate=m) and the boundary condition of outlet is set as pressure-
outlet with the static pressure value (Po., ;) calculated in step 1. The initial baffle has 18 orifices of
uniform width (0.6 mm) and a global porosity of 0.23. Its geometry optimization follows the evolution
algorithm developed in [62]. Optimized dimensions of the orifices under different mean Re., conditions

are reported in the supplementary material of this paper.

- Step 3: Intermediate baffle

The aim of this step is to optimize the intermediate baffles. The studied geometry as shown in Fig.
8 is the intermediate distributor having one inlet and three outlets that correspond to the inlets of
elementary ladders. It was observed that the pressure differences among three outlets are identical for
three intermediate distributors (A-C; D-I'; G-I). So the intermediate baffle, once optimized, is identical

for all three intermediate distributors.

Constant velocity normal to the boundary of inlet surface is given (mass flow-rate=3m) and the
boundary condition for three outlets is set as pressure-outlet (Pi., 45 Pin, 8 and Pj,, ¢). The initial
intermediate baffle has 6 orifices of uniform width (0.4 mm) and a global porosity of 0.02. Optimized
dimensions of the orifices under different mean Re., conditions are given in the supplementary material

of this paper.

12



3m
-
P in, A-C or D-F or G-1

m

Pin, A, Dor GG

m
Pin, B LEorH

|
¥
m
Pin, C Forl

Figure 8. Simulation geometry of step 3.

- Step 4: Principal baffle

The studied geometry is basically the same as before, but this time it concerns the principal
distributor having one inlet and three outlets corresponding to the inlets of intermediate distributors,
as shown in Fig. 9. Constant velocity normal to the boundary of inlet surface is given (mass flow-
rate=9m) and the boundary condition for three outlets is set as pressure-outlet with the static pressure
values as Piy, 4.¢; Pin, p-r and Piy, ¢.1, respectively. The initial principal baffle has 9 orifices of identical

width (0.4 mm) and a global porosity of 0.02. The optimized dimensions of the orifices are the same



when mean Re.;, increases from 10 to 2000. That is to say, there is no need to change the principal baffle

under the tested conditions.

9m - - - . ---
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Figure 9. Simulation geometry of step 4.

4. RESULTS AND DISCUSSION

In this section, the numerical results on the flow field in different parts of the multi-scale network
will be presented, together with the experimental visualization of the ink invasion for comparison. Then
the flow distribution properties among parallel mini-channels in the basic and optimized fluidic
networks will be compared and discussed. Finally the total pressure drop of the prototype obtained by

CFD simulation and by experimental measurement will also be presented.

4.1 Flow field

4.1.1 CFD simulation results

Figure 10 shows the contours of velocity magnitude on the mid-depth surface (symmetry) of the
basic multi-scale fluidic network under different mass flow inlet conditions. Recall that optimized
baffles corresponding to a certain inlet mass flow-rate (mean Re.) are inserted at distributing manifolds

of different scales and results obtained are shown in Fig. 10.

At low inlet flow-rate (m;,=4.5X10* kg's'; mean Res,=10), the velocity profiles in the distributors
and in the collectors of different scales are regular and symmetric, implying that the flow patterns are
rather laminar. It seems that the converging or diverging bifurcations do not much disturb the flow
profiles and the impact of singular losses is not significant. The flow distribution among parallel mini-
channels is relatively uniform for both basic and optimized networks, which will be further discussed in

later sub-section.

When the inlet flow-rate is increased by a factor of 10 (m;,=4.5%10-3 kg's!; mean Re;=100), the
velocity profiles in the distributor and in the corresponding collector of different scales are no longer
symmetrical without baffles insertion (left side of Fig. 10b). A noticeable difference on the velocity
profiles at the distributors or collectors of the same scale (elementary or intermediate) can also be
observed. Some stagnant flow zones appear, particularly in the right corner of the elementary

distributing manifolds and in the principal collector. This is mainly due to the stronger inertial force at

14



the higher velocity which has been discussed in detail in our previous work on the elementary ladder
[51]. On the contrary, regular and symmetric velocity profiles can still be observed for the optimized
network. In fact, the contours of velocity magnitude seem rather similar under mean Re;=10 and mean

Re4=100 conditions, as shown in the right side of Figs. 10a and 10b.

With a further increase of inlet flow-rate by a factor of 10 (m;,=4.5X102 kg's'l; mean Re;,=1000),
the inertial force becomes still stronger. Together with the effects of singular losses at numerous
converging/diverging bifurcations, stagnant flow zones, local vortex and micro-turbulences are easily
observable at the left side of Fig. 10c. In the optimized network, symmetrical velocity profiles can no
longer be maintained in the distributor and in the corresponding collector of different scales. Stagnant
flow zones and local vortex can also be clearly observed at the right side of Fig. 10c, but the velocity
profiles in 9 elementary distributors are similar in general. The resulted difference on flow distribution
uniformity among 90 mini-channels due to the insertion of optimized baffles will be discussed in detail

in later sub-section.
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Figure 10. Contours of velocity magnitude in the multi-scale fluidic network under different inlet flow-rate
conditions. Left side: basic network without baffles; right side: optimized network with baffles. (a) mean
Re=10; (b) mean Re;,=100; (c) mean Re.,=1000.
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4.1.2 Ink flow pattern visualization

Figure 11 presents the images recorded by the fast camera, showing the ink invasion process
through the multi-scale fluidic network with or without baffles insertion, at inlet mass flow-rate of
4.5X10-3 kg's'! (mean Re;=100). Note that the time t=0 s represents the moment when ink front arrives

at the inlet port of the fluidic network.

At1=0.175 s, only two elementary ladders A and D next to the global inlet begin to be irrigated by
the tracer. The ink front arrives at the elementary distributing manifold of ladders A and D while their
parallel mini-channels have not been irrigated yet. At t=0.375 s, ink progresses towards the global outlet
and more elementary ladders are involved. At that moment, ink front has arrived at the distributing
manifold of elementary ladder C in optimized network (right side of Fig. 11) while that of basic network
is still free of tracers. This tendency becomes clearly observable at figures of t=0.575 s, which show that
parallel mini-channels of elementary ladder C in optimized network (right side) have already ink-
invaded while those in the basic network are still untouched. The tracer remixing and redistribution at
the downstream of elementary baffles next to the inlets of mini-channels can also be observed. Finally
at t=0.775 s, ladder C in the optimized network has been entirely irrigated by tracers and the ink front

arrives at the principal collecting manifold, which is not the case in the basic network.

In brief, differences on the ink progression and development behaviors between the basic and
optimized fluidic networks may be clearly observed. The insertion of baffles tends to modify the flow
profiles in distributors of different scales, leading to the redistribution of the fluid flow among different
elementary ladders as well as among parallel mini-channels. Moreover, the additional hydraulic
resistance by the insertion of baffles tends to guide the fluid flow towards the bottom-left corner of the
network, which is initially the most difficult to be irrigated due to the inertial forces of the fluid flow.

The transit time for ink front from the global inlet to the global outlet is measured at 1.67 s for the
optimized network and 1.92 s for the basic one. It seems that the residence time distribution is narrower
in the optimized network compared to that in the basic one, but difficult to be credibly measured in the
current test-rig. The connection between the residence time distribution and the flow distribution

uniformity among parallel channels has been discussed in detail in our earlier study [65].
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Figure 11. Visualization of the ink progression and development through the multi-scale fluidic network for

mean Reg, =100 (left: Basic network without baffles; right: optimized network with baffles).

4.1.3 Comparison between CFD results and visualization

Figure 12 presents a comparison between local flow behaviors simulated by CFD and those
recorded by fast camera for the basic network under mean Re;=100. Recall that ink progression
experimentally visualized indicates the transient fluid flow behaviors in the multi-scale network

whereas the contours of velocity magnitude simulated show the steady-state flow patterns. For a
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reasonable comparison, representative images showing details of local fluid flow have been captured at
different moments of the video recorded by the fast camera. These local snapshots have then been placed
next to the corresponding positions of the CID flow field for comparison. Note that darker color
represents higher flow velocity (more ink molecules) while light color means low flow velocity (fewer ink
molecules). The gray scale is somewhat proportional to the velocity magnitude but cannot be

quantitatively correlated.

Similar flow patterns may be observed on Fig. 12 between CFD results and visualization images at
various locations of the multi-scale fluidic network, i.e., at the distributors and collectors of different
scales. The micro-turbulences, the segregation of velocity vectors at bifurcations and the stagnant zones

can be clearly identified, indicating the complex characteristics of fluid flow due to the complex multi-

|\|| :

scale structure.

—

-

Figure 12. Comparison of local flow behaviors between CFD results and experimental results in the basic

network under mean Re,,=100.
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The good agreement on the local flow profiles shown in Fig. 12 may serve as a qualitative
experimental validation of the CFD results. Nevertheless, detailed information on the flow-rate or
velocity magnitude in parallel mini-channels cannot be extracted from the recorded visualization
images due to the small size of the mini-channels (1 mm in width) and inadequate resolution of the fast
camera (640 X 480 pixels). As a result, only CFD results on the flow distribution uniformity among

parallel mini-channels are presented and discussed in the following Figs 13-15.

4.2 Flow distribution uniformity

In this sub-section, CFD results on the relative flow-rate deviation o (Eq. 1) and the
maldistribution factors MF (Eqs. 3, 4) will be reported, so as to quantify the fluid flow distribution

uniformity among the parallel mini-channels.

4.2.1 Standard deviation

Figure 13 shows the flow-rate deviation of an individual mini-channel (7,j) compared to the mean
value of all 90 mini-channels under mean Re=10, 100 and 1000 conditions. Note that the hollow square
curve (O) shows the o values for the basic network while the solid square curve (m) represents those for

the optimized network.

Under low inlet flow-rate condition (m;,=4.5%10-*kg.s'!; mean Re;=10), the flow distribution curve
for each elementary ladder of the basic fluidic network appears a somewhat different shape, as shown
in Fig. 13a. The values of flow-rate are relatively high in channels close to the elementary outlet (e.g.,
CHS, 9, 10) while relatively low flow-rates may be observed in the first channel (CH1) and the middle
channels (e.g., CH4, 5). The values of 0;; range from -31% (E5) to 50% (110), indicating that the flow
distribution among 90 parallel mini-channels is already non-uniform at mean Re;=10 . Regarding the
flow distribution among different elementary ladders, C, G, I are relatively overfed whereas B, D, E are
underfed. For the optimized fluidic network, small fluctuation of ¢;; values (£9%) may be observed,

implying that much more uniform flow distribution may be achieved owing to the insertion of optimized

baffles.

When the inlet flow-rate is increased by a factor of 10 (m;,=4.5X10-3 kg.s"'; mean Re.;=100), non-
uniform flow distribution becomes clearly observable among 10 parallel mini-channels of each
elementary ladder as well as among 9 elementary ladders of the basic network. Ladders A, D and G of
the first row are relatively under-fed while ladders H, I, I close to the principal outlet are over-supplied.
This is mainly due to the inertial effect so that the fluids tend to skip the nearest ladders they pass by.
For each elementary ladder, the flow distribution curve generally appears an increasing shape form CH1
to CH10 with some exceptional local salients (e.g., CH3 in ladders B, E, H). This is because of the
entrance effect so that fluids tend to develop in the elementary distributing manifold and skip the first
two mini-channels next to the inlet, as can be seen in Fig. 10. Regarding the optimized network equipped
with baffles, a smaller variation of flow-rate among parallel channels may be achieved, as indicated by
the 0i; values ranging from -22% to 29%, (with respect to -54% to 88% for the basic network). The
additional hydraulic resistances by the insertion of baffles alleviate the impact of inertial effect and

regularize the flow profiles in the distributing manifolds of different scales, as also shown in Fig. 10.
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Figure 13. Fluid flow distribution among parallel mini-channels of the multi-scale fluidic network. (a) mean

Re=10; (b) mean Re,=100; (c) mean Re.;,=1000.

Under high inlet flow-rate condition (m;,=4.5X10-2 kg.s''; mean Re;=1000), the shapes of the flow
distribution curve for different elementary ladders of the basic network are irregular with big rises and
falls. For example, the value of o;; of ladder I varies from -86% to 173%, with a big flow-rate jump
from CH2 to CH3. Similar behaviors may also be observed in ladders F and H. Flow distribution non-
uniformity is also clearly visible among elementary ladders: those close to the principal collector (F, H,
I) are largely overfed while those close to the principal distributor (A, D, G) are underfed, again mainly
due to the stronger inertial effect under higher velocity condition. The insertion of optimized baffles in
the multi-scale network could smooth the troughs and crests of the flow-rate, leading to much smaller
fluctuation of flow distribution curve in each elementary ladder. The values of o;; range between -26%

to +35% for the optimized network compared to -99% to 173% for the basic network.

4.2.2 Maldistribution Factor

The value of relative deviation o;; indicates the departure on the flow-rate of individual channel to
the mean value of all 90 channels whereas the value of maldistribution factor (MF) represents the flow
maldistribution of a fluidic network at a global level [17, 66]. Figure 14 shows the evolution of MF; for

each elementary ladder of the multi-scale network as a function of mean Re.
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For a mean Req ranging from 10 to 2000, the values of MF; for all elementary ladders of the
optimized network are smaller than 0.27, showing relatively uniform flow distribution. For the basic
network however, MF; values generally increase rapidly with increasing mean Re., and their internal
gap is also getting bigger. Again, ladder I of the basic network always gets the highest MF; values,

mainly due to the impact of inertial forces evoked above.

1.20
r =-O-BasA ---BasB -=-BasC =
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Figure 14. MFi values of each elementary ladder as a function of mean Re. (blue symbols for optimized

network; red symbols for basic network).

Figure 15 shows the evolution of the MF,civork for a whole multi-scale network as a function of
mean Reqs. The benefit of the insertion of optimized perforated baffles on the improvement of
distribution uniformity can be highlighted. Generally, the MF.ciwork value for the basic network
increases exponentially from 0.195 to 0.747 when the mean Re., increases from 10 to 2000. For the
optimized network, the MFciwork value is only 0.043 at mean Re;=10, and can be maintained under 0.19

for mean Re., up to 2000.
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Figure 15. Evolution of MFnetwork values for the multi-scale fluidic network as a function of mean Re., with

or without perforated baffles.

The noticeable augmentation in MF.iwork values for the optimized fluidic network under high
mean Re., condition is mainly due to three reasons. Firstly, the CFD results are less accurate due to the
influences of local turbulent flows and vortex. Hence the size optimization of baffles’ orifices depending
strongly on the CFD results is less performant. Secondly, the smallest size of orifices is limited at 0.2
mm considering the fabrication uncertainty. The subtle size variation of orifices is not adequate facing
high flow velocity. Finally, constant velocity profile normal to the inlet surface of elementary ladder is

assumed during optimization, which is obviously not realistic at high mean Re.

4.3 Pressure losses

Figure 16 shows the evolution of the pressure drop of the multi-scale network (Apuetwork) as a
function of the mean Rex. Both CFD results and experimental results are presented for comparison. It
can be observed that the Apnciwork Values for both basic and optimized networks increase exponentially
with the increasing mean Req.. The CFD results are generally in good agreement with the experimental
results. The slightly higher data experimentally measured compared to those simulated results are
mainly due to the fact that the connection pipes between the measurement points and the inlet or outlet

of the network are not taken into account in the simulation.

Noticeable augmentation on the pressure drop is caused by different baffles equipped. At mean
Re,=100, Apuciwork increases by 58 % from 5.5 kPa (basic network) to 8.7 kPa (optimized network). More
significant augmentation is also observed at mean Re,=1000: Apnewvork increases by a factor of 2.3 from
333 kPa (basic network) to 777 kPa (optimized network). More pumping power should be consumed to
overcome the stronger inertial forces of fluid flow at high flow-rate, in order to homogenize the initial

non-uniform distribution into uniform among the 90 parallel mini-channels.
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Figure 16. Pressure drop for the multi-scale fluidic network as a function of mean Re,, with or without

perforated baffles.

5. CONCLUSIONS AND PERSPECTIVES

This study investigates the fluid flow characteristics of a multi-scales network having 90 mini-
channels in parallel. In order to improve the flow distribution uniformity in the multi-scale network,
geometrically optimized perforated baffles are inserted in the distributing manifolds of different scales.

The main results on the distribution uniformity and on the global pressure drop for both basic and
optimized networks are summarized in Table 2.

Table 2. Summary of distribution uniformity and pressure drop in the basic network and in the optimized

network.
Mean MF A
0i,j network network
Reu, J \p
Basic Optimized Basic Optimized Basic Optimized
network network network network network network
10 -31%~50% +9% 0.195 0.043 - -
100 -54%~88% -22%~29% 0.351 0.138 5.5 kPa 8.7 kPa
1000 -86%~173% -26%~35% 0.737 0.172 333 kPa 777 kPa

Based on the results presented above, the following conclusions may be reached.

e For the basic fluidic network, fluid flow distribution is non-uniform even at very small

mean Req, (e.g., 10). The distribution non-uniformity increases rapidly with increasing
flow-rate.
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e For the optimized fluidic network equipped with perforated baffles, relatively uniform
distribution could be maintained even at hich mean Req. But higher pressure drop of the
network will be induced.

e Local flow profiles simulated by CFD are in good agreement with the visualization results

obtained by fast camera and tracers.

Our current work is focused on the investigation of heat transfer characteristics of such multi-scale
fluidic network used as a heat sink to evacuate the heat generated in a surface. The development and
implementation of adequate characterization techniques for quantitative analyses of fluid low and heat
transfer is one of our on-going work. Moreover, alternately stacking a number of multi-scale structured
plates to construct a novel plate heat exchanger as proposed by Luo and Fan [67] is also interesting.
The characterization of its hydrodynamic and thermal performances and the comparison with a
commercially available standard plate heat exchanger will also be carried out to illustrate the

improvements achieved by multi-scale conception and by optimized fluid distribution.
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NOMENCLATURE
d diameter of orifices [m]
mi; mass flow-rate in mini-channel 7,j [kg-s7]
m mean flow-rate among 90 mini-channels [kg's!]
MF  Maldistribution factor [-]
Min inlet mass flow-rate [kg-s]

P pressure [Pa]

Re., Reynolds number in micro-channel [-]

t time step [-]

Greek symbols

Ap pressure loss [Pa]

yZi viscosity [kgm:s]

p density of the fluid [kg'm-3]

o relative flow-rate deviation [-]
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Subscripts

ch mini-channel

in inlet

k channel index

out outlet
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