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During the last couple of decades, there have been rapid developments in analysis,
design, and fabrication of micromixers. Micromixers are essential components of micro-
total analysis system (μ-TAS) and lab-on-a-chip, and have various chemical and biological
applications [1]. Due to the small scale, flows of the liquid samples in micromixers are
laminar, and thus have a difficulty in mixing. Therefore, efficient mixing is a critical goal
in the design of micromixers. A variety of passive or active designs are used to enhance
the mixing. Design optimization is an efficient tool to maximize the mixing by optimizing
the geometric and/or operating parameters using systematic algorithms. Both numerical
and experimental methods have been used to analyze the flow and mixing in micromixers.
However, due to the micro scale, quantitative experimental measurement of mixing is quite
limited in micromixers, and special techniques are also required for the fabrication.

The current special issue includes 12 research papers [2–13]. The topics of the papers
are focused on design of micromixers [2–7,9,12,13], fabrication [8,9,12], and analysis [11].
Some of them propose novel micromixer designs [2,3,5,6], which include a slight modi-
fication of an existing micromixer [6]. Most of them deal with passive micromixers, but
two papers [5,11] report the studies on electrokinetic micromixers. Fully three-dimensional
(3D) micromixers were investigated in some cases [2–4,13]. Hossain et al. [4] applied
optimization techniques to the design of a 3D micromixer. Raza et al. [13] performed a
review of recently developed passive micromixers and a comparative analysis of 10 typical
micromixers. Martinez-Lopez et al. [8], Wang et al. [9], and Sabotin et al. [12] focused on
the fabrication techniques for micromixers, and two of them [8,9] used 3D print techniques.

The review paper of Raza et al. [13] has a unique feature that is different from other
reviews on micromixers. They classified passive micromixer designs developed so far
into five types: 2D designs using serpentine, spiral, curved helical channels, 2D designs
with split-and-recombination (SAR) structures, 3D design with serpentine and/or SAR
structures, 3D design with patterned grooves, and 3D designs with SAR two-layer crossing
channels. Along with a general review of micromixers in each type, they performed a
quantitative comparison among 10 representative micromixers selected from the five types
with their own calculations. For this comparison, they calculated the mixing indexes and
pressure drops of theses micromixers under the same axial length and Reynolds numbers.
Eight Reynolds numbers in a range of Re = 0.01–120 were tested, which have been selected
from three ranges: low-Re (Re < 1), intermediate-Re (1 < Re < 40), and high-Re (Re > 40)
ranges. Even through a number of micromixer designs have been developed, there has
not been any quantitative comparison of these micromixers under the same operating
conditions. Therefore, this review report is expected to contribute to the selection of
effective micromixers for specific applications.

Martinez-Lopez et al. [8] characterized photopolymers and stereolithography pro-
cesses for manufacturing 3D print molds and polydimethylsiloxane castings of micromixers.
Validation of the soft tooling approach was performed for an asymmetric SAR micromixer
with different cross sections under various flow conditions (10 < Re < 70). Wang et al. [9]
designed a jet mixer with arrays of micro-nozzles and fabricated it using 3D printing
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technology. The design has two opposite arrays of micro-nozzles to enhance the mixing
performance with chaotic advection. The mixing efficiency of the mixer was measured
experimentally and analyzed comparatively with a conventional Y-shaped micromixer.
Sabotin et al. [12] constructed a simple technical model of micro electrical discharge machin-
ing (EDM) milling. They performed an experiment by machining different microgrooves
into corrosive-resistant steel and tested the following parameters: material removal rate,
electrode dressing time, machining strategy, electrode wear, and electrode wear control time.
The technical model was demonstrated through a bottom grooved micromixers (BGM)
design. The mixing performances of different BGM designs were evaluated numerically to
find an optimum design.

Different methods have been applied to the analysis of mixing. Most of the works
used only computational fluid dynamics (CFD) for the analysis [2–6,10,13]. However,
some of the works employed experimental analysis [8,9] or both experimental and CFD
analyses [7,12]. On the other hand, Kim et al. [11] performed a theoretical analysis of an
electromagnetic micromixer and compared the results with experimental measurements.
They suggested the physical foundation for the electromagnetic coupling in the micromixer,
and derived a correlation between the mechanical velocity and electrical driving point
impedance. Exceptionally, Granados-Ortiz and Ortega-Casanova [10] analyzed the thermal
mixing between two parallel laminar flows with different temperatures in a simple 2D
channel with an obstacle located at the center. They performed unsteady 2D Navier-Stokes
analysis to analyze the mixing caused by the vortex shedding behind the obstacle.

I would like to express my appreciation to all the experts who contributed to this
special issue. I also thank all the reviewers of the submitted papers. This special issue
will be continued as Analysis, Design and Fabrication of Micromixers II. I hope for further
up-to-date technologies of micromixers to be reported in the next special issue.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: A wide range of existing passive micromixers are reviewed, and quantitative analyses of
ten typical passive micromixers were performed to compare their mixing indices, pressure drops,
and mixing costs under the same axial length and flow conditions across a wide Reynolds number range
of 0.01–120. The tested micromixers were selected from five types of micromixer designs. The analyses
of flow and mixing were performed using continuity, Navier-Stokes and convection-diffusion
equations. The results of the comparative analysis were presented for three different Reynolds
number ranges: low-Re (Re ≤ 1), intermediate-Re (1 < Re ≤ 40), and high-Re (Re > 40) ranges, where the
mixing mechanisms are different. The results show a two-dimensional micromixer of Tesla structure
is recommended in the intermediate- and high-Re ranges, while two three-dimensional micromixers
with two layers are recommended in the low-Re range due to their excellent mixing performance.

Keywords: passive micromixers; comparative analysis; Navier-Stokes equations; mixing index;
pressure drop; mixing cost

1. Introduction

Microfluidics is becoming more important in many chemical and biological applications [1–3].
Diffusion instead of turbulence governs the mixing of fluid species at the micrometer scale, and the
mixing process is prolonged. Consequently an enhanced fluid mixing capability is essential for the
design of micromixers. Micromixers are necessary parts of lab-on-a-chip (LOC) devices and micro-total
analysis systems (μ-TAS) [4–10]. In various microfluidic applications, the mixing capability of
micromixers may affect the overall performance of the entire systems. For example, fast mixing of cells,
reagents, and organic solutions are essential in many bioengineering and biochemical systems [11–13].
A notable example of the mixing of reagents or organic solutions is nanomaterial synthesis [14,15].
Efficient mixing significantly improves the detection sensitivity and reduces the analysis time [16,17].

Based on the mixing mechanisms, micromixers generally come under two categories: active
and passive types. In active micromixers, flow perturbation is created using external energy sources,
such as magnetic fields, electric fields, and ultrasonic vibration. Additionally, active micromixers
require a control mechanism, which makes the entire system more complex and creates difficulties in
fabrication and operation. However, acoustofluidic devices [18–20] showed promising prospects for
lab-on-a-chip applications and in the bio-medical diagnostic field. Sharp-edge-based acoustic active
micromixers [20,21] with serpentine-like channels were recently fabricated in a simple manner and
used for versatile applications. Furthermore, an active acoustic-based micromixer [18] also achieved

Micromachines 2020, 11, 455; doi:10.3390/mi11050455 www.mdpi.com/journal/micromachines3
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combined pumping and mixing in a single device; in other words, it required no external source of
fluid pumping.

Contrarily, no external energy source except for pumping of fluids is required in passive
micromixers, and the mixing is performed by molecular diffusion and chaotic advection.
Chaotic advection is generally created by modifying the microchannel geometry to reduce the
diffusion length and maximize the interfacial area between the fluids by manipulating or reorganizing
the fluid flow. Thus, compared with active micromixers, passive micromixers are economical,
convenient, and can easily be incorporated into LOC systems [10,22–24]. Passive micromixers are also
used as ‘concentration gradient generators’ for biological and pharmaceutical applications [25,26].
Recently, various passive mixers have been proposed to accomplish effective mixing. Chaotic flows
induced by repeated perturbations of the fluid flow can significantly increase the performance of
micromixers [27–29], and are generated by several different microchannel geometries: two-dimensional
(2D) structures [30–41], three-dimensional (3D) serpentine structures [42–49], patterned groove
structures [29,50–58], 2D and 3D split-and-recombination (SAR) structures [59–81], and two-layer
crossing channels [82–89].

Several review articles have introduced a variety of passive micromixers with their mixing
mechanisms [6,24,90–95]; these micromixers have various dimensions and working conditions
(e.g., Reynolds number). However, quantitative comparisons of their mixing performance are
rarely found in the literature, even though designers would benefit from the information on
mixing performance of different micromixers under the same geometric and working conditions.
Such information will assist in the selection of suitable designs to meet specific requirements for
different processes [92].

Quantitative comparisons have been performed only for specific types of passive micromixers.
Falk and Commenge performed a comprehensive study of conventional T-type micromixers and
micromixers based on the concept of SAR or multi-lamination through the Villermaux-Dushman
test reaction [96]. They analyzed and compared the mixing efficiencies of the micromixers while
considering Reynolds number and power dissipation per unit mass of the liquid. Viktorov et al.
presented a comparative analysis of three passive micromixers (tear-drop, Y-Y, and H-C micromixers)
in a wide range of Reynolds numbers [97]. They conducted a numerical simulation and experimental
analysis to evaluate the mixing performance at Reynolds numbers ranging from 1 to 100. Bošković et al.
analyzed and compared the characteristics of the residence time in three different passive micromixers
(micromixers with 3D serpentine structure, staggered herringbone grooves, and split and recombine
(SAR) structure) [98]. The microstructures with similar channel designs were analyzed across a wide
range of Reynolds numbers (0.3 ≤ Re ≤ 110).

As mentioned above, a variety of micromixer designs have been developed so far, but no
one has reported a quantitative evaluation of the micromixers operating at the same conditions,
which is necessary for the selection of effective micromixers under different flow conditions in various
microfluidic applications. Therefore, in the present work, a review of a wide range of existing passive
micromixers is presented and a comparative analysis of selected micromixers was performed under the
same working fluids, Reynolds number, and axial channel length for a quantitative comparison among
them. For the comparative analysis, ten micromixers were selected among the high-performance
micromixers found in the literature, which cover five typical micromixer designs. These micromixers
achieved efficient mixing with different mixing mechanisms or their combinations, as explained in
Section 2. The numerical analyses of mixing and fluid flow were performed using Navier-Stokes and
advection-diffusion equations for momentum and mass transports, respectively. The comparison was
performed in a Reynolds number range of 0.01–120.

2. Mixing Mechanisms of Micromixer Types and Selected Micromixers

In the last two decades, a number of passive micromixers involving different microchannel
designs have been proposed, as introduced in the previous section. The microchannel designs can
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be categorized into five types, as shown in Table 1. For the quantitative comparison in this work,
ten representative micromixers (M-1 to M-10) were selected as shown in Table 2, and Figures 1–10
show that their schematics. M-1 to M-4 are 2D planar designs, and M-5 to M-10 are 3D designs.
To compare the mixing performances at an equal axial length, which refers to the length of the channel
in the x-direction between the start of the mixing unit and the micromixer exit, the number of mixing
units in each micromixer was changed from the original number as indicated in each figure caption.
The dimensions of the mixing unit in each micromixer were the same as those in its original design.
The mixing capability was evaluated at each micromixer exit (5050 μm (Lt) downstream of the start of
the mixing unit) for the comparison.

Table 1. Types of micromixer designs.

Type Micromixer Design Mixing Mechanism Selected Micromixer

1 2D designs using serpentine, spiral,
curved helical channels [30–41]

Inertial force (secondary
flow, Dean vortex) M-1 [40], M-2 [41]

2 2D designs with SAR structures [68–79] Inertial force, SAR M-3 [68], M-4 [77]

3 3D design with serpentine and/or SAR
structures [42–49,59–67,80,81]

Inertial force, chaotic mixing,
multi-lamination M-5 [45], M-6 [59], M-7 [81]

4 3D design with patterned grooves
[29,50–58] Inertial force, chaotic mixing M-8 [58]

5 3D designs with SAR two-layer crossing
channels [82–89]

Chaotic mixing,
multi-lamination M-9 [84], M-10 [87]

Table 2. Selected micromixers.

Micromixer
Designation

Micromixer
Geometry (Type in

Table 1)
Designers [Ref.] Year

M-1 Curved micromixer 2D serpentine (1) Hossain et al. [40] 2009
M-2 Curved micromixer with grooves 2D serpentine (1) Alam and Kim [41] 2012

M-3
Modified P-SAR (planar SAR)
micromixer with dislocation

sub-channels
2D SAR (2) Li et al. [68] 2013

M-4 Modified Tesla micromixer 2D SAR (2) Hossain et al. [77] 2010
M-5 3D serpentine micromixer 3D serpentine (3) Ansari and Kim [45] 2009
M-6 3D serpentine SAR micromixer 3D serpentine SAR (3) Hossain and Kim [59] 2015

M-7 Improved serpentine laminating
micromixer 3D serpentine SAR (3) Park et al. [81] 2008

M-8 Barrier embedded chaotic
micromixer 3D grooves (4) Kim et al. [58] 2004

M-9 Chaotic micromixer with two-layer
crossing microchannels 3D SAR (5) Xia et al. [84] 2005

M-10 Chaotic micromixer with two-layer
serpentine crossing microchannels 3D serpentine SAR (5) Hossain et al. [87] 2017

Figure 1. Curved micromixer: M-1 (no. of mixing units used: 8). Reproduced with permission from [40].
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Figure 2. Curved micromixer with rectangular grooves: M-2 (no. of mixing units used: 8). Reproduced
with permission from [41].

 

Figure 3. Modified P-SAR micromixer with dislocation sub-channels: M-3 (no. of mixing units used: 4).
Reproduced with permission from [68].
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Figure 4. Modified Tesla micromixer: M-4 (no. of mixing units used: 6). Reproduced with permission
from [77].

Figure 5. 3D serpentine micromixer: M-5 (no. of mixing units used: 8). Reproduced with permission
from [45].
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Figure 6. 3D serpentine SAR micromixer: M-6 (no. of mixing units used: 18). Reproduced with
permission from [59].

Figure 7. Improved serpentine lamination micromixer: M-7 (no. of mixing units used: 2) [81].

Figure 8. Barrier embedded chaotic micromixer: M-8 (no. of mixing units used: 6) [58].

8



Micromachines 2020, 11, 455

Figure 9. Chaotic micromixer with two-layer crossing microchannels: M-9 (no. of mixing units used: 8).
Reproduced with permission from [89].

Figure 10. Chaotic micromixer with two-layer serpentine crossing microchannels: M-10 (no. of mixing
units used: 6). Reproduced with permission from [87].

2.1. 2D Designs Using Serpentine, Spiral, and Curved Helical Channels (Type 1)

2D planar micromixer designs have an advantage of simplicity in the fabrication compared
to the complex 3D designs. Mixing in 2D serpentine, spiral, and curved helical channels [30–41]
mainly depends on the advection caused by the secondary flow or Dean vortices created by the inertia
force. The performance of this type (type 1 in Table 1) of micromixers improves as the Reynolds
number increases due to the dependence of secondary flow/Dean vortices on Reynolds number [78].
Hossain et al. [40] and Alam and Kim [41] conducted numerical investigations of mixing in 2D
planar micromixers, M-1 (Figure 1) and M-2 (Figure 2), respectively. Hossain et al. [40] estimated the
mixing performance of three serpentine passive micromixers (square-wave, zigzag, and curved shape
microchannels) across a wide range of Reynolds numbers (0.267–267). Alam and Kim [41] introduced
rectangular grooves on the sidewalls of a curved serpentine channel to evaluate mixing in a Reynolds
number range of 0.5–90.

9
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2.2. 2D Designs with SAR Structures (Type 2)

A variety of planar SAR micromixers (type 2 in Table 1) involving multi-lamination and
inertial flow have been developed [68–79]. The SAR micromixers generate multi-laminating
flow patterns successively with the three underlying flow mechanisms of splitting, recombination,
and rearrangement [6]. Dean and expansion vortices are generated through curved channels and
expansion-contraction at high Reynolds numbers [70,71,76].

Ansari et al. [76] proposed and analyzed a micromixer using asymmetrical splits and collisions
of fluid streams. The lowest mixing performance was obtained with uniform sub-channel widths
representing balanced collision over a range of Reynolds numbers. Induced Dean vortices at the
interfaces in the curved sub-channels and SAR were found to enhance the mixing performance.
Xia et al. [70] designed an asymmetric SAR micromixer with a fan-shaped cavity to achieve efficient
mixing by the synergistic effect of expansion vortices and Dean vortices in the fan-shaped cavity along
with unbalanced collision in the recombination zone. The selected micromixer, M-3 [68] shown in
Figure 3, represents a planar asymmetric SAR (P-ASAR) design with outward protruded sub-channels,
which is an improved form of a previous micromixer [76]. In this micromixer, the mixing performance
was enhanced by the synergistic effect of unbalanced inertial collisions, expansion vortices, and Dean
vortices on mixing.

Xia et al. [74] designed and fabricated a 2D planner micromixer consisting of a series of gaps
and baffles in a simple microchannel. A sudden contraction provided by a gap accelerates the fluid
stream and produces symmetrical expansion vortices. The accelerated fluid stream is separated by
a baffle, and the same flow pattern is repeated. The synergistic effects of abrupt contraction and
expansion, multiple SAR, and multiple secondary vortices increase the interfacial area of the fluids,
resulting in excellent mixing performance. Hong et al. [72] proposed an innovative micromixer
with a 2D modified Tesla structure (M-4) shown in Figure 4, which takes advantage of the Coanda
effect. The splitting and reuniting of the fluids effectively reduce the diffusion path between the
fluid streams. The structure causes chaotic flow by the collision of the fluid streams on redirection,
and improves mixing. Hossain et al. [77] improved the efficiency of a modified Tesla micromixer
through an optimization.

2.3. 3D Design with Serpentine and/or SAR Structures (Type 3)

Several micromixers involving 3D serpentine and/or SAR structures [42–49,59–67,80,81] (type 3
in Table 1) have been proposed. The 3D serpentine path induces a stirring flow at each bend and
generates a secondary flow to enhance mixing [43,45]. The SAR structure provides lamination that
decreases the diffusion path and enhances mixing at low Reynolds numbers [65]. The secondary flow
combines with the axial flow, and creates chaos by stretching and folding the fluid interface [47].

Ansari and Kim [45] investigated the effects of flow and geometric parameters on the mixing
performance of an L-shaped 3D serpentine micromixer (M-5) shown in Figure 5. Hossain and Kim [59]
proposed a 3D serpentine SAR micromixer composed of O- and H-shaped units (M-6) shown in Figure 6.
The O- and H-structures split and recombine the fluid streams repeatedly. Continuous splitting
and recombining of the fluid streams generate chaotic mixing. Kim et al. [80] proposed a
chaotic-mixing-based serpentine lamination micromixer (SLM) composed of F-shaped mixing units.
The SLM structure combines two general chaotic mixing mechanisms: SAR induced by the mixing
segments and chaotic advection induced by the overall 3D serpentine channel path. Park et al. [81]
proposed a geometrical modification of SLM to improve the mixing efficiency. Figure 7 shows the
improved SLM (ISLM) (M-7), where the original F-shaped mixer is altered at the recombination region.
The reduced cross-sectional area enhances the vertical lamination by enhancing the local advection,
consequently improving the mixing performance.
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2.4. 3D Design with Patterned Grooves (Type 4)

Patterned grooves on the channel wall were also used to promote mixing in microchannels [29,50–58]
(type 4 in Table 1). The grooves induce 3D helical flow in the microchannels, which promotes mixing.
Kim et al. [58] designed a micromixer with rectangular barriers on the top of the slanted grooves (M-8)
shown in Figure 8. The periodically located barriers on the top wall are capable of creating velocity
fields characterized by two elliptic points and a hyperbolic point alternately within the helical motion
produced by the grooves at the bottom, which results in enhancement of chaotic mixing.

2.5. 3D Designs with SAR Two-Layer Crossing Channels (Type 5)

3D micromixers with SAR two-layer crossing channels (type 5 in Table 1) have achieved remarkable
mixing performance [82–89]. The crossing channels produce chaotic flow due to repeated splitting,
stretching, rotating, and folding processes. A saddle-shaped flow structure is produced despite low
Reynolds number. Hence, the chaotic flow inside the crossing channels does not depend on the fluid
inertia [84].

Xia et al. [84] designed a chaotic micromixer (M-9) using 3D X-shaped crossing channels (TLCCM)
shown in Figure 9. The micromixer exhibited an outstanding mixing efficiency of 96% at a low Reynolds
number (Re = 0.2). Hossain et al. [89] further analyzed the responses of the flow structure and mixing
performance to the variations in geometric parameters of TLCCM.

Recently, Hossain et al. [87] designed a chaotic micromixer with two-layer serpentine crossing
microchannels (M-10) based on the mixing mechanism of TLCCM (Figure 10) to improve the mixing
capability at low Reynolds numbers. This micromixer consists of two layers of serpentine channels.
The bottom and top layers contain a series of N- and inverse N-shaped segments, respectively. The fluid
streams are interconnected at the vertical sections and the intersections of the crossing channels.
The fluid flow in successive mixing modules produces chaotic advection through continuous splitting,
recombination, enlarging, and folding of the fluid streams.

3. Analysis Methods

The flow inside the microchannel was assumed to be steady, incompressible, laminar, and Newtonian.
The continuity (Equation (1)), momentum (Equation (2)), and convection-diffusion (Equation (3))
equations were solved numerically for the flow and mixing analysis. The CFD software ANSYS CFX
15.0® [99] employs a coupled solver and finite volume technique to discretize Equations (1)–(3):

∇·→V = 0 (1)(→
V·∇
)→
V = − 1

ρ
∇P + ν∇2

→
V (2)

(→
V·∇
)
C = D∇2C (3)

where
→
V, C, D, ρ, P, and ν are the velocity, dye concentration, diffusion coefficient, density, pressure,

and kinematic viscosity, respectively.
A finite-volume-based commercial code ANSYS CFX 15.0® [99] has been used to solve the

governing differential equations. Tetrahedral meshes were generated using ICEM CFD® for the grid
systems. The boundary conditions were the uniform velocity profiles at the inlets, zero static pressure
at the outlets, and no-slip conditions at the channel walls. Dye-water solution and water, both having
the properties of water at 25 ◦C (dynamic viscosity: 8.8 × 10−4 kg/m·s; density: 997 kg/m3) were used
as the working fluids. The numerical solution was assumed to be converged as root-mean-squared
residual values for momentum and mass fraction reach a value less than 1.0 × 10−6. The diffusivity
constant of the solution was fixed to be 1.0 × 10−10 m2/s. Reynolds number was calculated using the
hydraulic diameter and average velocity at the inlets.
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The numerical methods same as used in the present work, were validated comparing with
experimental results for a variety of micromixers in previous works [40,41,45,54,55,57,59,69,75–77,79,
87–89].

The mixing index was estimated by calculating the variance of concentration on a particular
transverse plane normal to the fluid flow. The mass fraction variance was determined as:

σ =

√√√
1
N

N∑
i=1

(ci − cm )2 (4)

where N denotes the number of data points on the cross-sectional plane, cm is the optimal mass fraction,
and ci is the mass fraction at a point i. The mixing index was defined as:

M = 1− σ
σmax

(5)

where σmax is the maximum variance over the data range. The mixing index ranges from zero (wholly
separated fluid streams) to unity (complete mixing).

The other mixing performance parameter, mixing cost (MC) [100] that takes pressure drop into
account along with the mixing index was defined as follows: where N denotes the number of data
points on the cross-sectional plane, cm is the optimal mass fraction, and ci is the mass fraction at a
point i. And, the mixing index was defined as:

mixing cos t ≡ M
ΔP

(6)

where ΔP denotes the pressure drop. A high value of MC indicates an efficient micromixer.

4. Results and Discussion

4.1. Grid Refinement Test

Optimal numbers of computational grid nodes were determined after performing exhaustive grid
refinement tests at Re = 40 for all the micromixers. Mixing index at the exit was selected as an indicator
for choosing the optimal grids. The number of grid nodes from 3.86 × 105 to 2.55 × 106 were tested in
the grid refinement tests. The optimum numbers of nodes that were selected for the ten micromixers
varies from 1.55 × 106 to 2.21 × 106, as listed in Table 3.

Table 3. Optimum numbers of grid nodes selected through grid refinement tests at Re = 40.

Micromixer
Optimum
Number

of Meshes

Number
of Finer
Meshes

% Deviation of
Mixing Index
between the

Optimum and
Finest Meshes

Micromixer
Optimum
Number

of Meshes

Number
of Finer
Meshes

% Deviation of
Mixing Index
between the

Optimum and
Finest Meshes

M-1 1.81 × 106 2.04 × 106 1.39 M-6 2.07 × 106 2.34 × 106 0.10
M-2 2.07 × 106 2.41 × 106 1.16 M-7 2.19 × 106 2.55 × 106 0.54
M-3 1.55 × 106 2.08 × 106 0.94 M-8 2.21 × 106 2.53 × 106 1.05
M-4 2.16 × 106 2.33 × 106 0.20 M-9 1.90 × 106 2.03 × 106 0.10
M-5 1.79 × 106 1.96 × 106 0.10 M-10 1.61 × 106 1.80 × 106 0.11

4.2. Quantitative Comparisons in Different Reynolds Number Ranges

The examined range of Reynolds numbers (Re = 0.01–120) was divided into three sub-ranges:
low-Re (Re ≤ 1), intermediate-Re (1 < Re ≤ 40), and high-Re (Re > 40) ranges. One of the primary
purposes of the present comparative analysis was to find efficient micromixers in each Re range.
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Evaluated values of mixing index (M), pressure drop (ΔP), and mixing cost (MC) for each micromixer
are presented in Tables 4–6, respectively.

Table 4. Mixing index at the exit.

Micromixer

Mixing Index at the Exit

Low-Re Range Intermediate-Re Range High-Re Range

Re = 0.01 Re = 0.1 Re = 1 Re = 20 Re = 40 Re = 60 Re = 80 Re = 120

M-1 0.560 0.250 0.224 0.572 0.793 0.979 0.990 0.998
M-2 0.554 0.244 0.221 0.694 0.858 0.974 0.997 0.997
M-3 0.268 0.141 0.125 0.241 0.422 0.657 0.828 0.890
M-4 0.465 0.255 0.203 0.883 0.999 0.999 0.999 0.999
M-5 0.546 0.361 0.377 0.999 0.999 0.999 0.999 0.999
M-6 0.649 0.506 0.472 0.999 0.999 0.999 0.999 0.999
M-7 0.904 0.594 0.537 0.567 0.733 0.856 0.909 0.963
M-8 0.310 0.238 0.226 0.250 0.284 0.310 0.337 0.401
M-9 0.939 0.909 0.905 0.934 0.972 0.987 0.998 0.996

M-10 0.970 0.926 0.915 0.901 0.929 0.995 0.973 0.996

Table 5. Pressure drop through micromixer.

Micromixer

Pressure Drop (Pa)

Low-Re Range Intermediate-Re Range High-Re Range

Re = 0.01 Re = 0.1 Re = 1 Re = 20 Re = 40 Re = 60 Re = 80 Re = 120

M-1 2.95 × 100 2.95 × 101 2.95 × 102 6.77 × 103 1.63 × 104 2.81 × 104 4.18 × 104 7.70 × 104

M-2 2.87 × 100 2.87 × 101 2.87 × 102 6.64 × 103 1.62 × 104 2.80 × 104 4.15 × 104 7.68 × 104

M-3 3.58 × 10−1 3.72 × 100 3.73 × 101 8.30 × 102 1.95 × 103 3.39 × 103 5.14 × 103 9.72 × 103

M-4 1.03 × 100 1.03 × 101 1.04 × 102 3.53 × 103 1.20 × 104 2.58 × 104 4.50 × 104 9.70 × 104

M-5 7.94 × 10−1 7.94 × 100 7.96 × 101 2.44 × 103 7.12 × 103 1.39 × 104 2.19 × 104 4.32 × 104

M-6 1.67 × 101 1.67 × 102 1.68 × 103 5.32 × 104 1.57 × 105 3.10 × 105 5.15 × 105 1.09 × 106

M-7 2.46 × 100 2.46 × 101 2.47 × 102 5.27 × 103 1.16 × 104 1.95 × 104 2.90 × 104 5.49 × 104

M-8 2.09 × 100 2.12 × 101 2.12 × 102 4.29 × 103 8.73 × 103 1.33 × 104 1.79 × 104 2.75 × 104

M-9 1.78 × 10−1 1.78 × 100 1.78 × 101 4.42 × 102 1.16 × 103 2.21 × 103 3.59 × 103 7.37 × 103

M-10 1.63 × 10−1 1.63 × 100 1.63 × 101 3.90 × 102 9.94 × 102 1.84 × 103 2.93 × 103 5.90 × 103

Table 6. Mixing cost.

Micromixer

Mixing Cost, MC (Pa−1)

Low-Re Range Intermediate-Re Range High-Re Range

Re = 0.01 Re = 0.1 Re = 1 Re = 20 Re = 40 Re = 60 Re = 80 Re = 120

M-1 1.90 × 10−1 8.47 × 10−3 7.58 × 10−4 8.45 × 10−5 4.85 × 10−5 3.48× 10−5 2.39 × 10−5 1.30 × 10−5

M-2 1.93 × 10−1 8.48 × 10−3 7.67 × 10−4 1.05 × 10−4 5.29 × 10−5 3.47× 10−5 2.40 × 10−5 1.30 × 10−5

M-3 7.51 × 10−1 3.79 × 10−2 3.36 × 10−3 2.90 × 10−4 2.16 × 10−4 1.94× 10−4 1.61 × 10−4 9.15 × 10−5

M-4 4.50 × 10−1 2.47 × 10−2 1.96 × 10−3 2.50 × 10−4 8.36 × 10−5 3.87× 10−5 2.22 × 10−5 1.03 × 10−5

M-5 6.88 × 10−1 4.55 × 10−2 4.74 × 10−3 4.09 × 10−4 1.40 × 10−4 7.18× 10−5 4.57 × 10−5 2.32 × 10−5

M-6 3.89 × 10−2 3.03 × 10−3 2.82 × 10−4 1.88 × 10−5 6.38 × 10−6 3.22× 10−6 1.94 × 10−6 9.20 × 10−7

M-7 3.67 × 10−1 2.41 × 10−2 2.18 × 10−3 1.07 × 10−4 6.29 × 10−5 4.40× 10−5 3.13 × 10−5 1.76 × 10−5

M-8 1.48 × 10−1 1.12 × 10−2 1.07 × 10−3 5.81 × 10−5 3.25 × 10−5 2.34× 10−5 1.88 × 10−5 1.46 × 10−5

M-9 5.28 × 100 5.11 × 10−1 5.08 × 10−2 2.12 × 10−3 8.38 × 10−4 4.47× 10−4 2.78 × 10−4 1.35 × 10−4

M-10 5.95 × 100 5.68 × 10−1 5.60 × 10−2 2.31 × 10−3 9.34 × 10−4 5.41× 10−4 3.32 × 10−4 1.69 × 10−4

Figure 11 shows the general trend of the mixing index variation with Reynolds number for the
curved micromixer, M-1 [40]. At low Re (Re ≤ 1), low velocity of the fluid stream causes a long
residential time of the fluids within the microchannel, which provides sufficient time for diffusive
mixing. The mixing deteriorates rapidly as Reynolds number increases due to the reduction in the
residential time, reaching a minimum at around Re = 1, where the residential time is inadequate,
and the transverse flow is still ineffective for generating the secondary flow. Thus, the mixing index
remains at a low level. However, beyond this Re, the residence time reduces further, but the secondary
flow becomes active. Thus, mixing starts to increase with Reynolds number. The specific variation
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of the mixing index with Reynolds number strongly depends on micromixer configuration, but the
trends are similar for different passive micromixers.

Figure 11. Variation of the mixing index at the exit with Reynolds number in a curved micromixer [40].

4.2.1. Mixing in Low-Re Range (Re ≤ 1)

In the low-Re range, mixing in passive micromixers is limited by molecular diffusion. Therefore,
the mixing in this range mainly depends on the residential time of the working fluids in the micromixer.
Mechanical stirring is not an effective method for enhancing mixing [36] because the secondary flow
is hardly induced in this range. Thus, it is very challenging for researchers to design an efficient
micromixer at this low-Re range.

It is found from Table 4 that, among the 2D micromixers (M-1 to M-4), the mixing indices at
the exits of the curved micromixer (M-1) and the curved micromixer with rectangular grooves (M-2)
are higher than the others at Re = 0.01 (M = 0.560 and 0.554, respectively). Interestingly, in this
Reynolds number range, M-1 shows similar mixing performance as M-2. This is because, at low
Reynolds numbers, mixing depends on molecular diffusion, and thus, geometric modification of the
2D planar micromixer is not effective in enhancing the mixing. The mixing index strongly depends on
the time for which the working fluids remain in the micromixer. Hence, the mixing indices of these
micromixers decrease as the Reynolds number increases up to 1. This trend does not only apply to the
2D micromixers but also to most of the tested micromixers.

The SAR micromixers (M-3 and M-4) generally show lower mixing than the micromixers with
2D serpentine structures (M-1 and M-2) in this range. However, the pressure drops are much lower
in SAR micromixers, as shown in Table 5. It is observed that M-4 shows a 16.9% lower mixing index
at the exit with a 65% lower pressure drop, as compared to M-1 at Re = 0.01. Among the 2D mixers,
M-1, M-2, and M-4, showing high mixing indices, M-4 represents the highest MC values in the low-Re
range, as shown in Table 6. M-3 shows the worst mixing performance among the tested micromixers
in this range.

As shown in Table 4, the 3D micromixers using SAR with two-layer crossing channels (M-9 and
M-10) achieve remarkable mixing performance at low Reynolds numbers. M-9 and M-10 show mixing
indices over 0.90 in the entire low-Re range, while M-7 is only the micromixer which shows a mixing
index over 0.90 (at Re = 0.01) in this Re range among the remaining micromixers. This is due to the
generation of saddle-shaped flow structure in M-9 and M-10 at all Reynolds numbers, while in M-7,
mixing decreases with the increase in Reynolds number due to diffusion dominant mixing. M-8 shows
the lowest mixing indices among the 3D micromixers, which are even lower than those of some
2-D micromixers. This indicates that the mixing relying on elliptic and hyperbolic points generated
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through alternating barriers above the groove on the walls will require longer channel length for
complete mixing.

Surprisingly, M-9 and M-10 also show the least pressure drops among the tested micromixers
in the low-Re range, as shown in Table 5. Therefore, M-9 and M-10 show the highest MC values
among the tested micromixers in the whole low-Re range (Table 6). In all the tested micromixers,
MC decreases with increasing Reynolds number in this Re range. The micromixer M-7, which shows a
not-much-lower mixing index than M-9 at Re = 0.01, shows about a 13-times-higher pressure drop with
a 93% lower MC value at the same Re. Thus, the structure of 3D SAR with two-layer crossing channels
is proved to be efficient in both enhancing mixing and reducing pressure drop in the low-Re range.

Figure 12 shows the developments of the mixing for M-4, M-9, and M-10 at Re = 0.01. The 2D
micromixer (M-4) shows relatively slow development of mixing compared to the 3D micromixers (M-9
and M-10). Although M-9 and M-10 attain almost similar mixing at the exit, M-10 shows much faster
development rate near the inlet of the micromixer. M-9 and M-10 reach a mixing index over 0.80 within
50% of the total length. M-9 attains the mixing index equal to the mixing index at the exit of M-4,
within 35% of its length. This emphasizes that the 3D micromixer with an even slow development rate
outperforms the 2D micromixer.

Figure 12. Developments of mixing along the length of the micromixers at Re = 0.01.

4.2.2. Mixing at Intermediate Reynolds Numbers (1 < Re ≤ 40)

In the intermediate-Re range, the fluid inertia starts to increase with Reynolds number,
and generates secondary flows that play a dominant role in mixing enhancement. Hence, an increase
in Reynolds number results in an increase in mixing index in most of the cases shown in Table 4.

Among the 2D micromixers, the mixing index at the exit of the Tesla micromixer (M-4) is highest
at Re = 20 and 40, and M-4 achieves almost perfect mixing (M = 0.999) at Re = 40. In this micromixer,
with the increase in Reynolds number, the collision of fluid streams on rejoining is strengthened,
which enhances chaos in the flow and hence the mixing [72,77]. It is also observed that the M-2 shows
higher mixing than M-1 at these Reynolds numbers. This is due to the increase in secondary flow
caused by the grooves in M-2 [41]. At Re = 20 and 40, M-2 shows 21.3% and 8.2% higher mixing
indices than M-1, and M-4 shows 27.2% and 16.5% higher mixing indices than M-2, respectively.
It is also observed that M-4 shows much lower pressure drops than M-1 and M-2. M-4 shows 46.8%
and 26.3% lower pressure drops with 139.1% and 58.2% higher MC values than M-2 at Re = 20 and
40, respectively. Among the 2-D micromixers, M-3 shows the lowest mixing indices (Table 4) in the
intermediate-Re range, but shows the highest MC values (Table 6) due to the lowest pressure drops
(Table 5). Mixing in M-3 depends upon the unbalanced inertial collision. Hence, the lowest mixing
indices in M-3 can be attributed to insufficient inertial force to cause an effective collision of the fluid
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streams that enhances chaos in the recombination zone. It also highlights that the flow instability in the
inertia-based micromixers occurs at different Reynolds numbers depending upon the microchannel
designs. Hence, these micromixers can be used in different Re range depending upon the efficient
mixing range.

Among the 3D micromixers, most of the micromixers perform well in intermediate-Reynolds
number range except M-7 and M-8. This indicates that locally accelerated advection due to the
narrowing of flow path along with SAR mechanism in M-7 and the alternating velocity field creating
elliptic and hyperbolic points due to the barrier and groove configuration in M-8 are not as effective as
mixing mechanisms for other micromixer designs. Especially, M-5 and M-6 show nearly perfect mixing
(M = 0.999) in the whole intermediate-Re range. In this Re range, stretching and folding of the fluid
interfaces is developed due to the transverse flows induced by inertial forces. It causes enlargement of
the fluid interfacial area for diffusion, thereby promotes mixing [45,59]. The 3D swirling flow along
with the vortical flow due to serpentine channel is present in M-7 as discussed in [81], showing 26.7%
lower mixing index than M-5 and M-6 at Re = 40.

The structures of 3D SAR with two-layer crossing channels (M-9 and M-10) achieve over 90%
mixing in the intermediate-Re range even though it does not show the best mixing indices among the
tested cases as in the low-Re range. Although M-5 and M-6 show the same mixing indices, the pressure
drops in M-6 are approximately 22 times higher as compared to M-5 at Re = 20 and 40, and thus M-5
has much higher MC values than M-6. M-10 shows 9.8% and 7.0% lower mixing indices and 84.0%
and 86.0% lower pressure drops compared to M-5 at Re = 20 and 40, respectively. M-10 shows the
highest MC values among the tested micromixers, which are 5.6 times and 6.6 times higher than those
of M-5 at Re = 20 and 40, respectively.

The developments of mixing in M-4, M-5, M-6, M-9, and M-10 at Re = 20 and 40 are shown in
Figure 13a,b, respectively. At Re = 20, M-4, M-9, and M-10 show similar development rates, while M-5
and M-6 show higher development rates near the micromixer inlet. At Re = 40, in addition to M-5
and M-6, M-4 also shows a higher rate of development as compared to M-9 and M-10. M-5 and M-6
achieve almost complete mixing at 50% and 65% of the total length, respectively, at Re = 20. At Re = 40,
M-6 also shows the highest development rate and attains almost complete mixing around 30% of the
length. M-4 achieves a mixing index over 0.80 in less than 25% of the length and almost complete
mixing at 65% of length, whereas M-9 and M-10 achieve a mixing index over 0.8 within 60% of their
lengths at Re = 40. M-4, M-5, and M-6 show higher increases in the development rate with the increase
in Reynolds number than M-9 and M-10. The non-dependency of mixing on the inertia in M-9 and
M-10 is consistent with the observation in [84].

(a) (b)

Figure 13. Developments of mixing along the length of the micromixers: (a) Re = 20 and (b) Re = 40.
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4.2.3. Mixing at High Reynolds Numbers (Re > 40)

At high Reynolds numbers, transverse flows (Dean vortices or secondary flow) become stronger,
and mixing is established at a faster rate by stretching and folding of the interfacial area. Increasing the
inertial force of the fluids is one of the easiest ways to enhance mixing at high-Re range. At the
highest Reynolds number (Re = 120), almost all the micromixers except M-8 show excellent mixing
performance. And, M-4, M-5, and M-6 attain almost complete mixing in the whole high-Re range.

The quantitative comparison in Table 4 demonstrates that even simple 2D serpentine micromixers
(M-1 and M-2) show more than 97% mixing at Re = 60, and more than 99% mixing at Re = 80 and 120.
M-3 having asymmetrical SAR structure reaches a mixing index of 0.89 at Re = 120. From Table 5, it is
observed that M-1 and M-2 show 7.1% and 20.6% reduction in pressure than those of M-4 at Re = 80
and 120, respectively. Hence, M-4 shows 7.4% and 20.5% lower MC values than those of M-2 at Re = 80
and 120, respectively, in Table 6. However, it shows 11.6% higher MC than that of M-2 at Re = 60.
M-3 shows the highest MC values among the 2-D micromixers due to the lowest pressure drops.

The 3D micromixer M-7 also reaches a mixing index over 0.9 at Re = 80. There are minimal
variations among the mixing indices of the 3D micromixers in this Re range if M-7 and M-8 are excepted.
However, M-5 and M-6 achieve complete mixing at the expense of a high pressure drops. M5 and
M-6 show approximately 7.5 times and 168 times higher pressure drops, respectively, as compared to
M-10 at Re = 60. Hence, M-10 shows approximately 7.5 times higher MC as compared to M-5 in this Re
range. The worst mixing performance among the tested micromixers is obtained by M-8.

(a) (b)

(c)

Figure 14. Developments of mixing along the length of the micromixers: (a) Re = 60, (b) Re = 80 and
(c) Re = 120.

17



Micromachines 2020, 11, 455

Figure 14 shows the developments of mixing in M-4, M-5, M-6, M-9, and M-10 at different
Reynolds numbers. The rates of development of mixing near the inlets of M-4, M-5, and M-6 are
found to be higher than those of M-9 and M-10 in this Re range. M-4 shows the highest development
rate, and M-5, and M-6 show almost the same developments of mixing in the whole high-Re range
(Re = 60, 80, and 120). As Reynolds number increases, the development rates of these three micromixers
generally increase. M-4 achieves almost complete mixing within 15–30% of the length, and M-5 and
M-6 achieve it within 30–50% of the length in this Re range. We found that 50% of the length of M-5
and M-6 where complete mixing is achieved, still show approximately 3 times and 84 times higher
pressure drops, respectively, compared to M-10 at Re = 60. M-10 shows approximately 3.4 times higher
MC as compared to 50%-length of M-5 at this Reynolds number. M-10 shows slightly better mixing
rate than M-9 at Re = 60. M-9 and M-10 show similar trends of the mixing development especially at
Re = Re–120, where the mixing improves continuously until the exit is approached.

4.2.4. Comparison of Velocity and Concentration Fields between M-4 and M-10

For M-4 and M-10, which show the best mixing performances among the 2D and 3D micromixers,
respectively, flow structures and concentration distributions were compared at different Reynolds
numbers. Figure 15 shows the flow structures on a y-z plane at x/Lt = 0.16 (plane A2 marked in Figures 4
and 10) for different Reynolds numbers. At Re = 0.01, M-4 shows the flow moving parallel to the wall,
and there is no flow disturbance. However, at Re = 40, two symmetrical counter-rotating vortices are
seen. These vortices get stronger with the increase in Reynolds number, as shown at Re = 120 with the
additional vortices. Contrarily, velocity vectors in M-10 show a saddle-shaped flow structure even at
the lowest Reynold number (Re = 0.01). This is the reason for the high mixing performance of M-10
in the low-Re range, which is discussed in Section 4.2.1. This result is in line with the observation
in previous studies [84,87] that the saddle-shaped flow structure enhances mixing by stretching and
folding of the fluid interfaces.

Figure 15. Velocity vectors in M-4 and M-10 at x/Lt = 0.16 (plane A2 in Figures 4 and 10) at different
Reynolds numbers.

Figure 16 shows the dye concentrations on y-z planes of M-4 and M-10 for different Reynolds
numbers. The progress of homogenization of the concentration in M-4 is much slower than that in
M-10 at Re = 0.01. As shown in Figure 15, the fluids are mixed by pure diffusion in M-4, while M-10
shows a strong secondary flow structure even at this low Reynolds number, which is effective in
promoting mixing. However, at high Reynolds numbers, the progress of mixing in M-4 is much faster
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than that in M-10 due to the occurrence of flow disturbances in the form of vortices (Figure 15) and
high-inertia collisions of the streams on their recombinations as discussed in [77].

Figure 16. Dye concentration distributions at different Reynolds numbers: (a) M-4; and (b) M-10.

A selection procedure for micromixers is suggested as follows. Once the Reynolds number is
fixed depending on the application, the micromixers showing preferred mixing index level should be
selected considering ease of fabrication (2D or 3D). Pressure drop should also be considered as a vital
factor in the case where the deformation of a sample will impact the outcome of the process, such as in
biological applications. After narrowing down the micromixer types, mixing cost should be checked
for the final selection.

5. Conclusions

Ten typical micromixers representing five different mixing mechanisms were analyzed
quantitatively using Navier-Stokes equations under same working fluids, flow conditions, and axial
channel length across a wide range of Reynolds number (Re = 0.01–120). In the results, M-9 and M-10
showed the best overall mixing indices among all the tested micromixers over the entire range of Re,
while M-4 showed the best overall mixing indices among the 2D micromixers. However, M-3 showed
the best overall MC values among the 2-D micromixers due to its incredibly low pressure drop
regardless of Reynolds number. Compared to M-9 and M-10, M-4 showed far lower mixing indices in
the low-Re range, but was represented among the similar or better mixing indices in the intermediate-
and high-Re ranges. M-9 showed lower mixing performance than M-10 in the low-Re range, but showed
higher mixing indices in the intermediate-Re range. M-10 showed the best overall MC values among
the tested micromixers, which were slightly higher than those of M-9. The worst mixing performance
was obtained by M-3 in the low-Re range, but by M-8 in the high-Re range. The stretching and folding
of the fluid streams around the hyperbolic points created by the saddle-shaped flow structure in the
crossing channel are more effective for mixing as compared to those generated by the grooves and
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barriers. Furthermore, the chaotic advection by crossing channels is generated over the entire range
of Reynolds numbers, while for the other 2D and 3D channel designs, it is observed only at higher
Reynolds numbers. In the crossing-channel micromixers, mixing does not depend upon inertial force,
as indicated by good mixing even at low Reynolds numbers. Hence, these micromixers can also be
applied to mix fluids having high viscosity.

Therefore, among the tested micromixers, the Tesla structure micromixer (M-4) is recommended
in the intermediate- and high-Re ranges considering high mixing performance and easy fabrication
due to the planar structure, unless pressure drop is critical. The 3D micromixers, M-9 and M-10 are
recommended in the low-Re range considering their excellent mixing performance. But, the fabrication
of their two-layer structures with the traditional photolithography process is a challenging task due
to the misalignment issue of the top and bottom layers. The results of this comparative analysis are
intended to provide guidance for the selection of effective micromixers under different flow conditions
in various microfluidic applications.
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Nomenclature

c mass fraction
D diffusion coefficient (m2/s)
Li length of initial part of main channel (μm)
Le exit channel length (μm)
Lt total length of the micromixer (μm)
M mixing index
M0 mixing index at the exit
N number of sampling points
P pressure drop (Pa)
Pi pitch length (μm)
Re Reynolds number
SAR
U

split and recombine
average inlet velocity (m/s)

W width of main channel (μm)
x, y, z Cartesian coordinates
Greek Symbols

μ fluid dynamic viscosity (kg·m−1·s−1)
ν fluid Kinematic viscosity (m2/s)
ρ fluid density (kg/m3)
σ standard deviation
Subscripts

i sampling point or fluid component
m optimal mixing
max maximum value
x axial distance
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Abstract: Passive micromixers are miniaturized instruments that are used to mix fluids in microfluidic
systems. In microchannels, combination of laminar flows and small diffusion constants of mixing
liquids produce a difficult mixing environment. In particular, in very low Reynolds number flows,
e.g., Re < 10, diffusive mixing cannot be promoted unless a large interfacial area is formed between
the fluids to be mixed. Therefore, the mixing distance increases substantially due to a slow diffusion
process that governs fluid mixing. In this article, a novel 3-D passive micromixer design is developed
to improve fluid mixing over a short distance. Computational Fluid Dynamics (CFD) simulations
are used to investigate the performance of the micromixer numerically. The circular-shaped fluid
overlapping (CSFO) micromixer design proposed is examined in several fluid flow, diffusivity, and
injection conditions. The outcomes show that the CSFO geometry develops a large interfacial area
between the fluid bodies. Thus, fluid mixing is accelerated in vertical and/or horizontal directions
depending on the injection type applied. For the smallest molecular diffusion constant tested, the
CSFO micromixer design provides more than 90% mixing efficiency in a distance between 260 and
470 μm. The maximum pressure drop in the micromixer is found to be less than 1.4 kPa in the highest
flow conditioned examined.

Keywords: micromixer; diffusive mixing; passive mixing; fluid overlapping; sequential injection;
segmentation; concentric flow; CFD

1. Introduction

Over the past few decades, improvements in microfabrication technology [1] and
successful implementation of complex processes at microscales [2] have led the develop-
ment of microfluidic systems. Micro total analysis systems (μTAS) or lab-on-a-chip (LOC)
devices [3,4] are commonly referred to describe a centimeter-size compact unit in which
physical, chemical, and biological processes take place in a microchannel network. Mi-
cromixers are typically one of the major operational sub-units of microfluidic schemes [5]
and are employed to mix fluids using active or passive [6–9] mixing principles. In active
mixing, extra modules are required to generate external disturbance forces on the flow
domain (e.g., electrical, thermal, magnetic, acoustic, and pressure [10–12]) which devel-
ops a complexity in terms of fabrication and integration of these components with other
microchip elements [11,13,14]. On the contrary, despite offering a relatively poor mixing
performance, passive micromixers are simple devices with notable structural and opera-
tional advantages. In passive mixing approach, fluid mixing is carried out by exploiting
the fluid flow energy within the micromixer and two well-known mixing phenomena:
advection and molecular diffusion [4]. As such, additional module and power source
requirements are eliminated, and mixing performance is mainly governed by micromixer
geometry. Therefore, passive micromixers are typically easy to fabricate, provide simple
and stable operating conditions, and offer better integrability [1,6,15], which make these
devices prevalent to mix fluids at microscales.
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In passive micromixers, fluid mixing arises as a challenging work due to advection-
dominant transport developed in microchannels. Strictly laminar fluid flow that is usu-
ally Reynolds (Re) number << 100 [16,17] and very low molecular diffusion coefficients
(e.g., typically in the range of 10−9–10−11 m2/s [12]) fundamentally create tough mixing
conditions. These difficulties are generally dealt with generating a so-called chaotic fluid
motion in special micromixer designs that is typically achieved when Re > 10–20. Thus,
contact surface area between fluids is enhanced, which in turn expedites diffusive mixing.
Typical design and fluid mixing examples may be seen in References [18–21]. At very low
Re numbers (e.g., Re < 5–10); however, the effective use of advection is inhibited drastically
due to unidirectional fluid flow developed in microchannels. In this case, mixing length
increases significantly since mixing process mainly depends on molecular diffusion which
is a slow process. Therefore, a long mixing channel is required to obtain an adequate
mixing efficiency (e.g., 80% [22]). Increase in mixing length induces three major problems
in microfluidic systems as follows: the integration of the micromixer into a microfluidic
scheme, high energy requirement, and a long mixing time.

To date, several passive micromixer geometries have been devised to improve the
degree of fluid mixing over a short distance. Although majority of these efforts enhance
fluid mixing by developing secondary flows when Re > 10–20, usually a considerable
mixing length increase is observed at very low flow conditions. For instance, Gidde et al. [8]
studied a planar passive micromixer with circular and square mixing chambers. The
authors performed a wide range of Re number scenarios between 0.1 and 75 and showed
that fluid mixing is promoted based on the development of chaotic advection. In both
designs, mixing efficiency was improved noticeably when the flowrate increased, and the
highest values were achieved at Re = 75. The distance that is required to yield 80% mixing
efficiency is reported as approximately 3500, 9000, 11,000, and 5000 μm for Re = 0.1, 1, 5,
and 75, respectively. A similar behavior is also observed in spiral, omega, and interlocking
semi-circular shape passive micromixer designs in [23]. While all the three designs perform
well beyond Re = 1, mixing efficiencies follow a decreasing trend with rising flowrates
between Re = 0.01 and 1. In the article [23], this is related to the short residence time of fluids
and inadequate Dean vortices developed in curved microchannels. Although the overall
channel length is around 22,000 μm in the spiral micromixer design, mixing efficiencies vary
between 65–70% for the Re number range of 0.01–1. Bhagat et al. [24] examined the effects
of several obstruction geometries in the mixing channel of a Y-shape micromixer. While
obstructed micromixer provides almost a complete fluid mixing at Re = 0.01 (measured
at ~5000 μm axial distance), roughly 20% and 40% efficiency drop is observed at Re = 0.1
and 1, respectively. Nonetheless, further increase of flowrate after Re = 1, which is defined
as an inflection point in the study, increases the mixing performance by means of chaotic
advection formed in the mixing channel. In our previous work [18], a similar inflection
point was seen at Re = 5 after which the effective use of advection was accelerated in convex
semi-circular ridge (CSCR) micromixer design. Although the CSCR micromixer geometry
developed a complex flow profile even at very low flow conditions (e.g., Re ≤ 5), and hence
enlarged the contact surface between fluids, short residence time of fluids reduced the
diffusive activity across the interfacial area formed. Thus, a diminishing mixing efficiency
profile was observed between Re = 0.1 and 5.

In several other studies, researchers focused on improving fluid mixing specifically at
very low Re numbers. Fang et al. [25] studied a T-shape passive micromixer with several
baffle-embedded mixing units along a mixing channel. Numerical and experimental results
showed that the design proposed increased mixing performance by inducing chaotic
advection in mixing units at Re = 0.29. Based on the simulation and experimental outcomes,
it was reported that 28-period mixing unit is required (i.e., ~1.7 cm axial distance) to mix
fluids completely. Ortega-Casanova and Lai [26] surveyed the effects of multiple inlets
on mixing. The authors applied alternative inlet combinations on a passive micromixer
design which has a single mixing unit similar to the one used in the study above [25].
Numerical outcomes show that increasing the number of inlets is more effective for the most
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challenging flow and transport conditions simulated in the study. When the effects of seven–
and two–inlet configurations are compared, seven–inlet configuration increases mixing
efficiency approximately 5.5 and 3.5 times for Re = 0.29 and 0.1 flow conditions, respectively.
Mixing efficiencies quantified at the exit of the seven–inlet design (i.e., ~5000 μm axial
distance) were reported as around 90% and 80% in Re = 0.1 and 0.29 flow cases, respectively.
Lin et al. [21] proposed a 3-D circular passive micromixer design to generate vortex effects
under low flow conditions. Using eight equally spaced inlets, a rotational fluid motion is
created in the circular microchamber beyond a critical Re number that is 2.32. While the
mixing efficiency of the micromixer is around 50% and 74% at Re = 0.5 and 2.32, respectively,
more than 90% mixing values are obtained when Re ≥ 4 (measured at a ~1000 μm distance).
Although vortex formation accelerated diffusive interaction between fluid bodies, high
mixing efficiencies could also be reached as a result of using a relatively high molecular
diffusion constant in the test cases, which is on the order of 10−7 m2/s. Goullet et al. [27]
surveyed fluid mixing in a classical T-shape micromixer under sinusoidal fluid injection
conditions at Re = 0.3. Results indicate that sinusoidal injection of fluids forms sequential
fluid segments in the mixing channel, which in turn enhance contact surface and diffusive
mixing. The degree of mixing was reported as 38.4, 70.3, and 86.5% (measured at 500 μm
axial distance) for the injection frequencies of 1.25, 5, and 20 Hz, respectively.

As discussed above, mixing performance can be boosted in virtue of complex flow
patterns which are mostly generated at relatively high Re numbers. When, however, very
low Re conditions are examined, a substantial decrease in mixing performance is seen
because of yielding a small contact surface between fluids. This is mainly caused by
ineffective flow manipulations in microchannels. Although some injection and design
strategies help to improve mixing at low Re numbers, overall micromixer length can still
rise to the centimeter level which is not desired as noted earlier. In the present paper,
we propose a novel fluid overlapping passive micromixer design to surpass the small
interfacial area restrictions at very low fluid flow conditions. Unlike the conventional
micromixer configurations, where the effective use of advection process is prioritized to
enlarge contact surface, the novel design proposed enables forming a predefined interfacial
area between fluid bodies in a compact geometry. Therefore, a rapid inter-diffusion between
fluids is ensured, and mixing distance is decreased significantly.

2. Governing Equations and Mathematical Methods

Computational Fluid Dynamics (CFD) simulations are performed to numerically de-
scribe the fluid flow and scalar transport in the micromixer. In all scenarios tested, it is
assumed that the system is isothermal and gravitational effects are negligible. Fluids to be
mixed are of constant density and viscosity, miscible, and non-reactive. Based on the as-
sumptions above, flow field is simulated using incompressible Navier-Stokes (NS) and con-
tinuity equations as presented in Equations (1) and (2), respectively. Advection–diffusion
(AD) equation is employed to resolve the scalar transport domain in the micromixer as
given in Equation (3).

ρ

[
∂u

∂t
+ u · ∇u

]
= −∇p + μ∇2u (1)

∇ · u = 0 (2)

∂c
∂t

+ u · ∇c = D∇2c (3)

where μ is the viscosity (Pa·s), p is pressure (Pa), ρ is the density (kg/m3), u = (ux, uy, uz) is
the velocity vector (m/s), c is scalar concentration, and D is molecular diffusion coefficient
(m2/s).

Equations (1)–(3) are solved using OpenFOAM [28] (v5.0, OpenFOAM Foundation,
OpenCFD Ltd., Bracknell, UK, 2015) CFD package, in which governing equations are
discretized based on finite volume method (FVM). While simpleFOAM and scalarTrans-
portFOAM solvers are employed to simulate steady-state incompressible fluid flow and
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passive scalar transport, respectively, a modified form icoFOAM solver is exploited in
time-dependent solutions of coupled flow and scalar transport equations. Solvers are
arranged to treat the advection and diffusion terms in the governing equations with second-
order accurate upwind [29] and central difference numerical schemes, respectively. In
the simpleFOAM solver, SIMPLEC (semi-implicit method for pressure linked equations-
consistent) [30] algorithm is used to solve pressure-velocity coupling. To ensure stability in
steady-state simulations, under-relaxation technique [31] is used with a factor of 0.9. Steady-
state solutions are accepted to be converged when residuals reach 1 × 10−6 threshold as
typically practiced in several numerical micromixer studies [18,32,33]. In time-dependent
simulations, temporal terms are discretized using Crank-Nicolson scheme with a blending
coefficient of 0.9.

Dimensionless Reynolds (Re) and Peclet (Pe) numbers are used to determine the
characteristics of fluid flow (e.g., laminar or turbulent) and scalar transport (e.g., advection–
or diffusion–dominant) in the micromixer, respectively. Re and Pe numbers are computed
in the exit channel of the micromixer as defined in Reference [34]. In the present study,
flowrate-averaged mixing approach [33] is employed to quantify the degree of mixing
on a given plane as formulized in Equation (4). Unmixed and fully mixed conditions are
specified in a mixing index (MI) scale between 0 and 1, respectively. It should be noted
that computing a mixing efficiency only relying on the scalar concentration distribution
on a certain cross-section may provide imprecise mixing outcomes in cases where the
distribution of scalar concentration is non-uniform in a flow profile. More information on
this point can be found in References [18,33].

MI = 1 −
√

σ2

σ2
max

, σ2 =

∫
A (c − c)2 · udA∫

A udA
, c =

∫
A c · udA∫

A udA
(4)

where A is area, u is velocity, σ and σ2 are variance and the maximum variance, respec-
tively, c is concentration, and c is the average concentration. In grid independence tests,
Equation (5) is used to measure numerical discrepancy between a mesh density and the
finest mesh for a given parameter.

ΔDM-F =

∣∣∣∣PM − PF
PF

∣∣∣∣× 100 (5)

where PM and PF denote the parameter values, obtained from the numerical solutions
of a certain mesh density and the finest mesh, respectively. ΔDM-F shows the difference,
as a percentage, between a mesh level and the finest mesh with respect to the parameter
employed. In this research, pressure drop (Δp) and mixing efficiency (MI) parameters are
used to assess numerical errors in fluid flow and scalar transport simulations, respectively.

3. Micromixer Design and Simulation Setup

In this study, a 3-D circular-shaped fluid overlapping (CSFO) passive micromixer
is developed. As shown in Figure 1, the micromixer geometry consists of three main
branches that are inlet channel, mixing units, and exit channel. The dimensions of the
circular inlet and exit channels are equal with a length (li and le) and cross-section area
(Ac) of 200 μm and 2 × 104 μm2, respectively. In the CSFO design, five identical mixing
units are used to observe the effect of fluid overlapping approach in a wide range of
flow conditions. The height (hu) and radius (ru) of a single mixing unit are 60 μm and
300 μm, respectively. Each mixing unit is divided equally in the z-direction with a solid,
impermeable, and thin-plate disk element which is coaxial with the mixing unit and has a
radius (rd) of 270 μm. It is assumed that the existence of physical joining parts between a
disk element and mixing unit will affect the overlapping flow pattern trivially. Therefore,
for the sake of designing convenience in the present study, these parts are excluded in
the CSFO geometry. In physical applications of the CSFO design, the disk elements can
be attached to mixing units from various points as indicated by the line arrows I, II, and
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III in Figure 1. Other than that, the mixing units are linked to each other via cylindrical
extensions, of which height (hc) is 10 μm and radius (rc) is equal to that of inlet and outlet
channels. Nonetheless, it should be noted that the purpose of including these connection
parts is only to be able to measure mixing performance at the outlet of the mixing chambers.
In a physical design, these extensions can be omitted since the short residence time of fluids
in these sections will contribute to diffusive mixing negligibly. The dimensions of the CSFO
micromixer were selected consistent with the 3-D passive micromixer designs studied in
the literature. The 3-D CSFO passive micromixer proposed can be fabricated using the
current microfabrication technology. Multi-layer fabrication methods [35,36] can be used
in physical construction of the CSFO design. Example micromixer studies may be seen in
References [21,37–39] for detailed fabrication process of 3-D geometries at microscales.

Figure 1. Different views of the 3-D CSFO micromixer geometry. E1, E2, E3, E4, and E5 are the locations 5 μm after the exit
of each mixing box.

In the CSFO micromixer, nested-type inlets are used to create overlapping flow profile
throughout the disk surfaces in mixing units. The core and outer segments of inlet surfaces
are used to inject fluids as depicted in Figure 2. Please note that these segments have
an equal surface area in all injection types applied, and these surfaces are further split
equally in injection B. The development of different injection patterns in both circular
and rectangular geometries can be seen from Figures A1 and A2 in Appendix A. In the
present study, both symmetrical and alternating injection patterns (see Figures 2 and A2)
are applied over the inlet boundary.

Figure 2. Fluid injection types applied over the inlet boundary of the CSFO micromixer design.
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Micromixer performance is examined extensively establishing several molecular dif-
fusion constants, i.e., D1 = 3.0 × 10−10 (crystal violet dye in water [40]), D2 = 1.5 × 10−9

(fluorescein solution in water [41]) and D3 = 3.0 × 10−9 m2/s (self-diffusion coefficient of
water [42]), in a broad range of flow conditions that are Re = 0.1, 0.5, 1, 5, and 10. In all
mixing scenarios, equal amount of fluid is injected from each inlet segment in injection
A, B, and C. The physical properties of mixing fluids are chosen close to that of water at
20 ◦C [43,44] with a density (ρ) and viscosity (μ) of 103 kg/m3 and 10−3 Pa·s, respectively.
To solve the governing flow equations, the following boundary conditions are prescribed
in numerical simulations: a uniform velocity profile at the inlets, zero-gauge pressure
at the outlet, and zero fluid velocity, i.e., no-slip condition, on solid surfaces. In scalar
transport simulations, the gradient of scalar concentration is set to zero at the outlet and
solid boundaries to prevent the scalar undergo diffusion over these surfaces. To investigate
fluid mixing in the micromixer, relative scalar concentrations, 0 and 1, are imposed on
the inlet surface as described schematically in Figure 2. In injection A and B cases, fluid
injection is constant over time, and therefore numerical simulations are conducted in two
steps as follows. First, a steady-state flow domain is obtained from the simultaneous
solution of Equations (1) and (2). Second, a steady-state passive scalar transport simulation
is performed by solving the AD equation with the stationary flow domain obtained. In
injection C, fluids are injected over the core and outer inlet regions as a square wave
with the same injection frequency (f). Thus, a time-dependent simulation is carried out to
solve coupled fluid flow and scalar transport equations. In transient simulations, overall
simulation times were chosen long enough—for a given flow condition, at least three times
of the theoretical fluid mean residence time in the micromixer—to observe the complete
development of fluid mixing in the micromixer. In the rest of the paper, CSFO–A, –B and
–C notations are used to describe the CSFO micromixer configurations with fluid injection
modes A, B and C, respectively. Before the numerical simulations of the test scenarios, the
CFD code was validated against the experimental data of two different T-shaped passive
micromixer studies in References [45,46]. The validation outcomes, given in Figure A3 in
Appendix A, indicate that numerical simulation results are in a good agreement with the
experimental data reported in both studies. Thus, the numerical method presented above
can be used to predict the mixing performance of the CSFO micromixer proposed.

4. Mesh Study

Numerical solution of advection-dominant transport systems is prone to create high
amount of numerical (or false) diffusion errors [34,47]. This is due to inaccurate approxi-
mation of steep scalar gradients that inherently develop at high Pe transport conditions.
In FVM, maintaining an orthogonality between flow and grid boundaries is pivotal to
minimize numerical diffusion. For further information about managing numerical errors in
high Pe transport systems, see References [34,47–49]. In this research, hexahedron elements
are used to discretize the computational domain in numerical simulations. A systematic
mesh study is performed by determining four different grid levels in the computational
domain of the CSFO micromixer. Total element numbers in L1, L2, L3, and L4 grid levels
are 3.90 × 106, 2.45 × 106, 1.58 × 106, and 1.05 × 106, respectively. Numerical simulations
are carried out for the highest Pe number scenario examined in the CSFO–B micromixer
configuration (i.e., Pe = 3.33 × 104 when Re = 10 and D = D1 = 3.0 × 10−10 m2/s). Mesh
study outcomes are presented in Figure A4a–c in Appendix A.

Figure A4a shows that there is a good agreement between the finest and coarser
mesh levels when the pressure drop is used to quantify the relative numerical errors in
numerical solutions. The maximum variation is calculated as 2.1% between L1 and L4
meshes which evidently indicates that even the coarsest grid level, L4, can provide quite
accurate results in fluid flow simulations. The same agreement between different mesh
level solutions is also seen in Figure A4b, which shows the distribution of velocity along
the diameter of outlet plane. On the contrary, when outlet mixing efficiency is employed
in error analysis, numerical solutions exhibit a high divergence as indicated by the rising
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trendline in Figure A4a. In fact, such a discrepancy between the two trendlines occurs due
to quite different transport conditions in fluid flow and scalar transport simulations. While
a mild Re number (Re = 10) in the former offers a better control of numerical errors even in
relatively coarse grids, the latter is carried out at a very high Pe number (Pe = 3.33 × 104).
Hence, much smaller mesh elements are required to approximate sharp scalar gradients
accurately. Accordingly, mesh study outcomes need to be evaluated in refence to scalar
transport simulations to employ a suitable mesh density in the simulations. For the MI
parameter given in Figure A4a, the differences in L1–L4, L1–L3, and L1–L2 comparisons
are measured to be nearly 28, 13, and 2.7%, respectively. The lessening percentages
indicate that false diffusion generation is suppressed noticeably with increasing mesh
densities. The convergent trend of mesh refinement can also be seen in Figure A4c, which
shows the development mixing efficiency along the CSFO micromixer for all mesh levels
tested. Considering the small variation, i.e., 2.7%, against a large mesh density difference,
i.e., 1.45 × 106 elements, between L1–L2 mesh levels, L2 mesh level is determined to
conduct numerical simulations. Furthermore, this selection is also validated by estimating
an effective diffusivity coefficient from the scalar transport solution of L2 mesh level
as proposed in [48]. The ratio of effective diffusivity coefficient to molecular diffusion
constant was found to be 1.112 which is quite close to 1. This implies that the molecular
diffusion constant simulated is mostly recovered from the numerical solution and the
amount of numerical diffusion errors is trivial. Therefore, the use of L2 mesh density
provides mostly physical mixing outcomes even in the worst-case scenario. Please note
that in other mixing scenarios established in the present paper, numerical solutions will
generate much less numerical diffusion due to diminishing magnitude of Pe number in
mild transport conditions.

5. Results

5.1. Fluid Mixing in the CSFO–A and CSFO–B Micromixer Configurations

At small Re numbers, ineffective manipulation of fluid bodies cause yielding a small
contact area between fluid bodies, which in turn limits mixing by diffusion. To overcome
this problem and enlarge the interfacial area between mixing fluids, a typical approach is to
create several laminations in microchannels [38]. In this method, the main flows are divided
into numerous sub-streams or layers of fluid sections which are aligned in microchannels
to be in serial or parallel flow regions. In laminating micromixers [37,50–52], the overall
contact surface is proportional to the number of different fluid segments generated in
the micromixer. Although diffusive mixing is promoted over the interfacial area shared
by the fluid segments, usually a complex channel network is required to align fluids in
microchannels. In the CSFO micromixer design proposed, the enhancement of contact
area is ensured without generating multiple flow sectors in the flow domain. Instead,
entire fluid bodies are overlapped and stretched in compact mixing units. As can be seen
from Figure A5 in Appendix A, which shows the flow pathlines and 3-D flow domain
in the CSFO micromixer, fluids that are injected from core and outer inlet segments flow
concentrically through the inlet channel and are stretched over the disk surface. During
the fluid flow in the CSFO micromixer, the injected fluids occupy different volumes of
the flow domain. As the core flow (shown in red in Figure A5) follows a path around
disk elements at the central region of the micromixer, the outer flow (shown in blue in
Figure A5) develops between the core flow and micromixer walls. Therefore, a quite large
interfacial area is yielded between the two fluid bodies due to the encapsulation of the
core flow by the outer flow across the CSFO micromixer domain. The development of
contact surface in both upper and lower compartments of a single mixing unit is shown
schematically in Figure 3.
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Figure 3. The distribution of injected fluids in each mixing unit of the micromixer configurations (a)
CSFO–A; (b) CSFO–B; and (c) CSFO–C. (d) The distribution of fluids in a single mixing unit when
the entire inlet surface is used to inject fluids sequentially. The dashed lines and curves show the
contact surfaces formed between different fluids. Red and blue colors represent the mixing fluids
injected from inlet surface(s). Black arrows show flow direction.

As shown in Figure 3 the overlapping (or stratified) fluid pattern expands throughout
the disk surface in the upper volume of mixing chamber and flows to the lower volume
through the gap between the mixing chamber and the disk element. In the lower section,
the above streams are converged at the exit of the cylindrical box and transferred to the next
mixing unit. In all design configurations, the same flow cycle is repeated until the fluids
are conveyed to the main exit channel of the micromixer. While both CSFO–A and CSFO–B
configurations develop a contact surface on the horizontal plane, CSFO–B micromixer also
forms an interface in the vertical direction due to alternating fluid injection imposed on the
core and outer inlet segments. The horizontal and vertical contact areas formed between
mixing fluids are represented by the dashed lines in Figure 3. Meanwhile, it should be
noted that the total area of the gap region is approximately 2.7 times higher than that of exit
cross-sections. Thus, the fluid flow is not restricted in the gap region and the residence time
of fluid particles in a single mixing unit is controlled by the area of the exit cross-section. In
the present CSFO micromixer design, the surface area of inlet, outlet, and exit planes are
kept equal as noted earlier.

When the mixing performance of micromixers are measured, the outcomes evidently
show that diffusive mixing—in the vertical direction—is activated across the large inter-
facial areas formed. Figure A7 in Appendix A shows the development of fluid mixing
along the CSFO–A and CSFO–B micromixers for all mixing conditions tested. Firstly,
regarding the results in Figure A7, it can be said that the vertical contact surface formed in
the CSFO–B micromixer affects the mixing performance trivially. The MI values of both
configurations indicates that even the maximum difference is less than 5%. This is because
the degree of mixing is mainly controlled by the horizontal surface areas developed in the
upper and lower sections of mixing boxes. The contribution of the additional interface to
the diffusive mixing—in the horizontal direction—is more visible at low flow conditions,
whereas this effect vanishes by lessening residence time of fluid particles at higher Re
numbers. In the lowest flow condition (Re = 0.1), almost a complete fluid mixing (MI > 94%)
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is observed at the exit of the first mixing unit. Moreover, although it is not reflected in the
plots, the distribution of scalar concentration in simulation results showed that the biggest
portion of the mixing takes place only in the upper section of the first mixing box. In all
molecular diffusion scenarios, more than 90% mixing efficiency is yielded in a distance
less than 260 μm in the main streamwise direction. At Re = 0.5, while at least two mixing
units are required to provide more than 90% mixing value when the smallest diffusion
constant is used, this is not the case in higher diffusivity conditions. In D2 and D3 mixing
scenarios, more than 94% mixing efficiency is obtained at the exit of the first mixing unit of
the CSFO–A micromixer. As can be pursued from the change of the trendlines in increasing
Re numbers, reducing contact time between fluid bodies suppresses the inter–diffusion
continually. Hence more mixing units are required to enhance the degree of mixing in the
micromixer. Notably, the combination of low contact times with small diffusion coefficients
develops the most challenging mixing conditions in the micromixer. At Re = 1, while D2
and D3 diffusivities can still be tolerated against the fluid residence time reduced, the use of
the smallest diffusion constant becomes difficult. In that case, the mixing distance increases
to 400 μm (E3) and 470 μm (E4) to obtain nearly 86% and 93% MI, respectively. In all mixing
scenarios tested, the lowest mixing efficiencies are obtained for the two highest flow condi-
tions of the D1 case as expected. The MI values at the exit of the micromixers are found to
be nearly 65% and 54% for Re = 5 and 10, respectively. As mentioned previously, although
the contact surface area is increased substantially in CSFO geometry, the development of
mixing by diffusion is prohibited by rising flowrates. Nonetheless, the MI values are still
promising for the higher molecular diffusion constants, D2 and D3, as shown in Figure A7.
At Re = 5, while D2 scenario provides more than 86% mixing efficiency at the exit of the
third mixing unit (E3), only two units are required to reach a MI value of nearly 91% (E2) in
D3 case. For the same diffusivity scenarios, D2 and D3, the highest flow condition, Re = 10,
yields 84% and 92% fluid mixing at E5 and E4 exits, respectively. For all mixing conditions
examined, the distribution of scalar concentrations on the outlets of CSFO–A and CSFO–B
micromixers are presented in Figure 4. In addition, for the smallest diffusion constant, D1,
the development fluid mixing on different cross-sections along the CSFO–A configuration
can be seen from Figure A6 in Appendix A.

Figure 4. The distribution of scalar concentrations on the exit cross-section of the CSFO–A (first three
columns on the left) and CSFO–B (last three columns on the right) micromixer configurations.
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5.2. Fluid Mixing in the CSFO–C Micromixer Configuration

As discussed above, when the CSFO micromixer is operated with constant fluid injec-
tion, large contact surfaces are yielded between fluid bodies in the horizontal directions.
However, in the CSFO design, the overall interfacial area can be enhanced further if the flu-
ids are injected sequentially over the core and outer inlet segments as described in Figure 2.
Sequential or pulse injection of fluids can be achieved by manipulating micropumps as
described and used in References [53–56]. In the case of sequential injection in CSFO–C
configuration, the development of additional contact areas between consecutive fluid pairs
is enabled as shown schematically in Figure 3c (see the dashed curves). In mixing units,
these new interfaces move dynamically by expanding and shrinking in the upper and lower
mixing sections, respectively, which creates a wave pattern throughout the disk surfaces.
Therefore, in each half volume of the mixing units, diffusive mixing is also promoted in
the horizontal directions. It should be noted that unlike the CSFO–A and CSFO–B configu-
rations, where entire fluid bodies are overlapped on the horizontal plane, in the CSFO–C
micromixer, different fluid segments develop the overlapped fluid structure due to wave
pattern in the horizontal direction. The mixing performance of the CSFO–C configuration
is investigated in various injection frequencies—between 10 and 250 Hertz (Hz) depending
on the flow condition—for the most challenging mixing scenarios (i.e., D = D1 and Re = 1,
5, and 10). The evolution of mixing efficiencies is observed with respect to time at the exit
of each mixing unit. The results are plotted in Figure A8 in Appendix A. Please note that in
Figure A8, f = 0 Hz plots show time-dependent numerical solutions of CSFO–A micromixer,
in which fluid injection is constant over time as described in Section 3 and Figure 2. These
solutions are used to compare the relative effects of constant and sequential fluid injections
in the CSFO design.

Figure A8 evidently shows that the formation of additional contact surface areas
accelerated diffusive mixing substantially. At Re = 1, even the lowest injection frequency,
f = 10 Hz, is adequate to reduce the mixing distance (MI > 90%) to the exit of the second
mixing unit (E2). However, further increase of the injection frequency contributes to the
overall mixing efficiency slightly. When the mixing outcomes are compared with that of
CSFO–A micromixer, CSFO–C configuration (f = 10 Hz) provides a rapid fluid mixing over
a very short distance. To reach a MI value around 85%, the time and distance required are
“240 millisecond (ms) and 330 μm” and “640 ms and 400 μm” in CSFO–C and CSFO–A
configurations, respectively. Therefore, the use of sequential injection reduces mixing time
and distance by the factors of 2.7 and 1.2, respectively. Much higher improvements in
mixing values are seen in Re = 5 and 10 flow conditions as indicated by the rising trendlines
in Figure A8. Meanwhile, it needs to be explained that before reaching their steady values,
the mixing efficiencies follow a declining and rising trend after a sharp increase at early
stages. The spikes in the trendlines are observed at the exit of each mixing unit in both
CSFO–A and CSFO–C micromixer configurations. These peak points essentially occur due
to the following reason explained. At the beginning of the fluid flow in the inlet channel,
the formation parabolic flow profile yields a relatively high contact area and diffusive
mixing starts developing on this surface. During the fluid flow, the diffusive mixing on the
parabolic front travels in the micromixer and leaves the micromixer in the end. Therefore,
the peak mixing efficiency, which is generated at the very early stage, is observed at the
exit of the mixing units. After the peak values of MI, the declining and rising trends show
the actual development of mixing efficiency in the micromixers.

At Re = 5, as constant fluid injection (f = 0 Hz) can only offer a MI value around 63%
(t = 280 ms) at E5 location, more than 85% MI (t = 120 ms) is obtained at the exit of the
second mixing unit (E2) by the use of sequential fluid injection in the CSFO geometry
(f = 25 Hz). For higher injection frequencies, f = 50 and 100 Hz, the degree of mixing rises
to 95% (t = 160 ms) and 98% (t = 180 ms) levels at the same location (E2), respectively.
Unlike the Re = 1 flow condition, the effect of injection frequency is more visible at Re = 5.
While f = 25 Hz case provides nearly 65% (t = 140 ms) mixing efficiency at the exit of the
first mixing box (E1), the MI values reach 81% (t = 120 ms) and 90% (t = 100 ms) levels
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in f = 50 and 100 Hz scenarios, respectively. In the highest flow scenario, Re = 10, while
nearly 53% MI (t = 140 ms) can be measured at the last exit location (E5) of the CSFO–A
micromixer, CSFO–C configuration provides more than 61% MI (t = 70 ms) at the exit of
the first mixing unit (E1) for the lowest injection frequency tested (f = 50 Hz). When the
injection frequency is set to f = 100 and 250 Hz, the MI value reaches 77% (t = 80 ms) and
88% (t = 100 ms) on the same exit location (E1), respectively. As the best-case scenarios at
Re = 5 (f = 25 Hz) and Re = 10 (f = 50 Hz), CSFO–C configuration develops approximately
85% (t = 120 ms) and 83% (t = 70 ms) mixing efficiencies in a distance less than 330 and
400 μm, respectively. When these mixing figures are compared with the outputs of the
CSFO–A configuration, mixing conditions are improved significantly in terms of efficiency,
distance, and time. Notably, such an improvement could be achieved by means of the extra
contact areas formed between consecutive fluid segments during the sequential injection.

6. Discussion

The CSFO micromixer and nested-type inlets developed in this study offer a novel
design approach to mix fluids at microscales. Unlike the conventional micromixer designs,
where the enhancement of interfacial area strongly depends on the effective manipulation
of fluid flow in microchannels, the CSFO geometry inherently develops a large contact
area without requiring a complex flow formation in the micromixer domain. Therefore,
better operating conditions are obtained. As can be seen from Figure A4d, the CSFO
design improves fluid mixing under reasonable pressure drop conditions. Even the highest
flow condition, Re = 10, yields a pressure drop value of less than 1.4 kPa, which is quite
acceptable compared to that of reported in the literature [57,58]. The pressure values in
Figure A4d can be decreased further when the number of mixing units are reduced in the
design. When the mixing performance of the CSFO micromixer is compared with other
studies in the literature, a substantial amount of mixing efficiency is achieved over a very
short distance as presented in Table 1.

Table 1. The comparison of the CSFO–A configuration with the micromixers reported in the literature in terms of mixing
performance in low flow conditions (Re < 10).

Micromixer Re Mixing Efficiency (%) Mixing Length (μm) Reference

Crossing Channels 0.1 88 6400 [57]
Multi-Inlet 0.1–0.29 90–80 5000 [26]
Serpentine 0.2 100 7500 [59]

Baffled 0.29 52 7200 [25]
T-Shaped (f = 20 Hz) 0.3 86.5 500 [27]
T-Shaped (split inlet) 0.5 42 2000 [18]

Vortex 0.5 50 1000 [21]
Rhombic 1 55 6000 [58]

Obstructed Channels 1 55 1180 [60]

CSFO–A (D1)
0.1 94 260

Present study0.5 94 400
1 91 470

It should also be noted that the use of nested-type inlets is not only limited to the
CSFO micromixer, but also can be used in any type of active or passive micromixer de-
signs. Concentric flows that are developed in nested-type inlets basically provide two
main advantages. First, when the fluids are injected concentrically, the deformation of
fluid bodies in the micromixer becomes relatively much easy compared to the conven-
tional fluid injections in separate channels. For instance, in split-and-recombination (SAR)
micromixers [43,61,62], several mixing units are required to increase the distribution of inlet
streams in sub-channels. When, however, fluids are injected concentrically, the distribution
ratio of different fluids in the sub-channels is increased, and hence the number of mixing
units required can be reduced. Second, the nested-type inlets inherently create a contact
area between the two fluids being injected. Thus, fluid mixing is initiated at the beginning
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of the inlet channel before fluids reach to the micromixer. The test simulations, which
we do not report here, showed that the use of concentric flows in circular or rectangular
channels improves diffusive mixing significantly when Re ≤ 0.1. Therefore, in extremely
slow flow conditions, only a straight or curved channel with a nested-type inlet can be
used as a micromixer.

The CSFO micromixer can also function without employing the nested-type inlets
when the fluid injection is sequential. In such a case, the entire inlet surface is used to feed
the micromixer with different fluids sequentially. However, in this condition, the interfacial
area on the horizontal plane is not formed and the overall contact surface is developed by
the wave pattern as described schematically in Figure A4d. Besides this function, the CSFO
geometry can be modified to be operated at much higher flow conditions by generating
chaotic advection in the micromixer. For this purpose, the disk elements can be redesigned
with alternative grooves or obstacles to create complex flow patterns in the mixing units.

In addition to the circular micromixer design, the fluid overlapping mixing approach
can also applied in rectangular or polygonal (e.g., pentagon, hexagon, etc.) geometries.
However, when a rectangular geometry is used, a non-uniform velocity distribution can
develop on the rectangular plane that divides mixing box volume equally. As displayed
in Figure 5 which shows the flow pathlines and the distribution of flow vectors in single-
mixing-box circular and square designs (Re = 10), the two geometries render varying flow
profiles. In contrast to smooth flow distribution in the circular design, the fluid flow is
dominated at the center of the horizontal directions in the square geometry, which creates
dead flow zones at the corner regions of the square box (see the dashed red lines). Although
that variation in the flow structure does not affect the development of the fluid overlapping
pattern in the mixing box, the diffusive interaction is diminished. That is due to the yield of
a relatively a smaller contact area and increased flow velocity in central directions, which
reduces contact time. Regarding the outcomes in Figure 5, the circular geometry appears to
be an optimal shape for the fluid overlapping mixing approach.

Figure 5. The distribution of flow vectors and flow pathlines in single–mixing–box circular (left) and
square (right) fluid overlapping design configurations (Re = 10). Black arrows show flow direction.

Consequently, considering the plain design structure and high mixing performance,
the CSFO passive micromixer can be integrated with microfluidic systems or used as a
stand-alone device to mix fluids at microscales.
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7. Conclusions

In this research, fluid overlapping mixing approach and nested-type inlets are in-
troduced for passive micromixers. A 3-D circular-shaped passive micromixer design is
developed to enhance fluid mixing particularly at low flow conditions that is Re < 10. The
mixing performance of the CSFO micromixer is examined numerically in various fluid
flow and molecular diffusion conditions. The effects of alternative design configurations
and injection strategies are tested. Numerical simulation results indicate that the CSFO
design creates a large contact surface between mixing fluids in both upper and lower
volumes of each mixing unit. In the case of constant fluid injection, the overlapping fluid
pattern develops an interfacial area throughout the disk elements on the horizontal plane.
However, when the fluids are injected sequentially, additional contact areas are formed
between consecutive fluids. While symmetrical and alternating fluid feeding types provide
almost identical results in the constant injection scenarios, the mixing effect of injection
frequency is increased with rising Re numbers in the sequential injection cases. In both
injection conditions, high mixing efficiency values could be achieved with a reasonable
pressure drop in the CSFO micromixer. The maximum pressure drop is found to be less
than 1.4 kPa at Re = 10. For the smallest diffusion coefficient and constant fluid injection,
more than 90% mixing efficiency is quantified in a distance of 260, 400, and 470 μm for
Re = 0.1, 0.5, and 1 flow scenarios, respectively. The mixing distances are reduced further
even in high flow conditions when fluids are injected sequentially. When the mixing
outcomes are compared with that of reported in the literature, the CSFO design offers a
high amount of fluid mixing over a very short distance. Therefore, the CSFO micromixer
can be employed in next generation microfluidic systems, where short mixing distances
will be required, to mix fluids at microscales.
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Appendix A

Figure A1. Nested-T (left two columns) and nested-cross (right two columns) inlet structures to create concentric fluid
flow in circular and rectangular microchannels. 3-D view (top), yz-plane (middle), and xy-plane (bottom).

Figure A2. Formation of concentric flows with symmetrical and alternating fluid injections over the nested-t and nested-
cross inlet structures. Circular and rectangular planes show the distribution of fluids in concentric flows. Red and blue
colors represent different fluids.
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Figure A3. CFD code validation results. Numerical simulation outcomes (present study) against experimental data of
two different T-shaped passive micromixers. Root mean square error (RMSE) is used to measure the fit of the numerical
simulation results to the experimental data.

Figure A4. Mesh study outcomes and the change of pressure drop in the CSFO micromixer: (a) difference, as a percentage,
between L1 and L2, L3, L4 mesh densities with respect to Δp and MI parameters; (b) velocity distribution on the diameter
of outlet cross-section obtained from L1, L2, L3, and L4 mesh level solutions; (c) development of mixing efficiency along the
CSFO micromixer in L1, L2, L3, and L4 mesh solutions. MI values are computed on E1, E2, E3, E4, and E5 cross-sections
which are normal to the z-direction; (d) Δp vs. Re number in the CSFO micromixer.
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Figure A5. 3-D flow domain and flow pathlines in the CSFO micromixer. Fluid overlapping flow profile (left and right)
and flow pathlines between inlet and outlet on the central plane of the CSFO design (center). Red and blue colors show the
fluids injected from core and outer inlets, respectively.

Figure A6. The development of fluid mixing along the CSFO–A micromixer configuration for all flow scenarios of D1

diffusion constant. Circular planes show the distribution of scalar concentration on the exit cross-section of mixing units (E1,
E2, E3, E4, and E5) and outlet of the CSFO micromixer. E1, E2, E3, E4, E5, and outlet planes are normal to the z-direction.
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Figure A7. The development of MI along the CSFO–A and CSFO–B micromixer configurations for all flow conditions (i.e.,
Re = 0.1, 0.5, 1, 5, and 10) and molecular diffusion constants (D1, D2, and D3). MI values are calculated on the E1, E2, E3, E4,
and E5 cross-sections which are normal to the z-direction.
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Figure A8. The development of fluid mixing with respect to time at the exit of mixing units in the CSFO–C micromixer
configuration when Re = 1, 5, and 10 and D = D1. f = 0 Hz plots (first row) show time-dependent solutions of CSFO–A
micromixer. MI values are calculated on the E1, E2, E3, E4, and E5 cross-sections which are normal to the z-direction.
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Abstract: In this work, a comparative investigation of chaotic flow behavior inside multi-layer cross-
ing channels was numerically carried out to select suitable micromixers. New micromixers were
proposed and compared with an efficient passive mixer called a Two-Layer Crossing Channel Mi-
cromixer (TLCCM), which was investigated recently. The computational evaluation was a concern to
the mixing enhancement and kinematic measurements, such as vorticity, deformation, stretching, and
folding rates for various low Reynolds number regimes. The 3D continuity, momentum, and species
transport equations were solved by a Fluent ANSYS CFD code. For various cases of fluid regimes
(0.1 to 25 values of Reynolds number), the new configuration displayed a mixing enhancement of
40%–60% relative to that obtained in the older TLCCM in terms of kinematic measurement, which
was studied recently. The results revealed that all proposed micromixers have a strong secondary
flow, which significantly enhances the fluid kinematic performances at low Reynolds numbers. The
visualization of mass fraction and path-lines presents that the TLCCM configuration is inefficient
at low Reynolds numbers, while the new designs exhibit rapid mixing with lower pressure losses.
Thus, it can be used to enhance the homogenization in several microfluidic systems.

Keywords: TLCCM configuration; mixing rate; kinematics; deformation; vorticity; stretching; folding

1. Introduction

Mass transfer induced by different fluid concentrations is generally applied in kine-
matic processes that involve the dynamic transport of chemical species within physical
technology. The mixing fluids process of micromixers occurs in multiple applications of
different mechanisms and industrial applications that have much utility in bioengineering
fields, biomedical treatments, and chemical reactions [1–3], etc.

The role of mass transfer is a subject of interest for many researchers who have
given solutions to enhance the kinematic behavior and fluid mixing performance while
reducing pressure drops. However, due to the small size of micromixers, it is difficult to
enhance the molecular distribution operation during fluid flow, while the improvement
in dynamics and kinematic behaviors is limited. The generation of secondary flows
through chaotic advection is a suitable technique to enhance mixing efficiency using
passive micromixers [4,5].
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To understand the behavior of mass fraction inside T-type micromixers, many re-
searchers have tried to analyze solutions within split and recombined micromixers [6]
or modified curved T-type mixers [4]. The impacts of various flow regimes on velocity
contours, initial sensitivity, mixing capacity, pressure drop, energy performances, and
entropy generation rates were investigated numerically and experimentally. Their results
showed that for low flow regimes, the molecular diffusion dominated for mixing fluid;
therefore, a high mixing performance occurred for all configurations. In addition, the
strong secondary flows in the proposed configuration enhanced the entropy generation.
In real-time, Huanhuan et al. [7] investigated fluid mixing via a serpentine micromixer
based on an elliptical groove design. The results indicated a significantly enhanced mixing
performance (90%). Numerical works were performed to characterize the dynamic flow of
Newtonian fluids for complex micromixers, such as zigzag, square-wave [8], and two-layer
crossing channel [9,10]. The authors argued that the best mixing rate was obtained for
a chaotic configuration with low cost. For low Reynolds numbers, Koudari et al. [11]
investigated the quality of mixing flow of Newtonian fluids within a two-layer micromixer,
which was proposed recently by Shakhawat et al. [12]. The authors modified the cross-
ing zone to reduce the number of units and enhance the mixing performance through
a parametric study. The authors also solved the species transport equations using CFD
software. Arshad and Kim [10] found that a convergent-divergent micromixer with a
T-junction described the most efficient coupling with pulsatile flow. The mass transfer
showed that the interfacial area rises and separates to produce discrete puffs of flows for
enhanced mixing efficiency. Chih et al. [13] proposed a new procedure to enhance fluid
mixing in T-shaped micromixers by adding vortex-inducing obstacles. They present the
particle-tracking flow with an estimation of diffusion prototypes to determine the mass
distribution within the micromixer. An experimental study was carried out to fabricate
the fused silica microfluidic mixer via employing low viscosity, by Dena et al. [14]. They
illustrated the utilization of a newly fabricated mixer to examine the folding of the Pin1
WW region at a low time range.

Recently, a new technique to create a strong vortex inside the fluid flow by using a direct
current (DC) electric field was investigated [15,16]. Newtonian fluid flow in T-channel [15]
and corrugated wall [16] configurations were suggested to improve the mixing process. They
found that the fluid homogenization rate enhances more than 200% by adding a direct current
(DC) electric field inside the configurations. To characterize mixing efficiency with secondary
flows, researchers use a different parameter focused on both fluid homogenization and fluid
kinematic behavior for active [17] and passive mixers [18–20] called Local Physical Process
(LPP) or kinematic measurements. They analyzed the behavior of the fluid in motion
by calculating elongation, vorticity, helicity, stretching, and folding rates for different
flow regimes.

In this work, novel multi-layer micromixers have been proposed to offer excellent
kinematic performances and mixing enhancement with low-pressure drops, compared
with a recent two-layer micromixer created by Kouadri et al. [11]. Kinematic measurements
of new chaotic micromixers at low Reynolds numbers are investigated in detail.

2. Geometries Description and Boundary Conditions

New chaotic multi-layer micromixers alongside the relevant boundary conditions are
proposed, namely, Two-Layer Crossing Modified geometry (TLC-M1, TLC-M2, TLC-M3,
and TLC-M4) compared with the Two-Layer Crossing Channel Micromixer (TLCCM),
which was used recently by Kouadri et al. [11] and Shakhawat et al. [12], in terms of
kinematic behavior and mixing process. This micromixer is formed of two twisted channels
of the same dimensions; the upper and lower channels are arranged with a periodic
chamber. The serial mixing parts occur in reconstructed models of various grooves. Each
mixer is created with an unfolded length equal to 7.5 mm, the same width and depth of
1.5 mm, and a hydraulic diameter of 1.5 mm. Figure 1 displays a 3D view design of the
proposed micromixers. Two water liquids are imposed at the inlet sections with different
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colors and uniform velocity. The outsides are supposed to be adiabatic, and other flow
boundaries include no-slip. The pressure outlet condition is considered at the outflow
section.

Figure 1. Schematic representation of the micromixers with geometric parameters.

3. Governing Equations and Numerical Methodology

Continuity, momentum, and species transport equations of incompressible steady
flows are presented by the following equations:

• Continuity equation:

∇ ⇀
V = 0 (1)

• Momentum equation: (
⇀
V∇

)
⇀
V = − 1

ρ
∇ P + ν∇2

⇀
V (2)

where P, V, and ρ represent the static pressure, velocity, and density of the fluid,
respectively. For Newtonian fluid flow, the species transport equation is expressed
as follows:

⇀
V∇ = D∇2Ci (3)

Uniform velocities were imposed at the inlets with a no-slip boundary condition
applied on the other parts of the walls, and zero static pressure at the outlet section.
Additionally, in one of the fluid entries, the mass fraction equals 1, and the other equals zero.

All governing equations in the proposed micromixers were solved in a laminar regime
by using ANSYS FluentTM 16 (Ansys, Canonsburg, PL, USA) CFD software [21], which
is essentially based on the finite volumes method. The SIMPLEC scheme was chosen for
velocity coupling and pressure. A second-order upwind scheme was selected to solve the
concentration and momentum equations. The computations were ensured and simulated
to be converged at 10−7 of root mean square (RMS) residual values. Pure water liquids were
used as a working fluid, with a fluid density of 1000 kg/m3 and the diffusion coefficient
equal to 1 × 10−11 m2/s.
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The Reynolds number is defined as follows:

Re =
ρvDh

μ
(4)

4. Mixing Rate

The mixing rate (Mr) of two fluids, given in the following equation, is an efficient
parameter for quantifying scalar mixing:

Mr = 1 −
√

1
N ∑N

i=1
(
Ci − C

)2

σ0
(5)

where N is the number of nodes on one section, Ci is the mass fraction at the sampling
point i, and C is the most favorable of the mass fraction of Ci. σ0 is the standard deviation
at the inlet flow section. The values of Mr range from zero for the no mixture case, to 1 for
optimum mixing.

5. Kinematic Behavior Process of the Chaotic Flows

The velocity field is strongly dependent on the components of the velocity gradient
(∂Ui)/(∂xj). Therefore, these components contribute to the kinematic flow of the fluid, such
as vortex velocity, strain rate, rotation speed, and vortex stretch and compression [18]. It
should be noted that these characteristics are almost negligible for a very slow regime
(Re < 1), as the fluid flow is laminar and settling.

5.1. Stretching and Folding Process

The transport equation of the vorticity is written and mathematically articulated
as [19,20]:

∂
→
Ω/∂t +

→
V.∇

→
Ω =

→
Ω.∇→

V + νΔ
→
Ω (6)

The expression
→
Ω.∇→

V provokes the development of vortex formations of different
measurements by creating the compression and stretching vortex; see Figure 2. These
phenomena work simultaneously on the dimensions of the vortex. At a given moment,
the stretching operation develops the length of the vortex and reduces its cross-section,
while the folding operation decreases the length of the vortex and augments its cross-
section. These phenomena are generated as a result of the conservation of mass and
kinematic moment.

Figure 2. The stretching and compression processes.

Stretching leads to the divergence of neighboring points; bending leads to the mixing
of distant points. These operations damage the energetic boundary layers and limit their
recovery. As the boundary layer is a barrier upon parietal heat transfer, its destruction
considerably improves heat and mass transfer, especially on multi-layer micromixers [18].
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These processes enhance the contact surface between the fluids to be mixed, even in the
presence of the interfacial barrier as a surface tension [17,18]. To define these behaviors,
the coefficients of stretching and folding of the vortex α were investigated:

A =

→
Ω.D.

→
Ω

Ω2 (7)

where
→
Ω and D are the vorticity vector and the deformation tensor, respectively. Where

A > 0, the vortex stretching predominates on vortex folding [19]. A− provides the division
mean of the negative values of the compression parameter. A+ denotes the division average
of the positive values of the stretching parameter.

5.2. Deformation and Vorticity Intensity

The vorticity process achieves good macroscopic homogenization, while the deforma-
tion process achieves good mixing quality. For this purpose, chaotic micromixers can be a
possible solution to increase both deformation and vorticity rates. These parameters are
given in the following [18,19]:

D =

[
2
(

∂u
∂x

)2
+ 2

(
∂v
∂y

)2
+ 2

(
∂w
∂z

)2
+

(
∂u
∂y

+
∂v
∂x

)2
+

(
∂u
∂z

+
∂w
∂x

)2
+

(
∂v
∂z

+
∂w
∂y

)2
] 1

2

(8)

Dmean =
1 ∫

Sd (9)

Ω =
1
2

[(
∂w
∂y

− ∂v
∂z

)2
+

(
∂u
∂z

− ∂w
∂x

)2
+

(
∂v
∂x

− ∂u
∂y

)2
] 1

2

(10)

Ωmean =
1 ∫

Ωd (11)

where ℧ presents the total fluid volume of the micromixer.

6. Numerical Validation

A numerical steady state of mixing flows of water fluid inside multi-layer micromixers
was solved to validate the CFD accuracy with those received by Jibo et al. [22]. The results
show the mixing rates as a function of various Reynolds numbers at the outlet section;
see Figure 3. The computational comparison revealed satisfactory agreements among the
results of Jibo et al. [22], where the relative error with the numerical results is less than 1%.

Figure 3. Comparison of current computational results for mixing rates at the outlet flow section
with results of Jibo et al. [22] for different Reynolds numbers.
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7. Results and Discussion

Behaviors of kinematic mixing flows for water fluid were investigated in detail for four
new micromixers: TL-CM 1, TL-CM 2, TL-CM 3, and TL-CM 4, which were compared with
the reference TLCCM configuration used by Kouadri et al. [11]. Local Physical Processes,
such as deformation, vorticity, rotation rate, stretching and folding rates, were investigated
as a function of a low Reynolds number ranging between 0.1 and 25.

The flow visualization of the mass fraction between black and yellow water fluids is
presented in Figure 4 for all proposed configurations. Different regimes (Re = 5, 15, and
25) were implemented within the fluid pattern to understand the development of visual
mixing inside the new configuration and compared to the reference geometry. We remark
that the mixing augmented with the Reynolds number for all micromixers, and there was
no completely black region in the second units for all new micromixers compared to the
TLCCM configuration, as can be seen in the red circle. Therefore, the new micromixers
have a quicker mixing performance than TLCCM.

Figure 4. Qualitative representation of mass fraction contours for different Reynolds numbers at the horizontal middle
section of each micromixer.

Figure 5 shows the evaluation of the mixing efficiency of the micromixers for vari-
ous Reynolds numbers. As the flow homogenization was performed only by molecular
diffusion for a very low Reynolds number (Re ≤ 5), the modified configurations were
not effective in improving the mixing. When the Reynolds number increased, the fluid
homogenization was more effective, and the mixing intensity developed quickly, so the
most select mixing state was reached for TL-CM1, TL-CM2, TL-CM3, and TL-CM4 config-
urations. For the resulting plot, we found that there is scarcely a difference between the
mixing rates obtained for various regimes.
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Figure 5. Development of mixing performance for different Reynolds numbers with various micromixers.

Moreover, it was observed that TL-CM4 showed a 30% enhancement of the mixing
rate at the outflow with 48% lower pressure losses, as compared to the TLCCM [11]
configuration at Re = 10, as shown in Figures 5 and 6. The simulation demonstrated that
the TL-CM4 had the greatest rates of mixing compared to the other micromixers, due to
the chaotic advection impact, which confirms the fluid homogenization.

Figure 6. Pressure drops as a function of Reynolds number for different micromixers.

Figure 6 presents the evolutions of the pressure losses for different geometries with a
low Reynolds number ranging from 0.1 to 25. The pressure tended towards asymptotic
values for the new micromixer configurations. A large number of geometrical perturbations
in TLLCM restricted the establishment of the boundary layer. This phenomenon increased
the pressure losses, especially at TLCCM.

Figure 7 shows the secondary flow vectors of fluid particles at the middle regions
(Re = 10) for all proposed geometries. The new configurations made a recirculation zone
recorded by the sudden change in direction, due to the particular geometrical feature of the
chaotic micromixer. Consequently, the main path of the vectors was distorted within 90◦.
Meanwhile, the vectors were observed to pass over each other, causing the fluid flow to be
homogenized in the tangential direction; furthermore, significant secondary flows were
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created, which can contribute an extra advantage to kinematic performance and mixing
fluids.

 

x 

y 

Figure 7. Qualitative representation of velocity vector plots and velocity contours on x-y planes of
the middle third chamber with a distance of 3.25 mm from the inlet flow.

The effect of Reynolds numbers on the vortex intensity of the fluid within five cases of
mixers is presented in Figure 8. As the Reynolds number augmented, for all micromixers,
it was obvious that the flows were strong, which led to high kinematic energy. Therefore,
the vorticity and secondary flow developed quickly with the Reynolds number. For a given
value of Re, the dynamic flow is, likewise, powerful for the agitation of a chaotic flow
within TL-CM2.

Figure 8. Evaluation of vortex intensity for various Reynolds numbers with different micromixers.

Equation (8) estimated the deformation intensity and the impact of the Reynolds num-
ber for different micromixers; see Figure 9. Due to the chaotic advection, the transversal
movements of the particle fluid augmented, and the axial dispersion reduced the subse-
quently improved fluid homogenization. It was noted that the deformation rate increased
with the growth of the Reynolds number. However, the permanence of the great chaotic
flows in the novel shapes was compared to those revealed in the state of TLCCM. For low
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regimes, the evolutions were very close to each other. Consequently, the deformation rate
had a lower effect on the secondary flow, and the flow passed easily within the micromixers,
and thus, a vortex was not formed.

Figure 9. Evaluation of deformation intensity for various Reynolds numbers with different micromixers.

Figure 10presents the developments of a compression parameter (A−) and a vortex
stretching coefficient (A+) as a function of the Reynolds number for the proposed mi-
cromixers. The configurations of low Re had qualitatively the same behavior in terms of
stretching and folding intensity, due to the fluid being more viscous and the secondary
flows not yet being active. When the Reynolds number exceeded the value of 10, the
difference enhancement was obvious for both the stretching and folding processes; as it
can be seen that, when the Reynolds number increased, the intensities of the compression
and stretching became larger inside the TL-CM3 and TL-CM4 geometries, respectively,
compared to the others, and the fluid flow became more sheared and agitated. Moreover,
the flow in TLCCM displayed low rates of stretching compared to the other micromixers.

 
(a) (b) 

Figure 10. Evaluation of (a) stretching and (b) folding intensity for various Reynolds numbers with different micromixers.

To understand the structure of the fluid flow within the micromixers, a numerical
visualization of streamlines with mass fraction is presented in Figure 11. Each configuration
has an important role to enhance homogenization with improved kinematic behavior. As
can be seen in Figure 11, TLCCM had a single strong vortex region inside each unit which
developed the mixing rate of the geometry inwardly.
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Figure 11. Streamlines of the mass fraction at Re = 10.

However, it had a high pressure loss near the outlet part. In TL-CM2, TL-CM3,
and TL-CM4 configurations, the mixing was more dynamic and chaotic because of the
kinematic behavior and the existence of the intense recirculation zones in the flow, which
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strongly affected the hydrodynamic mixing. In addition, it was seen that the nature of the
trajectories inside the selected new micromixers created a reversed flow pattern, which can
enhance the kinematic characteristics and ensure high-quality mixing.

8. Conclusions

We examined the effective kinematic performances and homogenization fluid quality
for low Reynolds numbers with four different multi-layer micromixers based on the chaotic
mixing behavior. According to this work, the following remarks can be given:

• The kinematic behavior was influenced by the Reynolds number for all proposed
micromixers.

• The new design contributes an enhancement advantage to kinematic measurements,
especially for the folding and stretching processes.

• Strong secondary flows were created inside the new micromixer (TL-CM 3), which
enhanced the mixing quality compared to the other geometries.

• As the Reynolds number increased, the flow visualization revealed that the vortex
created in each micromixer has more vigorous intensity.

• TLCCM exhibited low vortex intensity of stretching and folding compared to the
preferable micromixers.

• TLLCM has many geometrical perturbations and chaotic flow that increase the pres-
sure losses within fluid flow.

• Higher rates of Reynolds number have more effects that increase both deformation
and vorticity rates.

• As a consequence, for low Reynolds numbers, mixing and kinematic performances for
the TL-CM 3 configuration are more important compared to the other configurations.

• The proposed micromixers might be integrated with micrototal analysis systems and
LOC systems to facilitate the study of reaction kinetics, enhanced reaction selectivity,
and dilution of the fluid sample.
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Abstract: Optimum configuration of a micromixer with two-layer crossing microstructure was
performed using mixing analysis, surrogate modeling, along with an optimization algorithm. Mixing
performance was used to determine the optimum designs at Reynolds number 40. A surrogate
modeling method based on a radial basis neural network (RBNN) was used to approximate the value
of the objective function. The optimization study was carried out with three design variables; viz.,
the ratio of the main channel thickness to the pitch length (H/PI), the ratio of the thickness of the
diagonal channel to the pitch length (W/PI), and the ratio of the depth of the channel to the pitch
length (d/PI). Through a primary parametric study, the design space was constrained. The design
points surrounded by the design constraints were chosen using a well-known technique called Latin
hypercube sampling (LHS). The optimal design confirmed a 32.0% enhancement of the mixing index
as compared to the reference design.

Keywords: Navier–Stokes equations; mixing index; passive micromixers; optimization; RBNN

1. Introduction

The recent advancements in miniaturized research in biochemistry and biomedicine
demand development in the area of microfluidic systems. Micromixers are one of the funda-
mental components of micro total analysis systems (μ-TAS) and microfluidic systems [1,2].
A microchannel has geometrical dimensions typically in the order of a few microns. The
flow inside such a microchannel is characterized by a small value of Reynolds numbers
(Re), where the inertia forces of a fluid are much lower than the viscous forces. Micromixing
is largely controlled by molecular diffusion, particularly at low Reynolds numbers. Most
importantly, the fluid flow within the micro devices is a ubiquity of laminar.Apart from the
various advantages of micro devices, such as the high surface-to-volume ratio, portability,
and decreased analysis time, there are also challenges to achieving high mixing efficiency,
as development of molecular diffusion is extremely sluggish [3].

On the basis of their working principles, micromixers have been classified into passive
micromixers and active micromixers. Mixing performance is increased by employing
external energy sources within an active micromixer. There are various methods available
for flow manipulation to enhance mixing, such as pressure, acoustic, thermal, magnetic,

Micromachines 2021, 12, 211. https://doi.org/10.3390/mi12020211 https://www.mdpi.com/journal/micromachines

59



Micromachines 2021, 12, 211

electrokinetic, etc. In an active micromixer, higher mixing efficiency can be achieved in a
very short mixing length. However, these micromixers require complex manufacturing
methods, and their integration into a microfluidic system is also difficult. In a passive
micromixer, the mixing is simply increased with the help of a modification in the geometri-
cal structure of the microchannel. Recently, passive micromixers have been the superior
preference for researchers over active micromixers because of their easier fabrication and
their incorporation technique into microfluidic systems [4–7].

Commercial software using computational fluid dynamics (CFD) is one of the most
consistent and popular tools for fluid flow structural analyses, as well as for evaluating
the performance of microfluidic devices [8–11]. In recent times, to achieve efficient mixing,
numerous micro devices have been proposed by researchers. In a laminar flow regime,
the fluid flow is based on a chaotic mechanism that is stimulated by the cyclic disturbance
of the flow, which can evidently progress the mixing performance [12,13]. The three-
dimensional serpentine microchannel [14] was designed and fabricated to generate chaotic
advection using the recurring behavior of stretching and folding phenomena of the fluid
flow streams. However, the proposed micromixer can work well and produce chaotic
advection with a reasonably higher Reynolds number (>25). A micromixer incorporated
with oblique grooves at the bottom, proposed by Stroock et al. [15], could create three-
dimensional twisting flows. The authors observed chaotic advection in the microchannel
with herringbone grooves because of the sporadic velocity fields of the fluid streams.
Chaotic microchannels with rectangular obstacles on the slanted grooves designed by
Kim et al. [16], because of the regular disturbance of the flow streams over the slanted
grooves, created a chaotic mixing mechanism and enhanced the performance of the device.
Chaotic fluid flow mechanisms were observed by Wang and Yang [17] using an overlapping
crisscross microchannel; the device could generate chaotic advections by enhancing and
shrinking the streams of miscible fluid. A two-layer crossing microchannel (TLCCM)
based on chaotic mixing behavior has been reported [18]; the study demonstrated that the
micromixer showed high performance at Reynolds number (Re < 0.2).

For performance development of the available micromixers, the design optimization
technique using the CFD tool has progressively and increasingly become the method
preferred by researchers. Structural optimization of a micromixer with a slanted groove
microchannel was performed [11]; using electroosmotic flow, the study demonstrated that
the performance of the devices was remarkably improved and that performance depended
on the depth and angle of the pattern grooves. For augmentation of the performance of a
herringbone-grooves microchannel, a detailed optimization study based on the radial basis
neural network (RBNN) technique was used by Ansari and Kim [19] using three different
parameters. Lynn and Dandy [20] performed structural optimization of a micromixer using
four different parameters; the performance of the micromixer was improved surprisingly
by the investigated parameters. Hosasin et al. [21] optimized a modified Tesla structure
using a weighted-average (WTA) surrogate model with two different objective functions
to originate a single-objective optimization problem. A micromixer with a herringbone
grooves device was optimized [22,23] using two functions: pressure losses and mixing
performance. A micromixer with sigma structure [24] and convergent-divergent sinusoidal
walls [25] was optimized using a multi-objective optimization technique. Objective function
values were correlated using the concave shape of a Pareto-optimal font. Performance
of the asymmetrical shape with a split-and-recombined [26] microchannel was improved
through an optimization technique at Re = 20. The authors performed both single-objective
and multi-objective optimizations using particle swarm and genetic algorithm optimization
methods. The study concluded that improvement of the mixing effectiveness (by 58.9%)
was achieved with the reference design using the single-objective optimization technique.
The multi-objective optimization showed a 48.5% improvement of the mixing index and a
55% decrease of the pressure drop with the reference device.

Through a literature survey, we have established that a numerical optimization pro-
cess using three-dimensional CFD has been a constructive tool for improvement of existing
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micromixers. This study performed single-objective optimizations for the further en-
hancement of micromixer performance in terms of mixing index, as proposed by Ahmed
et al. [27]. The optimization study was carried out with three dimensionless design vari-
ables at Re = 40. The design points surrounded by the design constraints were chosen
using the well-known Latin hypercube sampling (LHS) technique. The surrogate modeling
method based on the RBNN was applied to approximate the objective function.

2. Design of the Proposed Microchannel

In our previous study [27], to inspect the mixing performance a micromixer including a
two-layer (top layer and bottom layer) microchannel was proposed. The two inlet channels
were joined with the main crossing channel at an angle of 90◦, as shown in Figure 1a. The
fluids were interrelated all the way through the vertical segments and at the center of every
crossing segment. A consecutive structure of ten mixing units split and reconnected the
fluid streams in a cyclic approach. The geometric dimensions of the projected micromixer
were as follows: diagonal channel width (W), pitch length (PI), thickness of the main
channel (H), depth of the single channel (d), vertical segment (b), and number of mixing
units were 0.15 mm, 0.64 mm, 1.07 mm, 0.15 mm, 0.3 mm, 0.15 mm, and 10, respectively.
The dimensions of the inlet channel were 0.15 × 0.3 mm, and the outlet channel was
0.3 × 0.3 mm.

Figure 1. Two-layer crossing micromixer [27]. (a) Two-dimensional design of the top layer and
bottom layer, respectively. (b) Proposed micromixer with three-dimensional image; both channels
are interrelated at the center of the crossing-unit and the vertical sections.

3. Numerical Scheme

The present section formulates the numerical model used in this study for the pro-
posed design of the microchannel. As discussed, the flow inside micro devices is character-
ized by the omnipresence of laminar flow; therefore, the flow was considered as laminar. In
this study, numerical simulations were performed by assuming flow as laminar, steady, and
incompressible. The detailed analysis of the mixing between the fluids was investigated
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by solving, continuity, mass diffusion, and three-dimensional Navier–Stokes equations.
Under the considered assumptions, the equations are mathematically articulated as:

→
∇ · →

V = 0 (1)(→
V ·

→
∇
) →

V = ν∇2
→
V +

1
ρ
∇ p (2)

(→
V ·

→
∇
)

c = D ∇2c (3)

where, V represents the velocity, ν represents the kinematic viscosity, p represents the
pressure, ρ represents the density, D represents the diffusivity constant, and the mass
fraction of species of the mixing fluids is denoted by c, respectively. The fluid flow inside
the micromixer was defined as single-phase multi-component fluid flow. Therefore, apart
from the transport equations, one other equation must be taken into account that depicts
the effect of the variation [28] of the fluid properties along the flow:
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where, ρi represents the fluid density at sample point i within the mixture,
→
V j represents

average velocity field,
→
V ij represents the average velocity of ith component within the

mixture, and Si represents the source term. For the entire domain, Si must be equal to zero;
therefore, when the above equation is applied and the results are summed for each of the
components of the mixture, then the reduces to the following form:

∂

(
ρi

→
V j

)
∂xj

= 0 (5)

where the equation is equivalent to the mass continuity equation of the fluid flow. Therefore,
single velocity can be used for the computational analysis. In this study, water and the
combination of dye–water was inserted through inlet 1 and inlet 2. It was assumed that
temperature was constant at 20 °C. The dynamic viscosity (μ) and density (ρ) of the water
were considered 8.84 × 10−4 kg/m s and 997 kg/m3, respectively [29]. The diffusion
coefficient for the dye–water mixture was constant throughout the numerical simulations
at 1 × 10−11 m2/s [18]. The numerical solution was executed by ANSYS CFX 15.0 [28] for
principal equations. A high-density hexahedral mesh was created within the computational
domain using ANSYS-ICEM CFD 15.0. The mesh density at the junction of the mixing
units was kept high. The advection term was discretized using the high-resolution of
the second-order approximation. The aspect ratio of cells was kept near to unity so that
the numerical diffusion error was minimized and highly precise numerical results were
obtained [30]. Additionally, for discretization of the convective parts, a high-resolution
method [28] was used in the principal equations. Moreover, for pressure velocity pairing,
the SIMPLEC algorithm [31] was used.

For numerical simulations, diverse boundary conditions were applied at the outlet,
inlets, and side walls. Normal inlet velocity was calculated on the basis of the properties of
water and specified as the inlet boundary condition at both inlets. Atmospheric pressure
(zero) was applied at the outlet section, and the frictionless wall was specified. The
convergence criteria of numerical solution were taken in terms of the root mean square
value (10−6) at each node of the computational domain.
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4. Evaluation Parameter for the Performance of Micromixer

On the basis of variance of the dye mass fraction across a cross-sectional plane, the
mixing efficiency was determined. The plane was taken at the end of the last mixing unit,
and the mass fraction variation was calculated using following formula:

σ =

√
1
N
(ci − c m)2 (6)

where, σ represents the standard variation across the sample plane, dye mass fraction
at the ith sample point is denoted by ci, cm represents the mass fraction (mean) on the
cross-sectional plane, and the number of sample points is denoted by N. Subsequently, the
following mathematical expression was used to calculate the mixing index:

M = 1 −
√

σ2

σ2
max

(7)

where, σ2 is the variation of the dye mass fraction, and the maximum variance value on
the sample plane is denoted by the σ2

max. Variance in the mass fraction is inversely related
to the mixing index across the sample plane. For the best performance of a micromixer, the
numerical value of the mixing index should be 1.0, which corresponds to the minimum
variance of dye mass fraction.

5. Selection of Design Constraints and Objective Functions

The primary and very fundamental process during the optimization process is to select
the appropriate design constraints that influence the objective function values. A detailed
parametric investigation was carried out to select the sensitive parameters for structural
optimization. Three dimensionless geometric parameters: the ratio of the main channel
thickness to the pitch length (H/PI), the ratio of the thickness of the diagonal channel to
the pitch length (W/PI), and the ratio of the depth of the channel to the pitch length (d/PI)
were chosen to optimize the proposed micromixer. The design ranges of the parameters
were restricted based on a preliminary study, shown in Table 1. For numerical analysis, the
LHS method was applied to finalize the (twenty-eight) design points. A commonly used
mixing index (FMI) of the micromixer was considered for objective function values.

Table 1. Design parameters with their limits.

Design Variables
Ratio of The Main Channel

Thickness to the Pitch Length
(H/Pi)

Ratio of The Thickness of The
Diagonal Channel to the Pitch

Length (W/Pi)

Ratio of The Depth of The
Channel to the Pitch Length

(D/Pi)

Lower Limit 1.26 0.28 0.16
Upper Limit 1.89 0.57 0.31

Reference Design 1.67 0.47 0.24

6. Methodology of the Single-Objective Optimization

Figure 2 demonstrates the optimization procedure on the basis of surrogate mod-
eling. Single-objective optimization was applied for the structural optimization. The
optimization study, formulated as the maximization of the objective function value, can be
mathematically articulated as:

Min. F(x) subjected to xl ≤ x ≤ xu

where, xu and xl represent the upper and lower limits of the design variable x, respectively.
In this study, the optimization procedure maintained the following steps; initially effective
design parameters and proper design constraints were determined through the preliminary
study to enhance the performance of the micromixer.
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Figure 2. Flow process for single-objective optimization method. LHS = Latin hypercube sampling; CFD = computational
fluid dynamics; RBNN = radial basis neural network.

To formulate the surrogate model, design of experiments (DOE) was applied to
select the uniformly distributed design points within the design constraint. Two types
of DOE methods are found in the literature: random design and orthogonal design. In
the orthogonal design technique, model parameters are self-determining and represent
that the factors are not related (experimentally) and can be varied separately. There are
some limitations of orthogonal designs. Firstly, they are quite unconvincing when it comes
to determining the important factor. As the fundamental function is determined, the
probability of reproducing the design points is high, generally termed as the collapse
problem [32]. Therefore, the method is inefficient in terms of the computational time period.
To conquer the problem, a random design was applied to confirm the design points for the
structural optimization. In a random design, design parameter values are determined on
the basis of a random process [33]. As a result, there is no chance of reproducibility of the
design points. Thus, each point provides unique information about the effect of another
factor on the response. Accordingly, the method is very efficient in terms of computational
time period [33].

In the present work, a random design based on LHS [34] was chosen to formulate the
surrogate models with which to estimate the values of the objective function. Generally, the
LHS method uses an m × n matrix, where sampling points are denoted by m and design
parameters are denoted by n, respectively. In an LHS matrix, every n column contains the
levels 1, 2, 3 tom, arbitrarily grouped to structure a Latin hypercube. Thus, the technique
generates random sampling within the data range, which confirms every segment of the
design constraint. To determine the optimum points within the design constraint a (GA)
genetic algorithm [35] was considered for the search algorithm. For design points, the
well-known MATLAB function (i.e., lhsdesign) was used. To exaggerate the minimum
distance among neighboring design points, maxmin was used [36]. The values of objective
functions at selected design points (twenty-eight) were calculated numerically.

Next, a surrogate was formulated depending on the (twenty-eight) objective function
values. To determine the optimal points within the design constraint, the algorithms
needed a large number of estimations of objective function. Therefore, for the sake of
computational time saving, it was obligatory to formulate a surrogate model on the basis
of distinct numerical analysis within the design constraints. In this study, to estimate the
objective function values, the RBNN technique was used [37].

The RBNN is an artificial neural network (ANN) that considers the radial basis
functions (RBF) as activation functions, constructed by three layers (i.e., hidden layer,
input layer, and output layer), which contain linear or nonlinear neurons. Each activation
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function depends on the distance from the center vector to the input layer; thus, the
function becomes symmetric along the center vector [38]. The hidden layer contains a set of
functions of radial basis, which perform the same as activation functions [38]. The response
differs within the distance between the center and the input. Furthermore, variation of
coordinates was used to determine the distance between the center and the input. The
radial basis model is able to reduce computational time as well as cost using its linear
nature of the functions. Using the number of N basis functions of the model (linear), f (x) is
mathematically expressed as:

f (x) =
N

∑
j=1

wjyj (8)

where weight is represented by wj,and yj is the basis function. Various techniques can be
applied to select the functions. The function can be classified as nonlinear or linear. For
the linear model, the parameters, including the basis function, are stable throughout the
iteration progression. On the other hand, if the basis function differs through the iteration,
it calls for a nonlinear model. The iteration procedure, corresponding to a search for the
best plane within the multidimensional space, offers a suitable match to the learning data.
The parameters of the surrogate model are termed as a user-defined error goal (EG) and the
spread constant (SC) [38]. The finding of an appropriate value of EG and SC is very crucial.
A large value of the EG will affect the precision of the model, whereas a small value of the
EG will construct a model larger than the training experience of the network. Furthermore,
estimation of the proper values of the SC is very crucial; if the SC value is large, the neuron
may not react identically at each input; whereas for a small value of SC, the network would
be highly sensitive. The appropriate EG value is resolute from the acceptable error of the
mean input responses. The proposed modified RBNN function, called “newrb”, accessible
in MATLAB, was used in this study [39].

7. Results and Discussions

In any computational study to ensure a high-quality grid system, it is a predominant
criterion to diminish the numerical inaccuracies generated during the discretization process.
In this study a tetrahedral grid was built for the computational domain. To establish an
optimum number of nodes as well as mesh size, an investigation of grid-dependency
was executed. A grid system containing a number of nodes (five) starting from 0.5 × 106

to 1.9 × 106 were tested for mixing index evaluation down to the microchannel length
at Reynolds numbers (Re = 40), as shown in Figure 3. To evaluate the mixing indices,
perpendicular planes at six different positions along the axial direction were considered
(Figure 3a). An almost identical development of the mixing performance is depicted
for nodes 1.6 × 106 and 1.6 × 106, Re = 40. Additionally, tiny variation was found in
the mixing development (0.27%) at the exit of the micromixer between the two grid
systems, represented by the mesh element sizes 3.5 μm and 3.0 μm, respectively (Figure 3b).
Therefore, from the tested results, the grid system representing nodes 1.6 × 106 (i.e., mesh
element size 3.5 μm) was considered to be the most favorable grid system.

The numerical model was validated qualitatively and quantitatively with experi-
mental findings [27], as demonstrated in Figure 4. The induced uncertainties during the
experimental process were wall unevenness and dimensional variation (±5 μm) in fabrica-
tion. The phenomena play a vital role in the variations of mixing performance (Figure 4b).
The numerical scheme was validated quantitatively and qualitatively with experimental
results, shown in Figure 4a. The visual photograph of the dye mass fraction distribution
of fluid mixing was confirmed with the numerical result on the x–y plane situated at the
center of the top and bottom channel depth (Figure 4a). The following graph (4b) repre-
sents mixing indices at Re = 1, 15, 40, and 60, which were quantitatively evaluates with
experimental data [27]. Numerical prediction values of the mixing indices were marginally
varied with experimental data throughout the Reynolds number range. The variation be-
tween the experimental and numerical results occurred due to the microchannel fabrication
procedure, including dimension variations (±5 μm), wall roughness, and experimental
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uncertainties such as focusing and evaluating the experimental images. Nevertheless, the
quantitative and qualitative evaluation between the experimental and numerical results
demonstrates satisfactory agreement.

Figure 3. Grid dependency examination for reference design. (a) Mixing index with the channel length. (b) Mixing index at
(x/H = 8.0) exit.

Figure 4. Confirmation of proposed model (numerical) evaluated by experimental findings [27]: (a) qualitative evaluation
(Re = 60) and (b) quantitative evaluation at Re = 1, 15, 40, and 60.

Consequences of the Reynolds numbers on mixing performance were examined both
quantitatively and qualitatively through a numerical procedure. To demonstrate the mixing
developments, the mass fraction variations were captured on six cross-sectional planes
(A1–A6) at the crossing nodes, shown in Figure 5a. At Re = 1.0 (Figure 5b), the interfacial
area of the miscible sample is practically visible, has relatively fewer distortions, and is
straight at each cross-sectional plane. Figure 5b shows two symmetric (at top and bottom)
transverse fluid flow patterns. The figure demonstrates that the interfacial surface of the
fluid becomes progressively wider as the flow proceeds and also with the Reynold numbers.
The developments of mixing indices (Figure 5b) to the down way of the micromixer at four
various Reynolds numbers (Re = 1, 20, 40, and 60) is presented. Six cross-sectional planes
were selected for the estimation of the mixing index at the middle of the crossing structures.
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Figure 5b shows that increasing phenomena of mixing performance significantly vary with
the Reynolds numbers.

 

Figure 5. Mixing index development for reference design micromixer at different Reynolds numbers
(Re = 1.0, 20, 40, and 60). (a) Improvement of mixing index along the microchannel. (b) Captured
images of mass fraction distributions (dye) on cross-sectional planes.
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Figure 6 illustrates the 3D streamlines of fluids, indicated with two different colors,
originated from both inlets at Re = 1.0, 20, 40, and 60, which are plotted to scrutinize the
fluid flow structure that enhances the mixing performance. Initially, the fluids start mixing
at the middle of the first vertical section and enter to the main channel. Due to the 3D
channel structure, the streams of fluid maintain their flow path after impact (Figure 1b).
Thereafter, the fluid streams recombine at the first crossing node (A1 section). A fraction
of swapping of streamlines happens at the crossing nodes, which produces an enlarging
and shrinking of the fluids interface, and thus promotes chaotic advection. Therefore, the
streams of fluids are gradually divided into many layers during a progression of ten mixing
segments. The flow mechanism enlarges the interfacial section of fluids and diminishes
the length of diffusion across the fluids’ layers, and thus assists quicker diffusion and fast
mixing. These phenomena increase with the Reynolds numbers, and thus enhance the
mixing performance.

Figure 6. Streamlines originated from different inlets in the reference design micromixer for Re = 1.0,
20, 40, and 60.

Outcome of the structural design parameters (i.e., H/PI, W/PI, and d/PI) on the
behavior of the mixing performance at Re = 1.0 and Re = 40 was performed as shown in
Figure 7; three dimensionless parameters (i.e., H/PI, W/PI, and d/PI) listed in Table 1
were considered for numerical investigations. A number of mixing segments (ten) were
kept constant; thus, the down way length of the micromixer remained the same during
the investigations. At Re = 1.0, the mixing index was not significantly varied (Figure 7a)
with the geometric parameters; thus, it is concluded that for this Reynolds number the
mixing index generally depended on the molecular transmission of fluids rather than the
geometric parameters. Mixing performance at Re = 40 (Figure 7b) is slightly varied with
the value of W/PI. Parametric findings representing the variation of mixing index values
were very much reactive to H/PI (42% deviation for 1.26 < H/PI < 1.89) than to d/PI
(31% deviation for 0.16 < d/PI < 0.31) and W/PI (25% deviation for 0.28 < W/PI < 0.57).
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For predetermined down way length of the microchannel, the channel width (W) was
proportionally varied along the values of channel width (H); thus, intensity of sample fluid
velocity diminished as the H/PI value increased. Hence, lesser velocity corresponded with
high residual duration of the fluid flow within the microchannel and weaker inertia force of
fluids. The maximum mixing index value 0.72 was found at W/PI = 0.28 (minimum value),
where the best matching of the fluids interfacial area and residential time was obtained.
Thus, the higher value of W/PI caused a lower mixing index value at the exit.

Figure 7. Effect of the geometrical parameters on the values of mixing performance with three dimensionless parameters at
(a) Re = 1.0 and (b) Re = 40.

For qualitative evaluations of mixing performance values, mass fraction distributions
were plotted (on x–y planes) at Re = 40, shown in Figure 8. The dye mass fraction distri-
butions are plotted at the center of the top layer microchannel (as indicated by the dotted
rectangular box) of the first mixing unit. With the increase of the W/PI values, the interface
of the fluids becomes wider; additionally, mixing performance increases (Figure 7b). The
inertia force of fluids and the values of W/PI are inversely proportional. The stronger
inertia force of fluid (with lower values of W/PI) enhances the chaotic advection within
the micromixer, and thus the mixing performance at the exit improves significantly.

In this study, the well-known surrogate models, RBNN, were usedto achieve the
optimized micromixer.Table 2 shows the design variables values (H/PI = 1.73, W/PI = 0.42,
and d/PI = 0.18) and objective function (MI = 0.86) for an optimum micromixer using
the surrogate model. Predicted design variable values of the optimum micromixer were
compared with the reference micromixer. Table 2 also represents the objective function
values of the reference design (0.65) and predicted optimal design (0.86), representing a 32%
relative increase in the mixing index through surrogate-based optimization. Considering
the reference design, the optimum design was found at the lower value of d/PI (0.18).
The calculated objective function value using the Navier–Stokes equation also compared
with the predicted values, 0.86 and 0.81, respectively. This comparison signifies that the
surrogate based optimization technique shows 6.2% deviation of objective function value
from the optimum point.
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Figure 8. Dye mass fraction distributions at the middle of the top channel (designated by the dotted lines) of the first mixing
unit for different values of W/PI = 0.57, 0.47, and 0.28 for reference design micromixers at Re = 40.

Table 2. Comparison of the objective function (MI)-oriented optimum geometry with the reference geometry.

Design Variables H/PI W/PI d/PI

Objective Function (MI)

Predation by RBNN
Calculation by

Navier–Stokes Analysis

Reference Design 1.67 0.47 0.24 - 0.65

Optimum Design 1.73 0.42 0.18 0.86 0.81

The developments of objective function (MI) value along the down way length of
the micromixer for optimized geometry and reference design are represented at Reynolds
number 40. Developing rates of the mixing index increase for both designs along the
channel length, depicted in Figure 9. Figure 9 also represents the optimum design as
having better mixing performance throughout the microchannel length, and the value of
the mixing index-optimized design micromixer (x/H = 8.0) as having 1.4 times higher
performance compared to the reference design.
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Figure 9. Improvement of objective function values along the channel length for reference design
and optimum designs at Re = 15.

Figure 10a,b shows the velocity vectors plot and local vorticity variations on y–z
planes of the reference and optimum designs, respectively. The cross-sectional plane was
plotted (x/H = 8.0) at the end of the last mixing segment. A pair of counter-rotating vortices
was observed in both cross-sectional planes. The optimized micromixer visualized a pair
of small round-shaped (counter-rotating) vortices that filled the entire plane, while in the
reference micromixer, two oval-shaped counter-rotating vortices shifted to the side wall;
thus, velocity vectors became relatively weaker. On the other hand, the velocity vector for
the optimum design micromixer indicated a strong transverse flow pattern, and velocity
vectors were consistently spread all through the cross-sectional plane. The strongest
transverse flow phenomena (Figure 10a) produced the difference in mixing performance
for the optimized design micromixer. Figure 10b shows local vorticity distributions, plotted
on the y–z plane for the reference and optimum design. The vorticity was designed by
following formula:

ωx =

(
∂vz

∂y
− ∂vy

∂z

)
(9)

where, ωx represents vorticity along the x-direction, and w and v are the velocity compo-
nents along z and y directions. As the vorticity plot signifies, as compared to the reference
design, the strength of the vorticity is augmented in the optimum design and creates the
potential difference in mixing performance at the exit. Normalized circulation development
along the reference design and optimum design micromixers is represented in Figure 11.
Circulation values signify the potentiality of vertical movement on the plotted plane, as
shown in Figure 10b. The circulation (Ωx) is articulated by incorporating the streamwise
vorticity on y–z planes, mathematically represented as:

Ωx =
∫

Ayz−plane

(
∂vz

∂y
− ∂vy

∂z

)
dydz (10)

where, vy represents the y direction velocity components and vz represents the z direction
velocity component. Along the channel length, the value of the circulation increases in both
micromixers. Figure 11 illustrates that, as compared to the reference design, the optimized
design has a higher circulation value, which enhances mixing performance. The dye mass
fraction distributions at the middle of the top channel (designated by the dotted lines) of
first mixing unit were plotted for the reference design and the optimum design micromixers,
as shown in Figure 12. It is observed that the enhancement of the secondary flow induced
in the optimized micromixer was superior compared to the reference design micromixer.
Interface of sample fluids in the optimum design was wide and, accordingly, a quicker
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improvement of mixing performance along the microchannel length is observed (Figure 9).
The result confirms that, for the optimum design micromixer, mixing performance is
around 25% higher than the reference design micromixer.

Figure 10. Qualitative comparison of reference and optimum designs at Re = 40. (a) Velocity vectors
plot and (b) local vorticity distributions plot, on y–z planes (at x/H = 8.0).

Figure 11. Normalized circulation distributions for reference design and optimum design at Re = 40.
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Figure 12. Mass fraction distributions of dye at the middle of the top channel (designated by the
dotted lines) of first mixing unit for reference design and the optimum design micromixers at Re = 40.

8. Conclusions

Geometric optimization of a proposed two-layer crossing micromixer was carried
out using 3D Navier–Stokes formulas. To estimate the objective function, the well-known
RBNN model was used. The optimization study was performed with three design variables;
viz., the ratio of the main channel thickness to the pitch length (H/PI), the ratio of the
thickness of the diagonal channel to the pitch length (W/PI), and the ratio of the depth
of the channel to the pitch length (d/PI). The mixing index for the micromixer (FMI) was
considered as an objective function to find the most efficient design.

By this study, one can conclude the following: For Reynolds numbers ≤1.0, the objec-
tive function was not significantly varied with the geometric parameters. The parametric
study representing the objective function values was very much more sensitive to H/PI
than to d/PI and W/PI. The maximum mixing index value of 0.72 was found at low-
est value of W/PI, where the best matching of the fluids interfacial area and residential
time was obtained. Surrogate-based optimization results represented the design variables
(H/PI = 1.73, W/PI = 0.42 and d/PI = 0.18) and the objective function (MI = 0.86) for the
optimum micromixer. The objective function values of the reference design and predicted
optimal design were 0.65 and 0.86, respectively, which confirms a 32% relative increase in
the objective function through the surrogate-based optimization procedure. The calculated
objective function value using Navier–Stokes equation was compared with the predicted
value. The RBNN model represented a 6.2% relative deviation of objective function value
from the optimum point. The study represents that the single-objective optimization
procedure is favorable for the improvement of micromixer performance. The optimum
micromixers could be incorporated into a micro-total analysis system and lab-on-chip
(LOC) systems to facilitate the study of reaction kinetics, dilution of fluid samples, and
enhancement of reaction selectivity.
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Abstract: To enhance fluid mixing, a new approach for inlet flow modification by adding
vortex-inducing obstacles (VIOs) in the inlet channels of a T-shaped micromixer is proposed and
investigated in this work. We use a commercial computational fluid dynamics code to calculate the
pressure and the velocity vectors and, to reduce the numerical diffusion in high-Peclet-number flows,
we employ the particle-tracking simulation with an approximation diffusion model to calculate the
concentration distribution in the micromixers. The effects of geometric parameters, including the
distance between the obstacles and the angle of attack of the obstacles, on the mixing performance of
micromixers are studied. From the results, we can observe the following trends: (i) the stretched
contact surface between different fluids caused by antisymmetric VIOs happens for the cases with the
Reynolds number (Re) greater than or equal to 27 and the enhancement of mixing increases with the
increase of Reynolds number gradually, and (ii) the onset of the engulfment flow happens at Re ≈ 125
in the T-shaped mixer with symmetric VIOs or at Re ≈ 140 in the standard planar T-shaped mixer and
results in a sudden increase of the degree of mixing. The results indicate that the early initiation of
transversal convection by either symmetric or antisymmetric VIOs can enhance fluid mixing at a
relatively lower Re.

Keywords: microfluidics; T-shaped micromixer; vortex; obstacles; engulfment flow; particle tracking

1. Introduction

Microfluidic mixing has wide applications in biochemical reactions, chemical synthesis and
biological analysis [1–3]. Mixing in microfluidic devices is challenging since typical flows in microfluidic
devices are laminar in nature and mixing in laminar flows relies mainly on molecular diffusion.
Therefore, increasing the interface or shortening the diffusion length between different fluids by
handling fluid flows within the mixing channel is of great importance for enhancing mixing in
microfluidic devices. The reviews of the related literature reveal that various micromixers, broadly
categorized as either active or passive types, have been developed and examined. Passive micromixers
utilize system geometry to create favorable hydrodynamics for enhancing mixing and so do not
require external energy, except that used to drive the flows. Although the mixing efficiency of active
micromixers is better than that of passive micromixers, it is simpler to fabricate passive micromixers and
easier to integrate them with microfluidic systems. Thus, passive micromixers have been developed
widely [1–3].

Most passive micromixers include a T or Y junction for the confluence of the fluids to be mixed,
and a straight mixing channel with square or rectangular cross-section [4–14] or a mixing channel with
modified geometry aiming at enhancing the mixing of fluids [15–31]. The T-, Y- or arrow-shaped mixer
with a straight mixing channel has been reported to show the so-called engulfment flow and good
mixing at a higher Reynolds number (Re) defined as Re = vm dhρ/μ, with νm, dh, ρ and μ denoting the
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mean flow speed in the mixing channel, the hydraulic diameter of the mixing channel, the density
and the dynamic viscosity of the fluid, respectively. Engler et al. [5] have found that the resulting
flow in the mixing channel of a planar T-shaped mixer can be characterized by three flow regimes
during steady flow: so-called “stratified” flow, “vortex” flow and “engulfment” flow. They showed
that the breakup of symmetry in the flow field at a higher Reynolds number occurred, resulting in the
so-called engulfment flow, which was characterized by some fluid from one side reaching beyond the
centerline of the micro-T-shaped mixer to engulf the fluid from the other side. It has been found that,
in a standard planar T-shaped mixer with two inlets with square cross-section, and a mixing channel of
equal combined area where two-opposing planar channel streams join and turn through 90 degrees
into the mixing channel, the symmetry breaking of the flow field configuration in the mixing channel
starts at a Reynolds number between 138.6 and 140 [7]. The influence of the volume flow rates has
been well investigated. Schikarski et al. reported an experimental–computational study of a T-shaped
mixer for Reynolds numbers up to 4000 [12]. Besides the Reynolds number, the flow patterns and
mixing performance may vary with other flow or geometric parameters. Soleymani et al. proposed a
dimensionless number to describe the dependence of the flow regime inside the T-micromixer on the
flow rate, aspect ratio and hydrodynamic diameter ratio [8]. Galletti et al. investigated the effect of inlet
velocity distributions on the mixing performance [11]. Karvelas et al. investigated the effect of the angle
of the Y-shaped micromixer and the effect of different inlet velocity ratios [13]. Recently, Camarri et al.
presented an overview study on the effects of the Reynolds number, aspect ratios and mixing angle on
the mixing performance of a T-shaped micromixer [14].

Since mixing in a T-, Y- or arrow-shaped mixer with a straight mixing channel is ineffective at
lower values of Re, various modifications in the geometry of mixing channel have been developed
and investigated. These modified mixing channels include introduction of obstacles [15,16] at
high Reynolds numbers, serpentine and/or converging–diverging channels [17–20] for Re in the
range 10–100, and patterned groove microchannels at low Reynolds numbers [21,22]. The other
types of micromixers adopted serial lamination [23], split-and-recombine (SAR) channels [24,25],
two-layer crossing channels [26], channels with cross-sections other than square or rectangular [30,31]
and channel modifications based on combined different mixing mechanisms [27–29,31]. Most existing
research has investigated the geometric modification of the mixing channel from the junction to
the outlet for enhancing fluid mixing in micromixers, while only a few works take the effects of
inlet channel modification into account. Gigras and Pushpavanam have proposed and analyzed
the fluid mixing in a micromixer with a curved inlet channel which exploits the early induction
of transversal vortices in the inlet channel to enhance mixing [19]. Sultan et al. studied flow
behavior and mixing in mixers with T-shaped jet inlets for different geometrical parameters [32,33].
Three-dimensional (3D) T-type micromixers with non-aligned inlets were proposed for convective
mixing enhancement [34–36]. Other than the geometric modification of the mixing channel,
droplet micromixers [37], micromixers using ultra-hydrophobic surfaces [38] and more designs
have been proposed by many researchers (see References [1–3] for reviews of these) to improve the
mixing quality in passive micromixers.

A new approach for inlet flow modification by adding obstacles protruding into the flow at an
angle of attack in the inlet channels of a T-shaped micromixer is proposed and investigated in this work.
The obstacles with a height less than the channel height may induce vortices at the entrance of the
mixing channel at a relatively lower Reynolds number and are called the vortex-inducing obstacles
(VIOs) in this work. In light of the above-mentioned considerations, it is desirable to explore if the
early introduction of vortices before the entrance of the mixing channel can lead to a fundamental
improvement in fluid mixing of a T-shaped micromixer. The present work focuses on the effects of
geometric modifications of the inlet channel on mixing and does not consider the geometric modification
of the mixing channel, such as those proposed in the literature [15–31], or active strategy of mixing,
such as the application of magnetic field to the mixing of contaminated water in one stream and water
with the magnetic particles in the other stream [39]. The VIOs may be symmetric or antisymmetric,
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as shown in Figure 1. Numerical simulation has been performed to investigate the mixing behavior
and flow characteristics for selected values of geometric parameters of the added VIOs in the inlet
channels at different flow rates. To study the effects of the early induction of transversal convection
by the VIOs, comparisons of the mixing performance of the proposed mixer with either type of the
VIOs and that of a standard T-shaped mixer without VIOs are made. The results indicate that the
early initiation of transversal convection by either symmetric or antisymmetric VIOs can enhance fluid
mixing at a relatively lower Re.
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Figure 1. Schematic diagram and geometric parameters of T-shaped micromixers with vortex-inducing
obstacles (VIOs) in the inlet channels: (a) side view, (b) top view, (c) inlet channel with symmetric VIOs
(Left) and that with as antisymmetric VIOs (Right).

2. Mixer Geometry, Governing Equations and Computational Procedure

The present micromixers consist of two inlets and a mixing channel, where two opposing streams
of different fluids join and turn through 90 degrees into the mixing channel leading towards the outlet.
A pair of oblique VIOs are mounted on the bottom of the inlet channels. The pair of VIOs protrudes
into the flow at an angle of attack (θs or θa) symmetrically or anti-symmetrically and has the height
of h < H, as shown in Figure 1. Here, H is the channel height. The micromixers can be fabricated by
using an easy two-step lithography process. There are a very large number of geometrical parameters
influencing the performance of the micromixers. The effects of the widths and height of the inlet and
mixing channels on fluid mixing have been investigated systematically [8]. The present study focuses
on examining the influence of the arrangement of the VIOs, including the distance between the VIOs
(d) and the angle of attack (θs or θa), on fluid mixing; in the meantime, we set the value of H at 120 μm,
the width of the mixing channel Wm = 2H, the width of the inlet channels Wi = H, the thickness
of the VIOs t = 0.25H, the height of the VIOs h = 0.75H, the length of the inlet channel Li = 8H,
the length of the mixing channel L = 15H, the distance between each obstacle and its neighboring
sidewall wd = 0.25H.
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The fluid was assumed to be Newtonian, isothermal and incompressible, and the corresponding
governing equations of the flow field are the continuity and the Navier–Stokes equations, as follows:

∇ ·⇀v ∗ = 0, (1)(
⇀
v
∗ · ∇
)
⇀
v
∗
= −∇p∗ + 1

Re
∇2⇀v

∗
, (2)

where,
⇀
v
∗
=

⇀
v

vm
and p∗ = p−p0

ρv2
m

, with
⇀
v , p and p0 denoting the velocity vector, the pressure and the

atmosphere pressure, respectively. In this work, we consider equal flow rate at both inlets, and so
the mixing ratio is 1:1. The inlet velocity is set to be a fully developed laminar velocity profile [40].
The no-slip condition is imposed on all solid walls and the pressure at the exit is set to be 1 atm.
The concentration field is described by the convective–diffusive equation:

(
⇀
v
∗ · ∇
)
c∗ = 1

ReSc
∇2c∗ (3)

where c∗ = c−cB
cA−cB

, with c denoting the molar concentration per unit volume and the subscripts A and B
denoting the inlet A and the inlet B, respectively. Sc = μ/ρD is the Schmidt number, with D denoting
the diffusion coefficient. The nondimensional molar concentration c∗ takes a quantity from 0 to 1.
The solid walls are set to be impermeable. The fluids entering the two inlets are a low-concentration
solution of Rhodamine B in deionized (DI) water with a diffusion coefficient 3.6× 10−10 m2 s−1 [41]
and pure DI water. Because of the low concentration of the solution, the influence of fluorescent on the
fluid behavior can be neglected [5], and so the fluid properties considered are set to be those of the
DI water with density, ρ =997 kg m−3, and viscosity, μ = 0.00097 kg s−1m−1. Therefore, the Schmidt
number equals 2700.

The pressure and the velocity vector are solved by a grid-based scheme, using the software
CFD-ACE+ (CFD Research Corporation, Huntsville, AL, USA). The SIMPLEC (Semi-Implicit Method for
Pressure Linked Equations-Consistent) algorithm is used for pressure-velocity coupling and the spatial
difference is carried out with the second-order upwind scheme with limiter. When the relative residual of
each variable is low to 10−5, the solution is regarded as converged. In this work, we are mainly interested
in the effect of transverse convection on fluid mixing, which typically dominates at a high Reynolds
number. For such cases with Sc = 2700, the value of the Peclet number (Pe = ReSc) of the flow in the
mixer may be high. The grid-based solutions of the convective–diffusive equation suffer from the false
numerical diffusion at a high Peclet number [42]. Therefore, to simulate fluid mixing in the proposed
micromixers under various conditions, we adopt the particle tracking method with an approximation
diffusion model (ADM), which is virtually free of numerical diffusion in high-Peclet-number flows and
takes less computation time than the random-walk particle-tracking method [43,44]. To determine the
non-diffused concentration field, we undertake the particle-tracking simulation, which is illustrated by
an example shown in Figure 2. The target planes are evenly divided into (Nxt − 1)× (Nzt − 1) grid cells
and a massless particle is assigned to each grid cell. Then, these particles are backward tracked from
the target plane to the two inlets. The advection displacement of a particle can be calculated by using a
selected small advection time step and interpolating the velocity data at grid points, which are available
from the solution by the software CFD-ACE+. The boundary condition of the concentration field
can be accommodated by suitable particle reflections from the boundary [45]. The displacements are
repeated until the particle crosses either of the two inlets. The details of the backward particle-tracking
simulation were reported by Kuo et al. [44]. Next, the diffused concentration field is obtained by solving
the approximation diffusion equation with the non-diffused concentration field as the initial condition.
This is a posterior treatment of molecular diffusion proposed by Matsugana et al. [43]. A discretization
scheme based on a five-point formula is employed to solve the diffusion equation.
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Figure 2. Three-dimensional (3D) micromixer geometry and the sketch of backward fluid
particle tracking.

To quantitatively analyze the mixing performance, the degree of mixing at each cross-section of
the micromixer is evaluated by:

M = 1− σ
σ0

, (4)

where σ denotes the variance of the concentration at a transverse cross-section, defined as:

σ2 =
1

Ns

Ns∑
n=1

(cn − c)2 (5)

with Ns denoting the total number of sampling, cn the concentration at a position on the cross-section
considered, c the average of cn and σ0 =

√
c(1− c) the variance of the concentration in the completely

unmixed state [46]. In this work, we estimate the mixing efficiency of a micromixer by calculating the
degree of mixing at the exit cross-section. The total number of sampling is the number of grid cells on
the target plane, (Nyt − 1) × (Nzt − 1), for the particle-tracking simulation with an ADM.

3. Results and Discussion

For the purpose of validation, the results of fluid mixing in a standard planar T-shaped mixer
with H = 300 μm at Re′ = Hvmρ/μ = 150 and Sc = 3200 [43] are considered first. The distributions
of concentration on the cross-section at y = 1500 μm, obtained by the particle-tracking method with
an ADM, are shown in Figure 3. It is easy to see an excellent agreement of present results obtained by
using Ny ×Nz = 80× 40 grids in the velocity solution and (Nyt − 1) × (Nzt − 1) =600× 300 particles in
the concentration simulation with those reported by Matsunaga et al. [43]. Then, grid size sensitivity
tests were performed for mixing flow at Re = 200 in a proposed mixer with H = 120 μm, θs= 20◦,
d = 3H, h = 0.75H, t = 0.25H and wd = 0.25H. The velocity components v∗ = v/vm along z = 150 μm
on the cross-section at y = 120 μm obtained by using the grid sizes 3 μm, 4 μm and 5 μm are shown
in Figure 4. The discrepancy between those obtained by using the grid sizes of 3 μm and 4 μm is
quite small. Particle number sensitivity tests were performed for mixing flow at Re = 150 in the same
mixer. The distributions of concentration in the present micromixer on the cross-section at y = 360 μm,
obtained by the particle-tracking method with an ADM using different total numbers of particles,
are in excellent agreement, as shown in Figure 5a,b. Figure 5c shows that the distributions of
concentration on the cross-section at y = 360 μm obtained by using particle numbers 450 × 225
and 600 × 300 almost overlap with each other. Since the geometry of the present mixers are more
complicated than a standard planar T-shaped mixer, we use the grid size of 3 μm and 600 × 300 particles
launched from a target plane in the following simulation.
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Figure 3. Concentration distributions on the cross-section at (a) y = 300 μm, (b) y = 1500 μm,
(c) y = 2700 μm, (d) y = 3900 μm in a standard planar T-shaped mixer with H = 300 μm at Re′ = 150
and Sc = 3200.

 
Figure 4. Profiles of velocity component v along the x direction on the middle horizontal on the
cross-section at y = 120 μm obtained by using various grid sizes.
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(a) 

(c)  

(b) 

Figure 5. Concentration distributions on the cross-section at y = 360μm obtained by the particle tracking
method with an ADM: concentration distributions on the cross-section by using (a) Nxt × Nzt = 360 × 180
particles and (b) Nxt × Nzt = 480 × 240 particles, (c) concentration profiles along the middle horizontal
on the cross-section at y = 360 μm by using Nxt × Nzt = 240 × 120 particles (—-; Nxt × Nzt = 360 × 180
particles (− − − −); Nxt × Nzt = 480 × 240 particles (— - —).

The representative path lines and the concentration distributions shown in Figure 6 give an
overview of the flow and mixing taking place in the proposed T-shaped micromixers with VIOs in
the inlet channels for some selected values of Reynolds numbers between 1 and 150. The selected
geometrical parameters associated with the VIOs are h = 0.75H,t = 0.25H,wd = 0.25H,θs= 20◦ and
θa= 30◦. It is easy to see that the flow and mixing in the mixer with symmetric VIOs and those in the
mixer with antisymmetric VIOs exhibit different patterns.

The left and the right columns of Figure 6a show the flow characteristics and the mixing behavior
for fluid flow in the T-shaped micromixers with symmetric VIOs, respectively. There is no formation of
any vortex flow due to low inertia force in the fluid streams at Re =1, while the path lines of the cases
with Re =40~120 show symmetric vortex flows with respect to the plane x = 0. Thus, the two portions
of fluid entering from the two inlet channels remain segregated and mixing occurs only through
diffusion. The flow regime of diffusive mixing is characterized by its flow pattern with single reflection
symmetry with respect to the plane x = 0, which is different from the double reflection symmetry
found in the flow of planar T-shaped micromixers with square or rectangular cross-section [5,7–10,14].
The double reflection symmetry even appears in the flow regime of diffusive mixing for flow in planar
T-shaped micromixers with non-fully developed flow conditions [11]. The diffusion zone around the
vertical plane x = 0 becomes thinner as the Re becomes larger and the mixing states are not desirable
yet because of the slow diffusion mechanism. When the Re further increases and reaches a critical value,
the onset of the so-called engulfment regime takes place. In this flow regime, the flow pattern becomes
asymmetric and each inlet fluid stream reaches the opposite sides of the plane x = 0, as indicated
by the path lines shown in Figure 6a and the velocity vectors shown in Figure 7. Similar to fluid
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mixing in planar T-shaped micromixers [5–10,14,32,33], a sudden increase of the degree of mixing
can be observed which originates from the intertwining of the path lines. However, the asymmetric
flow pattern shown in Figure 7c is different from the rotational-symmetric flow [7], which appears in
the steady engulfment regime of flow in a planar T-shaped micromixer. Although the vortical flow
induced by the symmetric VIOs is the same in the two inlet channels, its distribution is not symmetric,
as shown in Figure 7a, b. Thus, Figure 7c exhibits the asymmetric flow pattern at a location in the
mixing channel for the steady engulfment regime.

By contrast with fluid mixing in the T-shaped micromixers with symmetric VIOs, from the path
lines and the concentration distributions shown in Figure 6b for fluid flow in the T-shaped micromixers
with antisymmetric VIOs, we can observe the following trends: the symmetry of the path lines and the
concentration distributions holds in the flow at Re = 1, the distortion of the interface and the interaction
of the two vortices appears at the cases with Re ≥ 40 and the enhancement of fluid mixing by the
stretched contact surface of the fluids gradually increases with the increase of the Re. This improved
mixing is attributed to the asymmetric creation of secondary flow by antisymmetric VIOs in the
opposing inlet channels, as shown in Figure 8. The early induced asymmetric lateral convection in
the inlet channels breaks up the symmetry of the flow field and augments the contact area between
the two streams entering from the two inlet channels, and so enhances fluid mixing at a relatively
lower Reynolds number, as shown in Figure 6b. The improved mixing is different from the mixing
enhancement caused by the symmetry-breaking bifurcation of fluid flow in the T-shaped micromixer
with symmetric VIOs at a higher Reynolds number. A 3D T-mixer with the inlet channels located
at different horizontal levels can generate vertical flow into the mixing channel to improve fluid
mixing [34–36], and so it also runs without the benefit of the symmetry-breaking bifurcation of fluid
flow in the planar T-shaped micromixer.

Before quantitatively comparing the mixing performance of the proposed mixer with
symmetric VIOs, the proposed mixer with antisymmetric VIOs and a standard T-shaped mixer,
we examine the simulation results for cases with various values of the distance between the VIOs
(d) and the angle of attack (θs or θa) to investigate the influence of these geometrical parameters
and to select the appropriate values of these geometric parameters for efficient mixing. Mixing at a
microfluidic junction is strongly dependent on Re. Thus, this section reports the results from numerical
simulations carried out over a range of Re to examine the performance of the proposed mixer with VIOs.
First, to make a comparative study of influence of the distance between the symmetric VIOs, we choose
four values of the distance, d = 2H, 3H, 4H and 5H, and the other geometrical parameters associated
with the obstacles are kept same. The corresponding values are θs = 20◦, h = 0.75H, t = 0.25H and
wd = 0.25H. The conducted numerical simulation for fluid mixing of a T-shaped mixer with symmetric
VIOs in the Reynolds number range from 100 to 200 allows for identifying the value of Re corresponding
to the transition from the vortex flow regime to the engulfment flow regime. The degree of mixing
at the exit (Mexit) shows a significant increase at such a value of Re and increases with the increase
of Re as the Re increases beyond the critical value of Re corresponding to the transition, as shown in
Figure 9a. It is worth noting that for the cases with d = 2H, 3H and 4H, the degree of mixing increases
suddenly at a Reynolds number less than the critical value of Re reported in the literature for mixing in
a standard T-shaped mixer [7]. Moreover, the critical value of Re corresponding to the transition for
the case with d = 3H is the smallest and the degree of mixing of the case with d = 3H is greater than or
equal to that of the case with d = 2H, 4H or 5H, except that the Mexit of the case with d = 2H is a little
bit greater than that of the case with d = 3H at Re = 200. The pressure drop between the mixer inlet and
outlet (Δp) monotonically increases with the increase of the Reynolds number in the cases considered.
The influence of the distance between the VIOs on the pressure drop is very small and the transition
from the vortex flow regime and to the engulfment flow regime has no effect on the pressure drop,
as shown in Figure 9b.
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Figure 6. Projected path lines in the T junctions for different mass flows from the left and right inlet
channels and the concentration distributions on the cross-section at the exit of (a) the mixer with
symmetric VIOs and (b) the mixer with antisymmetric VIOs. View is into the mixing channel.
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Figure 7. yz-projection of the velocity vectors on the cross-sections at (a) x=H, (b) x=−H, (c) xz-projection
of the velocity vectors on the cross-sections at y = H for the case with Re = 140, θs = 20◦, h = 0.75H,
t = 0.25H and wd = 0.25H.
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Figure 8. yz-projection of the velocity vectors on the cross-sections at (a) x=H, (b) x=−H, (c) xz-projection
of the velocity vectors on the cross-sections at y = H for the case with Re = 80, θa = 30◦, h = 0.75H,
t = 0.25H and wd = 0.25H.
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Figure 9. Effect of distance between the symmetric VIOs on (a) the degree of mixing and (b) the pressure
drop in the mixers with θs = 20◦, h = 0.75H, t = 0.25H and wd = 0.25H for various Reynolds numbers.

Similarly, to make a comparative study of influence of the distance between the antisymmetric VIOs,
we choose four values of the distance, d = 2H, 3H, 4H, and 5H, and the other geometrical parameters,
θa = 30◦, h = 0.75H, t = 0.25H and wd = 0.25H, are kept constant. From the preliminary results shown
in Figure 6b for fluid flow in the T-shaped micromixers with antisymmetric VIOs, we know that the
distortion of the interface and the interaction of the two vortices may appear at a Re less than 100.
Thus, the simulation results for fluid mixing of a T-shaped mixer with antisymmetric VIOs are examined
in a wider Reynolds number range from 1 to 200. Figure 10a reveals that the degrees of mixing of the
four cases considered increase gradually as the Re increases beyond 30. The enhancement of fluid
mixing is caused by the early induction of transversal convection in the inlet channel, which stretches
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the contact surface of the fluids. The degree of mixing of the case with d = 2H and that of the case with
d = 3H are comparable and they are larger than that of the case with d = 4H or 5H. The effect of the
early induction of transversal convection by antisymmetric VIOs in the inlet channel on fluid mixing
increases with the increase of Re, as shown in Figure 10a. The distance between the antisymmetric
VIOs has no effect on the pressure drop between the mixer inlet and outlet, as shown in Figure 10b.
This trend is similar to that observed in T-shaped micromixers with symmetric VIOs in the inlet channels.
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Figure 10. Effect of the distance between the antisymmetric VIOs on (a) the degree of mixing,
and (b) the pressure drop in the mixers with θa = 30◦, h = 0.75H, t = 0.25H and wd = 0.25H for various
Reynolds numbers.

Next, efforts are made to investigate the effect of the angle of attack (θs or θa) of the VIOs,
which is illustrated in Figure 1c. The degrees of mixing at the outlet and the pressure drop between the
mixer inlet and outlet for fluid flow in the T-shaped micromixers with symmetric VIOs at θs =10◦, 20◦,
30◦ and 40◦ in the Reynolds number range from 100 to 200 are calculated, when the other geometrical
parameters, d = 3H, h = 0.75H, t = 0.25H and wd = 0.25H, are kept constant. The degrees of mixing
of the cases with θs =20◦ show the smallest value of Re corresponding to the transition from the vortex
flow regime to the engulfment flow regime, as shown in Figure 11a. In the engulfment flow regime, the
degree of mixing shows a maximum at θs =20◦, and then decreases with a further increase or decrease
in the θs of the VIOs. When Wi, t and wd are fixed, the length of the VIOs decreases with the increase of
θs [16]. Thus, the pressure drop decreases with the increase of θs, as shown in Figure 11b. In addition,
Figure 11b shows that the transition from the vortex flow regime and to the engulfment flow regime
has no effect on the pressure drop. To investigate the influence of θa, we consider a wider range of
Reynolds number (1 ≤ Re ≤ 200) and the value of θa varies from 10◦ to 60◦, with an interval of 10◦.
The simulation results for fluid mixing in T-shaped mixers with antisymmetric VIOs are examined
for cases with the six values of θa, d = 3H, h = 0.75H, t = 0.25H and wd = 0.25H. Figure 12a shows
that the degrees of mixing of the cases considered increase gradually as the Re increases beyond 30,
and the effect of θa on fluid mixing becomes noticeable as the Re increases beyond 100. When Re > 100,
one can see that the degree of mixing increases with the increase of θa for the low value of θa, shows a
maximum at θa = 30◦ and then decreases with further increase of θa. The dependence of Δp on θa

is similar to that of Δp on θs, as shown in Figure 12b. Besides, the comparison of Figures 9b, 10b,
11b and 12b reveals that the effect of θs or θa on Δp is greater than that of the distance between the
antisymmetric VIOs on Δp.
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Figure 11. Effect of angle of attack θs on (a) the degree of mixing, and (b) the pressure drop in the
mixers with d = 3H, h = 0.75H, t = 0.25H and wd = 0.25H for various Reynolds numbers.
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Figure 12. Effect of angle of attack θa on (a) the degree of mixing, and (b) the pressure drop in the
mixers with d = 3H, h = 0.75H, t = 0.25H and wd = 0.25H for various Reynolds numbers.

As shown in the above study, the dimensions d = 3H and θs =20◦ for symmetric VIOs, and d = 3H
and θa = 30◦ for antisymmetric VIOs, are found to be optimum values for mixing performance.
Further increase or decrease of these parameters negatively affected the degree of mixing. Figure 13a
depicts the variation of the degrees of mixing of the proposed mixers predicted by using these parameter
values and that of a standard planar T-shaped mixer over a wide range of Re. From Figure 13a,
the following features may be noted. First, for the cases with low Reynolds numbers (Re < 27),
the effects of vortices are not strong enough to enhance mixing and the mixing relies mainly on
diffusion in the three T-shaped mixers. For such cases, increasing the value of Re reduces the residence
time and the mixing efficiency. Second, for the cases with Re ≥ 27, the effects of the stretched contact
surface between different fluids caused by antisymmetric VIOs gradually increases with the increase
of Re, and so the enhancement of mixing by antisymmetric VIOs also gradually increases with the
increase of Re. Meanwhile, fluid mixing in the other two T-shaped mixers still relies on diffusion and
the mixing efficiency decreases with the increase of Re until, at the onset of the engulfment flow,
the degree of mixing increases suddenly, which happens at Re ≈ 125 in the T-shaped mixer with
symmetric VIOs and at Re ≈ 140 in the standard planar T-shaped mixer. Third, with the onset of
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the engulfment, the mixing efficiency in the T-shaped mixer with symmetric VIOs improved but
is not better than that in the T-shaped mixer with antisymmetric VIOs for Re in the range 27–175.
In addition, the increases of pressure drop caused by both types of VIOs mounted on the bottom of
the inlet channels were almost equal and the effect increased with the increase of Re, as shown in
Figure 13b.

Re

M
ex
it

 

(a) 

 

(b) 

Figure 13. (a) Degree of mixing at the exit, and (b) pressure drop versus Reynolds number for the
proposed mixers with VIOs and a standard planar T-shaped mixer.

4. Conclusions

A new approach for inlet flow modification by adding obstacles protruding into the flow at an
angle of attack in the inlet channels of a T-shaped micromixer was proposed and investigated in
this work. The dimensions d = 3H and θs =20◦ for symmetric VIOs, and d = 3H and θa = 30◦ for
antisymmetric VIOs, were found to be optimum values for mixing performance. Comparisons of the
mixing performance of the proposed mixers with the selected values of geometric parameters of VIOs
and that of a standard T-shaped mixer without VIOs showed that the antisymmetric VIOs in the inlet
channels induced the stretched contact surface between different fluids. The enhancement of mixing
by the VIOs gradually increased with the increase of Re for the cases with Re ≥ 27, fluid mixing in
the other two T-shaped mixers still relied on diffusion and the mixing efficiency decreased with the
increase of Re until the onset of the engulfment flow, which happened at Re ≈ 125 in the T-shaped
mixer with symmetric VIOs and at Re ≈ 140 in the standard planar T-shaped mixer. With the onset
of the engulfment, the degree of mixing increased suddenly and so the mixing efficiency improved.
For Re > 175, the mixing efficiency of the T-shaped mixer with symmetric VIOs was even better than
that in the T-shaped mixer with antisymmetric VIOs.

In summary, the early initiation of vortices in the inlet streams of a T-shaped micromixer by either
symmetric or antisymmetric VIOs in the inlet channels can lead to improvements in mixing efficiency.
The simple but effective geometrical modification can be combined with various geometric modifications
of the mixing channel to enhance fluid mixing, and such hybrid micromixers will be considered in
future work.
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Abstract: In this study, centrifugal microfluidics with a simple geometry of U-shaped structure
was designed, fabricated and analyzed to attain rapid and efficient fluid mixing. Visualization
experiments together with numerical simulations were carried out to investigate the mixing behavior
for the microfluidics with single, double and triple U-shaped structures, where each of the U-structures
consisted of four consecutive 90◦ bends. It is found that the U-shaped structure markedly enhances
mixing by transverse secondary flow that is originated from the Coriolis-induced vortices and further
intensified by the Dean force generated as the stream turns along the 90◦ bends. The secondary
flow becomes stronger with increasing rotational speed and with more U-shaped structures, hence
higher mixing performance. The mixing efficiency measured for the three types of mixers shows
a sharp increase with increasing rotational speed in the lower range. As the rotational speed further
increases, nearly complete mixing can be achieved at 600 rpm for the triple-U mixer and at 720 rpm
for the double-U mixer, while a maximum efficiency level of 83–86% is reached for the single-U mixer.
The simulation results that reveal detailed characteristics of the flow and concentration fields are
in good agreement with the experiments.

Keywords: centrifugal microfluidics; micromixer; U-shaped channel; Coriolis force; flow visualization;
mixing efficiency

1. Introduction

Microfluidics has been widely employed in microtechnology for applications in chemical and
biochemical analyses [1–3]. Among these applications, micromixing of two or more of fluids
often plays a key role in the processes for the analyses [4], such as in chemical selectivity [5],
reactors [6,7], extraction [8,9], DNA amplification [10] and DNA microarray [11]. The mixing
mechanism in a microscale channel where flow is typically laminar, however, differs from that
in a macroscale channel. Without assistance of turbulence, mixing at the microscale occurs mainly via
molecular diffusion at the fluid interface. Consequently, it may take a much longer time for complete
mixing in microsystems than in macrosystems.

Both active and passive methods have been proposed to enhance mixing at microscale. An extensive
review on the recent development of various types and designs of active and passive mixing methods
can be found in the articles of Nguyen and Wu [12], Chang and Yang [13] and Ward and Fang [14],
and very recently in Raza et al. [15]. The passive method appears to be more appealing than the active
one in the applications to chemical and biochemical analyses. This is mainly because in most of
active micomixers, it could be more complex and difficult to implement and control the external
forcing sources. On the other hand, in order to enhance mixing via secondary flow and possibly
chaotic advection, most of passive micromixers are constructed in a rather complex three-dimensional
(3D) geometry such as staggered herringbone, serpentine structure and double layers [16–21]. Fluid
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stretching, splitting, folding and recombining are observed in these complex micromixers. However,
complex channel structures may hinder the fabrication of the micromixer and its integration with
other components. In contrast to 3D structure, Kochmann et al. [22] reported numerical simulations
and experiments of high throughput convective micromixing for 2D channels with configurations
including T-shaped, U-shaped and tangential elements. They found that the micromixer with U-shaped
elements having four successive 90◦ bends achieved the most effective micromixing mainly due to
the vortices generated in the bend flow and the mixing efficiency grew with an increase of Reynolds
number up to as high as Re ≥ 270. In any case, the complex channel structure tends to raise flow
resistance, which leads to increasing the residence time of mixing fluids at the cost of pressure loss.
A recent comparative analysis of five types of passive micromixers by Raza et al. [15] shows that a 2D
micromixer with split-and-recombination (SAR) Tesla structure outperforms other 2D serpentine and
SAR mixers in the intermediate and high Reynolds number ranges (1 < Re ≤ 40 and 40 < Re ≤ 120,
respectively). Nevertheless, a 2D micromixer with Tesla structure, which utilizes the Coanda effect
to generate the transverse dispersion resulting in strong cross-channel convection of the mixing, still
suffers high pressure drop [15,23,24].

Different from the aforementioned passive mixing techniques with complex channel structure,
mixing taking place in centrifuge-driven microchannels of rather simpler geometry promises to be
an attractive method with less research [25–27]. Centrifugal microfluidics are fabricated onto a compact
disc (CD)-based substrate, which only requires a simple, low power motor to spin the disc [28–30].
Pumping in such a way is relatively insensitive to the physicochemical properties of the working fluids.
Fluid mixing may be performed on the CD-based microfluidics with the advantages of safety as well as
low-cost, easy operation, parallel detection, and fast response. Accordingly, applications of centrifugal
microfluidic devices to biomedical analysis and point-of-care diagnostics have received increasing
attention. Comprehensive reviews on centrifugal microfluidic platforms for biomedical applications
has been recently made by Gilmore et al. [31] and Tang et al. [32]. In centrifugal microfluidics,
effective sample mixing methods that facilitate chemical or biochemical reaction and reduce the time of
the assay is still highly demanded for improving the bioassay devices among with the unit operations
of valving, switching, metering, and sequential loading. Notably, the fluids driven by the centrifugal
force increases their flow velocity significantly with increasing rotational speed [33]. An increase of
rotational speed tends to reduce the residence time of mixing fluids and may result in poor performance
without a dedicated design of microfluidics. As the centrifugal microfluidics rotates fast enough,
a number of studies have shown that the Coriolis force-induced transverse secondary flow significantly
enhances the mixing [30,34,35]. La et al. [35], in a study of a centrifugal serpentine micromixer with
relatively long circumferential channels, displayed the significant enhancement of mixing caused
by the alternating transverse secondary flows at a high rotational speed of 2000 rpm. Kuo and
Jiang [36] compared the CD-based centrifugal micromixers with different curved microchannels
and found the square-wave microchannel to have the best mixing efficiency. They further explored
the optimal design of the square-wave micromixer in a rotational speed range of 1000–5000 rpm
for mixing efficiency as high as 93%. Kuo and Li [37] later studied centrifugal micromixers with
three-dimensional square-wave structure for plasma mixing and found that a mixing efficiency of
more than 91% could be achieved at 1000 rpm despite a notable decease in the efficiency with a further
increase of rotational speed from 1200 to 1600 rpm. Such a higher mixing efficiency is due mainly to
the transverse secondary flows and the stirring at the corners of the square-wave channel, which is
similar to the mixing enhancement mechanism employed by La et al. [35]. Shamloo et al. [38] recently
investigated the Dean flow effect in addition to the already existing Coriolis force in a numerical study
of centrifugal micromixer with repeated S-shaped channel for a broad range of rotational speeds of
72–3340 rpm (7.5–350 rad/s). The mixing efficiency computed in their simulations shows a sharp
fall with increasing rotational speed in the lower range until it reaches a minimum near 480 rpm.
Then the efficiency grows continuously with increasing rotational speed as the transverse secondary
flows dominate the diffusion mixing. A continuous growth of mixing efficiency with increasing
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rotational speed in the range 480–1910 rpm (50–200 rad/s) was also reported by Shamloo et al. [39]
in their numerical simulations of centrifugal serpentine micromixers with square-wave structure.
The aforementioned studies indicate that dependence of mixing efficiency on rotation speed can vary
for centrifugal micromixers with different channel structures and arrangements. Dependence of mixing
efficiency on rotational speed is critically important to the design of centrifugal micromixer and needs
further investigation. Such a dependence may relate closely to combined effects on the secondary
flows caused by the Coriolis and Dean forces, particularly for the microchannel with a simple geometry
of 2D structure and yet to be clarified.

The present study aimed to design and fabricate centrifugal microchannels with a simple geometry
of U-shaped structure to attain rapid and efficient mixing. The mixers with single, double and
triple U-shaped channels fabricated on a disc substrate were investigated using the flow visualization
technique. The fluids employed for mixing experiments were ferric chloride and ammonium thiocyanate
solutions. The chemical reaction of the two fluids produces a blood-red color that can be employed
for flow visualization and quantification of the index of mixing efficiency. Effects of rotational speed
on the mixing efficiency and the corresponding flow patterns were carefully examined in the experiments
together with numerical simulations. The experimental and numerical studies also examined differences
in the flow and concentration fields resulting from counterclockwise and clockwise rotations.

2. Experiments

Figure 1 shows the schematic configuration of the centrifugal U-shaped micromixer and
the experimental setup for flow visualization of the mixing fluids. The micromixer is composed
of two semicircle reservoirs for loading fluids A and B, a T-junction for bringing the fluids into
contact, and the U-shaped channel with consecutive four 90◦ bends. The semicircle reservoirs have
a radius of 10 mm with outlets (xc = 0) located at 30 mm from the center of the disc. A capillary
valve with an expansion angle of 90◦ was fabricated ahead of the T-junction (xc = 1.3 mm) to stop
the flow in the hydrophilic channel before rotation of the disc [28,40]. The burst rotational speed for
the present centrifugal micromixers was 360 rpm. It should be noted that the U-shaped channels
(beginning from xu = 3.0 mm) are short and straight with an arc curve at the outer corner while keeping
a sharp 90◦ bend at the inner corner. Such a design enables to rapidly alternate the flow direction
for generating strong centrifugal force locally through the consecutive 90◦ bends. The U-shaped
microfluidic structure was manufactured using a micro-CNC machine on a polymethylmethacrylate
(PMMA) substrate of 10 cm in diameter and 2 mm in thickness. In addition to the single U-shaped
structure shown in Figure 1b, micromixers with double and triple U-shaped structures were fabricated
for comparison. All the microfluidic channels have the same cross-section of 300 μm in width (b) and
300 μm in depth (h). The total radial channel length is 20 mm for all the three types of U-shaped
micromixers. The microchannels with double and triple U-structures also begin their first 90◦ bend
from xu = 3.0 mm and an additional U-shaped element adds a length of 1.2 mm in the x-direction. Since
the static pressure of the liquid flow in the rotating microchannels is essentially below the atmospheric
pressure [33], the structured microfluidics was simply covered with transparent Scotch tape (3040-4PK,
3M, St. Paul, MN, USA) to provide good sealing as well as excellent optical access for flow visualization.

In order to acquire clear images of the mixing phenomenon in the rotating microchannel for
the present experiments, the two fluid streams for mixing were ferric chloride (FeCl3·6H2O) and
ammonium thiocyanate (NH4SCN) dissolved in deionized (DI) water at the same concentration of
0.2 mol/kg. Ferric chloride solution is pale yellow and ammonium thiocyanate solution is colorless.
When these two solutions come into contact, the ferric ions bind with the thiocyanate ions instead
of the chloride ions to produce the blood-red color [41]. The intensity of the red color described by
the RGB values for each of pixels could represent the amount of fluids that have mixed and reacted.
The normalized color intensity was quantified as the index of mixing efficiency between the two fluids.
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Figure 1. Schematic of the centrifugal U-shaped micromixer: (a) experimental arrangement for flow
visualization; (b) the microchannel geometry and coordinates for single U-shaped structure.

A schematic diagram of the experimental setup for flow visualization of the mixing phenomenon
on a rotating disc is illustrated in Figure 1. The apparatus used for the flow visualization experiments
included the rotation platform, the microimage-capturing unit and the light source. The microfluidic
disc was spun by a step motor having a speed accuracy of ±0.2%. The microimage-capturing unit was
composed of a CCD camera (CV-M71CL, 768 × 576 pixels, 60 frames/s, JAI, Yokohama, Kanagawa,
Japan), a frame grabber (Metero-II/CL, Matrox, Dorval, QC, Canada), and a microscope (2× objective)
above the disc. To synchronize the image capturing unit with the rotational motion, the CCD camera
was triggered through a photo diode (wavelength 320–730 nm). A He-Ne laser (wavelength 633 nm) of
5 mW was used as the triggering light source. A halogen light (MHF-G150LR, Moritex, Saitama, Japan)
was placed beneath the disc to produce sufficient light for illuminating the flow field undergoing
a rapid rotational motion. In synchronization with the rotational motion, the CCD camera could be
triggered to allow one shot of the targeted object on the rotating disc per revolution.

3. Numerical Simulation

Numerical simulations were employed to reveal details of the flow patterns and mixing behavior
for the fluid streams in the rotating microchannels as shown in Figure 1. All the channels have a total
length of 20 mm in the x-direction and the same width b = 300 μm and depth h = 300 μm. Fluids
A and B inlet the channels at 30 mm from the center of rotation and then contact at the T-junction
(xc = 1.3 mm) without a capillary valve. The fluids were assumed to have the same constant density
as water ρ = 1000 kg/m3 and the same viscosity μ = 0.001 kg/m2·s. The flow field of fluids A and B
in the microchannel was computed on the rotating frame. The origin of the computational coordinates
is located at the center of the rotating disc. The flow field is governed by the steady, three-dimensional
continuity and Navier–Stokes equations:

∇ · →V = 0, (1)

ρ
→
V · ∇→V = −∇p + μ∇2

→
V − 2ρ

→
Ω ×→V − ρ→Ω ×

(→
Ω ×→r

)
, (2)

where
→
V is the velocity vector on the reference frame rotating at a constant angular velocity

→
Ω = Ω

→
e z,

p is the pressure, and
→
r is the position vector. The source terms on the right-hand side of Equation (2)

include sequentially the pressure force, the viscous force, the Coriolis force and the centrifugal force.
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Gravitational effects are ignored. The species concentration for calculating the mixing performance is
governed the convection-diffusion equation:

→
V · ∇C = D∇2

→
V, (3)

where D is the diffusion coefficient, and C is the species concentration with C = 1 representing only
fluid A and C = 0 for only fluid B. As the two fluids are completely mixed, C = 0.5 The diffusion
coefficient for the present simulations, unless otherwise specified, was taken to be at a constant value
of 3.0 × 10−10 m2/s, which was based on the study of Kochman et al. [22].

The finite-volume-based CFD software ANSYS Fluent 15.0 was used to solve Equations (1)–(3)
for the two-phase (fluids A and B) flow and concentration fields. The inlet and outlet flow boundary
conditions were set at the atmospheric pressure p = 0. On the walls of the channels, a no-slip condition
was imposed for the Navier-Stokes equations and no-flux condition for the species-concentration
equation. Total grids of about 5.6 × 105–6.8 × 105 were employed for the computations.

The mixing efficiency was calculated based on the concentration distribution on a designated
cross-sectional plane perpendicular to the fluid stream [18]:

ηsim =

⎛⎜⎜⎜⎜⎜⎜⎝1− 1
C∞

√√
1
n

n∑
i = 1

(Ci −C∞)2

⎞⎟⎟⎟⎟⎟⎟⎠× 100%, (4)

where C∞ is the completely mixed concentration, Ci is the concentration at a grid i, and n is the number
of grids computed on the cross-sectional plane. The mixing efficiency varies from zero (no mixing
at all) to unity (complete mixing) is generally a function of the streamwise position. For the present
numerical simulations, the mixing efficiency was evaluated on Section 5 as indicated in Figure 1, which
was located at the immediate exit of the most downstream U-shaped element (xc = 4.2, 5.4 and 6.6 mm
for single, double and triple U-shaped mixers, respectively).

4. Results and Discussion

4.1. Simulation Results

Figure 2 shows the top view of the single-U mixer with directions of the body forces and
the simulation result of concentration for the mixer rotating at 600 rpm counterclockwise (ccw).
The fluids in the rotating U-shaped channel can experience three types of body forces, namely
the centrifugal force fω generated through the system rotation, the Coriolis force fC, and the Dean
force fD, which is the centrifugal force locally generated through the consecutive 90◦ bends [36,38].
The magnitude of these three forces may be estimated as follows [42]:

fω = ρrΩ2, (5)

fC = 2ρΩU, (6)

fD =
ρU2

R
, (7)

where r is the distance of the fluid to the center of rotation, U is the stream velocity in the channel,
and R is the radius of the stream bended in the channel. The directions of Coriolis and Dean forces vary
rapidly along the U-shaped channel as indicted in Figure 2a, where the stream is driven by system’s
centrifugal force under a counterclockwise rotation. Notably the Coriolis and Dean forces alternate
not only in direction but also in position between Sections 2 and 4. The concentration distribution
(with values between 0 and 1) at the midplanes is shown in Figure 2b. At the inlets, red color represents
fluid A of species concentration 1.0, and blue color fluid B of concentration 0. As the two fluids fully
mix, the color turns green representing a concentration of 0.5. It can be seen that the Coriolis-induced
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transverse secondary flow begins to influence the interface in the straight channel region, moving
fluid A toward upper and lower walls and fluid B toward sidewall A to form a “C-shaped” interface
in Section 1 at xc = 2.7 mm. Subsequently, the 90◦ bends appear to stir the fluids by flipping fluids A and
B in Section 2. This can be seen first in Section 2 changing from AB to BA and flipping again in Section
3. Then in Section 4 where fluid A splits to sandwich fluid B forming ABA. In addition to flipping,
interface folding also becomes more significant as the flow moves to Section 4. After flowing through
these bends, the two fluids are well mixed in Section 5 (xc = 4.2 mm). Similar patterns of flipping,
splitting, folding and stirring were also observed in the study by La et al. [35] but with a much longer
circumferential channel length of 5.2 mm (17 times the channel width) at a much higher rotational
speed Ω = 2000 rpm. It should be noted that there is no Dean force generated in a long circumferential
channel (R→∞) [38], in which the secondary flow is essentially induced by the Coriolis force.

Figure 2. Top view of the U-shaped channel and concentration distribution of fluids A and B for
the single-U mixer rotating at Ω = 600 rpm (counter-clockwise; ccw): (a) top view with detailed
dimensions and cross-sections selected for examination as well as the directions of Coriolis and Dean
forces acting on the fluids; (b) distribution on mid-plane along the channel; (c–g) on cross-sections 1–5
normal to the fluid stream as indicated in (b).

Figures 3 and 4 show streamlines and velocity vectors, respectively, together with directions of
the Coriolis and Dean forces on cross-sections 2–5 for the single U-mixer rotating at Ω = 360 and
600 rpm ccw. There are at least a pair of symmetric, counter-rotating vortices induced by the Coriolis
and Dean forces on all the cross-sections for both two rotational speeds. At Ω = 360, these secondary
vortices reverse their directions of rotation after the flow makes each of the 90◦ turns and then a saddle
point can be found in Section 5. The reversed rotation of the secondary vortices after the 90◦ turns
indicates effects of the Dean force, which as shown in Figure 4a alternates its direction pointing from
side walls B toward A (B→A) to A→B on Sections 3 and 4. In the meantime, the Coriolis force remains
unchanged pointing from side walls B toward A (B→A) through the four 90◦ turns. At a higher
rotational speed Ω = 600 rpm, one more pair of symmetric, counter-rotating vortices appear in Sections
3 and 5, indicating that the flow is significantly affected not only by the Coriolis force but also by
the Dean forces in the transverse direction during the 90◦ turns. The significant effect of the Dean
force can be seen in Figure 4b displaying larger transverse velocities on Sections 3 and 4 as compared
those at the lower rotational speed of Ω = 360 rpm. The strong transverse secondary flow initiated by
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the Coriolis force and then intensified by the Dean force through the 90◦ bends markedly enhances
the fluid mixing as shown in Figure 2.

Figure 3. Two-dimensional streamlines on cross-sections 2–5 as indicated in Figure 2a for the single
U-shaped mixer: (a) rotating at Ω = 360 rpm (ccw); (b) rotating at Ω = 600 rpm (ccw).

Figure 4. Velocity vector field with the directions of Coriolis and Dean forces on cross sections 2–5 as
indicated in Figure 2a for the single U-shaped mixer: (a) rotating at Ω = 360 rpm (ccw); (b) rotating at
Ω = 600 rpm (ccw).
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The coupled Coriolis–Dean effects may be examined from the ratio γc of the two forces given
in Equations (6) and (7) as [42]:

γc =
fD
fC

=
U

2RΩ
, (8)

where the stream velocity U is a function of rotational speed Ω. Then U can be taken to be the mean
velocity Um and expressed as:

Um ∝ Ωk, (9)

with k representing the power-relation exponent. For a straight and round channel (R → ∞) on
a rotating disc, the power-relation exponent k = 2 approximately [26]. For the single-U mixer employed
in the present study, k ≈ 1.84 in the lower rotational speed range (Ω ≤ 480 rpm) and the exponent
becomes smaller k ≈ 1.41 in the higher range (Ω ≥ 600 rpm). Taking the case of Ω = 600 rpm as
an example, with Um = 0.38 m/s and an average radius R ≈ (21/2)b = 424 μm, the ratio of the Dean
force to the Coriolis force is approximated to be γc ≈ 7.1. This means that the Dean force dominates
the Coriolis force in generating the secondary flow as the stream turns along the consecutive 90◦ bends,
and the Dean–Coriolis force ratio increases with increasing rotational speed.

In addition, it is worth looking into the effect of the system’s centrifugal force on secondary flows,
which play a major role in enhancing mixing of the present study, as compared to those of the Coriolis
force and the Dean force. For a radial straight microchannel of rectangular cross-section, the ratio of
the system’s centrifugal force to the Coriolis force may be scaled as [30,34]:

fω
fC

=
rΩ
2U

=
4μ
ρb2Ω

, (10)

where the mean stream velocity Um instead of the maximum stream velocity Umax is used to scale
the Coriolis force and a characteristic scaling fC ∝ Ω2 is invoked. As already mentioned, the mean
stream velocity Um depends on Ω, and the exponent k in Equation (9) tends to decrease in the higher
rotational speed range for the single-U mixer. It should be noted that in Equation (10), the Coriolis force
is perpendicular to the radial direction of the system’s centrifugal force. The transverse secondary flow
accompanied by the streamwise vorticity in the radial straight channel is mainly due to the Coriolis
force, while the system’s centrifugal force contributes to drive the stream flow along the channel [43,44].
When examining the effect of the system’s centrifugal force on secondary flows in the circumferential
channel section (orthogonal to the radial direction), great care is required because fω is parallel to fC.
This effect may be understood based on vorticity consideration by rewriting Equation (2) for a constant
angular velocity Ω as [43,44]:

ρ
→
V · ∇→V = −∇p∗ + μ∇2

→
V − 2ρ

→
Ω ×→V, (11)

where the centrifugal force is incorporated into the modified pressure p* given by

p∗ = p− 1
2
ρΩ2(x2 + y2). (12)

The vorticity equation for incompressible flow can then be obtained by taking the curl of
Equation (11) as [45,46]:

(
→
V · ∇)→ω = (

→
ω · ∇)→V + ν∇2→ω − 2∇× (→Ω ×→V), (13)

where
→
ω = ∇ × →V is the vorticity and ν is the kinematic viscosity. The three source terms

on the right-hand side of Equation (13) represent the vortex stretching, the viscous diffusion of
vorticity and the Coriolis-force production of vorticity, respectively. Note that the modified pressure
does not appear in the vorticity equation since the curl of the gradient of any scalar is zero. This indicates
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that the system’s centrifugal force does not ‘directly’ contribute to generation of vorticity in the interior
of the channel [46,47]. However, this does not mean that the system’s centrifugal force plays
no role in generation of streamwise vorticity in a channel section that is orthogonal to the radial
direction. The system’s centrifugal force, nevertheless, has important influences in helping vorticity
generation in microchannel flow through change of the boundary geometry (e.g., a sudden expansion
or a curved bend) and variation in pressure gradient along the channel’s solid surface [47]. For the flow
in the U-shaped channel structure with a very short circumferential section, the streamwise vorticities
that lead to producing and intensifying the transverse secondary flow are generated mainly from
stretching and turning of vortex lines through the consecutive 90◦ bends of the channel as well as from
the Coriolis force. The streamwise vorticities generated when the flow turning along the consecutive
bends are, in the present study, accounted for as the Dean–Coriolis force effect, which is indeed
originated from the flow driven by the system’s centrifugal force.

Effects of the coupled Dean–Coriolis forces can also be revealed through comparison of centrifugal
mixing characteristics between the U-shaped mixer and a T-type mixer. Figure 5a illustrates schematic
of the centrifugal T-type micromixer employed for the present simulations. The T-type micromixer with
fluid inlets located at 30 mm from the center of the disc is simply a straight channel having the same
cross-section (b = h = 300 μm), radial length (exit at xc = 20 mm) and junction position (xj = 1.3 mm) as
the U-mixer. Figure 5b displays the cross-sectional concentration distributions and velocity vectors
computed at xc = 4.2, which is the same x-position as Section 5 of the U-mixer, for two rotational speeds
Ω = 360 ad 600 rpm (ccw). A C-shaped interface of the fluids can be clearly seen in the cross-section
for both rotational speeds. In the T-mixer, the transverse secondary flow is induced essentially by
the Coriolis force alone [30] since there is no Dean force in the straight channel (R→ ∞). It can be
seen from the transverse velocity vectors that the secondary flow drives the fluids from side walls
B toward A (B→A) in the middle of the cross-section neighboring z = 0, where the maximum radial
velocity occurs, and A→B near the top and bottom walls. When comparing these two cross-sectional
distributions, the C-shaped interface for the higher rotational speed of 600 rpm appears to be a bit wider
and lighter near the corners on side wall B than that of 360 rpm. This indicates a slightly better mixing
for the higher rotational speed due to a stronger Coriolis-induced secondary flow that compensates for
the shorter residence time of the mixing fluid stream.

Figure 5. Centrifugal T-type micromixer and cross-sectional concentration distribution: (a) schematic of
the T-type micromixer showing the channel geometry and coordinates; (b) concentration distributions
and velocity vectors at xc = 4.2 mm for Ω = 360 and 600 rpm (ccw).

Figure 6 compares mixing efficiency of the single U-shaped mixer with the T-type mixer at different
rotational speeds ranging from 120 to 1200 rpm (ccw). The mixing efficiency was calculated using
Equation (4) based on the cross-sectional concentration distribution in Section 5 (xc = 4.2 mm) for
the U-mixer and at the same x-position (xc = 4.2 mm) for the T-mixer. It can be seen that mixing
efficiency for the U-mixer increases rapidly with rotational speed, from 20% at Ω = 120 rpm to 82%
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at Ω = 840 rpm. Beyond Ω = 840 rpm, the mixing efficiency appears to level off around 83–84%.
The flat level efficiency in the higher speed range is due mainly to the high flow velocity that increases
rapidly with rotational speed. The mean velocities at the U-mixer exit were found to be 0.67 m/s for
Ω = 900 rpm and 1.0 m/s for Ω = 1200 rpm, corresponding to Reynolds numbers Re = 200 and 300.
The rapidly increasing velocity reduces the fluid residence time and appears to offset the growing
influence of transverse secondary flow. It is worth mentioning that the simulations with different
diffusion coefficients (1.0 × 10-12 and 3.0 × 10-9 m2/s) also exhibit a similar trend of mixing efficiency
variation with rotational speed as in Figure 6 for the same U-shaped mixer, but give a slightly higher
efficiency (by an amount of 5–6%) for the larger diffusion coefficient and slightly lower efficiency
(by an amount of 4–5%) for the smaller diffusion coefficient in the level-off range Ω = 900–1200 rpm.
In other words, changes in mixing efficiency contributed from the diffusion coefficient variation by
an order of magnitude are limited. This indicates that advection plays the key role in enhancing fluid
mixing for the present centrifugal U-shaped microchannel.

Figure 6. Comparison of mixing efficiency for the single U-shaped mixer and T-type mixer rotating at
different speeds from 120 to 1200 rpm (ccw).

In Figure 6, the T-mixer also shows an overall growth in mixing efficiency with increasing
rotational speed due mainly to the Coriolis-induced secondary flow. However, the fluids flowing
through the straight channel of the T-mixer without U-turns have a much lower mixing efficiency
(8–20%) than that observed in the U-mixer. The comparison in Figure 6 points out that Coriolis-induced
vortices alone may not help mixing the fluids so much in a rotating microchannel. It is necessary
to have the Dean flow generated during rapid turns of fluid stream along the consecutive bends to
strengthen the transverse secondary flow for further enhancement of the mixing. The simulation results
also indicate that the centrifugal U-mixer that enables effective assistance of fluid mixing within a short
channel length is very suitable for use in CD-based microfluidic systems. Moreover, an additional
U-shaped structure can be expected to further enhance the fluid mixing by maintaining a large value
of γc for a longer channel length.

4.2. Experimental Results and Comparison

Figure 7 shows flow visualization of top view images for the single-U mixer rotating at different
speeds from 360 to 900 rpm (ccw). The flow enters the U-shaped channel from the left. At a lower
speed of 360 rpm, the colored fluid appears on the upper side of the entrance region due to the effect of
Coriolis force. The colored area indicates the mixed interface where the two testing fluids contact and
react. The Coriolis force, in this counterclockwise rotating case, points downward on the top view
images. As a result, the colored area in the entrance region appears in the upper half of the image,
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reflecting the C-shaped interface observed on Section 1 of Figure 2c. The mixed area becomes wider but
lighter, signifying stretching of the interface, as flow turns along the first and second 90◦ bends. Then
along the third and fourth bends, the mixed interface clearly shows a twisting shape accompanied by
the stretching phenomenon. At the exit of the U-shaped structure, the mixed area increases largely
than at the entrance. As the speed increases to 480 rpm, the mixed area is enlarged in the entrance
region where stretching and twisting of the interface take place slightly earlier than at the lower
speed. Arriving at the fourth 90◦ bend, the colored lines’ entanglement implies folding and twisting
of the interface. Thereafter the testing fluids mix well at the exit of the U-shaped structure. As the
speed further increases to 600 and 900 rpm, folding and twisting of the interface occurs even earlier.
As a result, the colored area covers nearly the whole downstream of the U-structure. It can be seen
that the mixing performance is significantly enhanced at the exit for Ω = 900 rpm. Note that, at
the higher speeds, the colored area appears to spread from the upper wall toward the down side but
with lighter color. This is a result of large ratio of Dean–Coriolis forces that tends to widen the interface
but the faster flow velocity, particularly in the neighborhood of the channel centerline, allows less time
for the fluid interface to diffuse.

Figure 7. (a–d) Top view visualization of the mixed fluids for the single U-shaped mixer rotating from
Ω = 360 to 900 rpm (ccw), where the flow enters from the left.

Under the effects of the Coriolis force, the present U-shaped mixer is not fully symmetric between
the clockwise and counterclockwise rotations. Figure 8 shows flow visualization of top view images for
the same U-mixer of Figure 7 but rotating clockwise (cw) at speeds from 360 to 900 rpm. The Coriolis
force now points upward on the top view images for the flow in the x-direction. Therefore the colored
interface develops on the lower side of the image in the entrance region and becomes wider but lighter
as the rotational speed increases. At lower speeds Ω = 360 and 480 rpm, it is observed that the interface
turns around the second and third 90◦ bends without touching the upper wall of the radial channel
between Sections 2 and 4 because of the upward Coriolis force, unlike those shown in Figure 7a,b
for the counterclockwise rotation. At higher speeds Ω = 600 and 900 rpm, the interface broadens
and covers most of the channel after Section 2 due mainly to the stronger Dean force produced as
the stream with a higher velocity turns along the 90◦ bends. It is also observed that at these higher
velocities, stretching, folding and twisting of the fluid interface appear to display a lot more entangled
lines and surfaces. As a result, the mixing at the exit becomes much better than at the lower speeds.
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Figure 8. (a–d) Top view visualization of the mixed fluids for the single U-shaped mixer rotating from
Ω = 360 to 900 rpm (clockwise; cw), where the flow enters from the left.

Figure 9 shows the top view images of numerical simulations displaying the fluid mixing
phenomenon for Ω = 360 and 600 rpm undergoing both counterclockwise and clockwise rotations.
Each of these simulation images are composed of the species concentration distributions on the x-y
plane in the upper half of the channel (from z = 0 to 150 μm). The concentration distributions are shown
here in gray scale with black representing the complete mixing (C = 0.5) and white for unmixed fluids
(C = 0 or 1.0). The composite distribution images were made for comparison with the visualization
images of Figures 7 and 8, which accumulated the entire color changes through the depth of the channel.
For both lower and higher rotational speeds, the simulation images clearly demonstrate the interface
shape that is affected by the Coriolis force and the Dean force as the stream turns along the 90◦ bends.
The Coriolis effects caused by counterclockwise rotation can be distinct from those by clockwise
rotation. For the higher rotational speed Ω = 600 rpm, the twisted and overlapped lines are largely
increased to exhibit a darker surface, particularly near the exit of the U-shaped structure, indicating
a higher mixing performance. The simulation images of Figure 9 are consistent with and closely
resemble those observed in the experiments having the same speeds and directions of rotation.

Figure 9. (a–d) Top view images of fluid mixing obtained from numerical simulations for the single
U-shaped mixer at Ω = 360 and 600 rpm undergoing both counterclockwise and clockwise rotations,
where the flow enters from the left.
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Figure 10 shows flow visualization of the double-U mixer at rotational speeds of 360 and 600 rpm.
Both clockwise and counterclockwise rotations are presented for comparison. At the lower speed
Ω = 360 rpm, with one more U-structure, it can be seen that the colored lines and surfaces representing
the mixed fluid interface become more stretching and twisting in the second U-structure. For the
higher speed Ω = 600 rpm, the colored lines and surfaces are largely entangled. For both lower
and higher rotational speeds, the mixed area at the exit of the second U-shaped structure becomes
darker than that observed in the single U-shaped structure. The second U-structure apparently further
enhances the mixing through the intensified transverse secondary flow caused by the Coriolis force and
the Dean force in particular during the four more 90◦ turns. In the clockwise rotation cases, the Coriolis
force that points upward causes the mixed interface to move toward the lower half of the entrance
channel. The stretching, twisting and folding phenomenon of the interface appears to be similar to
that in the clockwise single-U mixer but larger in strength. The mixed area at the exit of the second
U-structure for the higher rotational speed Ω = 600 rpm is observed to be darker than that for the single
U-shaped channel.

Figure 10. (a–d)Topviewvisualizationof themixedfluidsfor thedouble-Umixerundergoingcounterclockwise
(ccw) and clockwise (cw) rotations at 360 and 600 rpm, where the flow enters from the left.

Figure 11 presents the simulation results for the variations of mixing efficiency with the downstream
channel distance beginning from the T-junction for the double-U mixer at Ω = 360, 600 and 900 rpm
(ccw). At the lower speed Ω = 360 rpm, the mixing efficiency increases significantly at Sections 2–4
of the first U-structure and is further enhanced in at Sections 2–4 of the second U-structure. There
is a small decline between Sections 4 and 5 of the second U-structure, which may be due to the fact
that the rapidly changing flow directions are not perpendicular to the cross-sections during the turns,
causing the concentration collected on the cross-section to have a small variation with the flow angle.
At the higher speeds Ω = 600 and 900 rpm, the mixing efficiency dramatically grows at Sections 2–5 of
the first U-structure. Then the efficiency still maintains a significant growth but with a less steep slope
in the second U-structure. The dramatic growth followed by a significant rise in mixing efficiency is
due largely to the strong Dean flow caused by the high Dean-Coriolis-force ratio (γc ≈ 6.2 and 7.4 for
Ω = 600 and 900, respectively).
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Figure 11. Variations of simulation mixing efficiency in downstream channel distance for the double-U
mixer undergoing counterclockwise rotations at 360, 600 and 900 rpm with indication of downstream
positions for the cross-sections of the first and second U-structures.

Figure 12 shows top-view mixing images of flow visualization and numerical simulations of
the triple-U mixer at a rotational speed of 360 rpm for counterclockwise and clockwise rotations.
For the flow visualization images, only flow in the second and third U-structures are displayed because
the visualization was designated to target the exit of the third U-structure for quantifying mixing
efficiency. It can be observed that colored surfaces of the mixed-fluid interface in the second and third
U-structures are even more stretching and twisting than those in double-U mixer at the same speed,
indicating more stirring. It can also be seen from the visualization images that the counterclockwise
rotation mixing appears to better the clockwise case. This could be due to the combined effects of
Dean and Coriolis forces, which are toward more opposite directions between Sections 2 and 4 for
the counterclockwise case, resulting in larger stirring of the mixing fluids than the clockwise case.
The simulation images, displaying the flow along the whole three U-structures, clearly demonstrate
the difference in interface shape between the counterclockwise and clockwise rotation cases as those
shown in the flow visualization. The twisted and overlapped interface representing the mixed fluids
become more entangled and darker in the second and third U-structures, indicating that mixing
enhancement can be achieved with more U-structures.

Figure 13 compares the mixing efficiencies measured from the visualization experiments with
those obtained from the numerical simulations for the single-, double- and triple-U mixers undergoing
counterclockwise rotation at different speeds. A similar comparison for the three mixers undergoing
clockwise rotation is presented in Figure 14. Quantification of the mixing performance in the present
experiments is based on the concentrations measured in the imaged area located at the exit of
the U-shaped structure. The imaged area was approximately 450 μm × 400 μm with its left side located
at xc = 4.2, 5.4 and 6.6 mm for the single-, double- and triple-U mixer, respectively. The mixing efficiency
computed from the pixel intensity of averaged RGB values in the imaged area is given by [16]:

ηexp =
I − Imin

Imax − Imin
×100%. (14)

The maximum red intensity Imax is observed in a fully mixed image and the minimum intensity
Imin is observed in an image of DI water. The technique of quantifying mixing efficiency from
concentration measurements was employed previously by Chen et al. [48]. For all the three U-mixers,
the mixing efficiency measured from the visualization experiments increases sharply with increasing
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rotational speed in the lower range, Ω = 360 to 600 rpm for the single- and double-U mixers and
an even lower range of Ω = 360 to 480 rpm for the triple-U mixer. As the speed further increases to
720 and 900 rpm, the efficiency gradually levels off for the single-U mixer. Nearly complete mixing
is attained at Ω = 720 rpm for the double-U mixer and at an even lower speed of Ω = 600 rpm for
the triple-U mixer. This increasing trend is observed in both counterclockwise and clockwise cases and
is well predicted by the simulations with a constant diffusion coefficient of 3 × 10−10 m2/s.

Figure 12. Top view images of fluid mixing from visualization experiments (left, where only the second
and third U-structures are displayed) and numerical simulations (right) for the triple-U mixer at
Ω = 360 rpm: (a) counterclockwise rotation; (b) clockwise rotation. The flow enters from the left.

Figure 13. Comparison of mixing efficiency between experiments and simulations for the single-, double- and
triple-U mixers undergoing counterclockwise rotation in the range 120–1200 rpm (360–900 rpm for experiments).
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Figure 14. Comparison of mixing efficiency between experiments and simulations for the single-,
double- and triple-U mixers undergoing clockwise rotation in the range 120–1200 rpm (360–900 rpm
for experiments).

For the single-U mixer undergoing counterclockwise rotation, the measured mixing efficiency
increases from 48% at Ω = 360 rpm to 72% at Ω = 600 rpm and reaches 86% at Ω = 900 rpm.
The clockwise rotation case is slightly lower than the counterclockwise rotation by about 5% at
Ω = 480 rpm. But at Ω = 600 rpm, the clockwise rotation jumps to lead the counterclockwise rotation
by approximately 6% and then approaches a maximum of 86% as the speed further increases. For the
double-U mixer, the measured mixing efficiency is apparently higher than that for the single-U mixer
by an amount of 10–20%. The efficiency increases from 60–65% at Ω = 360 rpm to reach nearly
99% at Ω = 720 and 900 rpm for both clockwise and counterclockwise cases. This is consistent with
the observation of Figure 10. An additional U-shaped structure further enhances the mixing through
the intensified transverse secondary flow caused by the Coriolis and Dean forces with four more 90◦
turns of the stream. In the meantime, the mean velocity at the exit of the double-U mixer is found to be
slower than that of the single-U mixer by 13–17%, which leads to an increase of fluid residence time
giving help to the mixing. The mean velocity was estimated from the visualization images beginning
from the burst of flow until the fluid reservoirs become empty. It was found that the mean velocity
reduced from 0.16 m/s for the single-U mixer to 0.14 m/s for the double-U mixer at the burst rotational
speed Ω = 360 rpm, and from 0.74 to 0.64 m/s at the highest speed Ω = 900 rpm. For the triple-U mixer
under counterclockwise rotation, the measured mixing efficiency was found to be higher than 80% even
at a lower speed Ω = 360 rpm, subsequently grows to 95% at Ω = 480 rpm and then reaches a nearly
complete mixing value of 99% at Ω = 600 rpm and beyond. In the clockwise rotation case, efficiency for
the triple-U mixer also significantly better than those for single- and double-U mixers, attaining about
95% at Ω = 480 and 600 rpm, and rising to near complete mixing at Ω = 720 and 900 rpm. For a lower
speed of 360 rpm, the efficiency appears to be 7% lower than that of counterclockwise rotation at
the same speed, as observed in Figure 12. The simulations that cover a rotational range of 120–1200 rpm
show in good agreement with measurements. Overall, the simulation efficiencies appear slightly
lower than the measured values with an average difference of about 4%. At Ω = 900, the simulation
mixing efficiency approaches 97% for the double-U mixer and 99% for the triple-U mixer. With one or
two more U-structures, the simulation mean velocity was also found to be slower becoming 0.59 and
0.53 m/s at Ω = 900 rpm for the double- and triple-U mixers, respectively. Moreover, the simulations
show no discernible difference in mixing efficiency between clockwise and counterclockwise cases,
for which the difference in mean velocity is very small (~1%) at the same rotational speed.

108



Micromachines 2020, 11, 1110

5. Conclusions

Centrifugal microfluidics with a simple geometry of U-shaped channel was investigated for
achievement of rapid and efficient mixing of the fluids. Three types of microfluidics, namely
microchannels with single-, double- and triple-U structures, were examined in the present study.
Experimentally, the testing fluids of ferric chloride and ammonium thiocyanate solutions were employed
for flow visualization of the mixing. The blood-red color produced as the two fluids in contact and
reaction provides clear images for qualitative interface visualization as well as quantitative evaluation
of mixing efficiency. Numerical simulations were also carried out to reveal detailed characteristics
of the flow and concentration fields. It is found that the fluid mixing is remarkably enhanced by
the transverse secondary flow. The secondary flow originated from the Coriolis-induced vortices due
to the channel flow on a rotating disc is further intensified by the Dean force generated as the stream
turns along each of the 90◦ bends of the U-shaped structures. A scaling parameter γc, similar to
the one used by Zhang et al. [42], is introduced to examine effects of the Dean force as compared
to the Coriolis force. Stretching, twisting and folding of mixing interface caused by the transverse
secondary flow were observed in flow visualization and closely resembled in numerical simulation as
well. It is also found that the secondary flow becomes stronger with increasing rotational speed and
with more U-shaped structures, resulting in a larger area of mixed fluids and hence higher mixing
performance. The mixing efficiency measured for the three types of U-shaped mixers shows a sharp
increase with increasing rotational speed in the lower range Ω ≤ 600 rpm. As the speed further
increases, nearly complete mixing can be achieved at Ω = 600 for the triple-U mixer and at Ω = 720 rpm
for the double-U mixer, while a maximum level between 83 and 86% is reached for the single-U
mixer at Ω = 720 and 900 rpm. The variation of simulated mixing efficiency with rotational speed
in a wider range (120–1200 rpm) agrees well with the measurements. Moreover, both the simulation
and measurement results show no discernible difference in mixing efficiency between clockwise and
counter-clockwise cases. The centrifugal U-shaped micromixers presented in this study enabling to
assist fluid mixing effectively within a short channel length are especially suitable for use in CD-based
microfluidic systems.
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Abstract: This article proposes a micromixer based on the vortices generated in a T-type microchannel
with nonuniform but same polarity zeta potentials under a direct current (DC) electric field. The
downstream section (modified section) of the outlet channel was designed with a smaller zeta
potential than others (unmodified section). When a DC electric field is applied in the microchannel,
the electrokinetic vortices will form under certain conditions and hence mix the solution. The
numerical results show that the mixing performance is better when the channel width and the zeta
potential ratio of the modified section to the unmodified section are smaller. Besides, the electrokinetic
vortices formed in the microchannel are stronger under a larger length ratio of the modified section
to the unmodified section of the outlet channel, and correspondingly, the mixing performance is
better. The micromixer presented in the paper is quite simple in structure and has good potential
applications in microfluidic devices.

Keywords: micromixer; electrokinetic vortices; T-type microchannel; zeta potential ratio; length ratio

1. Introduction

Microfluidic devices have been widely used in biological or chemical analysis because
of the significant advantages of easy operation, low cost, and less sample consumption [1].
Since the liquid is usually laminar in microchannels due to the small Reynolds number,
the effects of diffusion and convection are quite weak and the liquid mixing is a challenge
in microchannels. Therefore, micromixers are the key components of microfluidic devices
and have been studied extensively.

The reported micromixers are usually divided into two categories: Active micromixers
and passive micromixers. Active micromixers utilize external energy sources such as
electric field [2–4] magnetic field [5–7], and acoustic field [8–10] applied in microchannels
to improve the solution mixing performance. The channel structures of these micromixers
are relatively simple. By contrast, external energy sources are not required for passive
micromixers, but this type of micromixer generally needs to have a complicated channel
structure [11–19] or set obstacles [20–23] in the microchannel to disturb the laminar flow
for solution mixing under a relatively high pressure generated by a syringe pump. The
mixing efficiency of passive micromixers is high, but the sealing of a microfluidic chip
under high pressure is a challenge. The details can be found in the review articles [24,25].

It is generally known that when a charged solid surface is in contact with an aqueous
solution, the surface electrostatic charges will attract the counter-ions in the solution and
then the electric double layer (EDL) forms on the surface [26]. The zeta potential is an
important parameter to evaluate the surface charge density. Once a DC electric field is
applied along the surface, the electroosmotic flow (EOF) will form in the EDL and drive
the liquid near the surface to flow. If the channel walls have different polarity zeta po-
tentials, electrokinetic vortices can be easily generated due to the different directions of
electroosmotic flows formed on the walls. Vortices can stir the liquid, thereby enhancing
the effects of diffusion and convection, so the electrokinetic vortex is an effective method
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to solve the mixing problem in microfluidic devices and can be used to design different
types of electrokinetically-driven active micromixer. It is widely known that a metal ob-
ject immersed in an aqueous solution will be induced by an external electric field. As a
result, one side of the metal object obtains positive charges and another side obtains equal
amounts of negative charges. The details can be found in the reference [27]. Therefore,
the electrokinetic vortex can be easily formed by the induced charge electroosmotic flow
(ICEO) generated on a metal object surface [27–30]. Based on electrokinetic vortices gener-
ated by ICEO, Wu and Li [31,32] designed a micromixer and conducted a systematically
numerical and experimental investigation. The advantage of this kind of micromixer is
that the inhomogeneous zeta potential surfaces can be obtained directly without surface
modification. However, under a high electric field strength, the “Bipolar Electrochemistry”
phenomenon [33] generated on conducting surfaces is unfavorable to the vortex generation,
thereby affecting the mixing performance.

A metal surface can obtain different polarity zeta potentials without surface treatment.
However, a non-conductive surface usually has a uniform zeta potential, so surface modifi-
cation technology should be used to make the wall obtain inhomogeneous zeta potentials,
then electrokinetic vortices can be formed in the microchannel. Hau et al. [34] and Stroock
et al. [35] experimentally investigated the electroosmotic flow formed on a surface with
different polarity zeta potentials and demonstrated that electrokinetic vortices can form
near this kind of surface. Erickson and Li [36–38] carried out numerical studies on the
electrokinetic vortices formed in a straight microchannel by designing various patterns
on the microchannel walls with different polarity zeta potentials and found the degree of
pattern heterogeneity greatly affect the electrokinetic vortex generation. However, it is not
easy to manufacture the surface with different polarity zeta potentials since a surface in the
same aqueous solution usually has the same polarity zeta potentials [39].

As described, electrokinetic vortices can easily form on a surface with different polarity
zeta potentials. If the surface has different value but same polarity zeta potentials, can
electrokinetic vortices still form? Recently published studies show that electrokinetic
vortices can also form on such surfaces under certain conditions [40,41]. Song et al. [41]
utilized polybrene (PB) coating technology to design a two-section straight microchannel
with two same polarity zeta potentials (one section was modified with a smaller absolute
value of negative zeta potential, and another section was not modified). and studied the
evolution of the flow field in the microchannel. The results show that electrokinetic vortices
can form in such a microchannel when the length ratio of the modified section to the
unmodified section is large enough.

Active micromixers based on electrokinetic vortices have the advantages of easy
operation and sample structure. Biddiss et al. [42] carried out an investigation on the liquid
mixing performance near a non-conductive surface with different value and different
polarity zeta potentials. However, so far very few published works have presented the
liquid mixing based on electrokinetic vortices generated on a surface with different value
but same polarity zeta potentials. In this paper, a T-type micromixer was designed utilizing
electrokinetic vortices formed in the microchannel with different value but same polarity
zeta potentials. The dependencies of surface zeta potentials, channel width, and other
factors on the mixing performance of the micromixer were numerically investigated. The
advantage of the presented micromixer is that the microchannel structure and the work
system are quite simple. The micromixer only needs a small battery to work, which
is conducive to the integration and miniaturization of microfluidic devices. This work
provides a certain theoretical basis for practical application in the future.

2. Structure and Working Principle of the Micromixer

Figure 1 displays the structure and working principle of the proposed micromixer.
The structure of the micromixer is a T-type microchannel with one outlet and two inlets.
The lengths of the inlet and outlet channels are Linlet and Loutlet, and the width and height
of the channel are equal, namely, W = H. In this study, the dimensionless lengths of the
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inlet and outlet channels were set to be 10 and 30, respectively, and the characteristic length
is Lref = 10 μm. The outlet channel is divided into an unmodified section and a modified
section. The lengths of the unmodified section and the modified section are Lu and Lm, and
the parameter of β = Lm/Lu is defined as the length ratio of the modified section to the
unmodified section. Two different DC voltages of Vinlet and Voutlet are applied at the two
inlets and the outlet of the microchannel. The walls of the inlet channel and the unmodified
section of the outlet channel have the same negative zeta potential (ζu), and the negative
zeta potential (ζm) of the modified section is designed with a smaller absolute value. The
parameter of α = ζm/ζu is defined as the zeta potential ratio of the modified section to the
unmodified section.

 
Figure 1. Schematic diagram of the micromixer structure and working principle. The zeta potentials of the unmodified
section wall (ζu) and the modified section (ζm) wall are all negative, but the absolute value of ζm is smaller than that of ζu.

Once the charged channel walls are in contact with an aqueous solution, electric
double layers (EDL) will form along the walls. When the voltages of Vinlet and Voutlet are
applied, the electroosmotic flow (EOF) will be generated in the microchannels. Under the
same electric field, the velocity of EOF is determined by the surface zeta potential. The
larger the absolute value of surface zeta potential is, the higher the velocity of EOF is.
Since the absolute value of ζm is smaller than that of ζu, the velocity of EOF formed in the
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modified section is smaller than that in the unmodified section. Therefore, the liquid in the
modified section will impede the flow of liquid in the unmodified section. When the EOF
velocity difference of the unmodified section to the modified section is large enough, the
“impede effect” of the modified section liquid will become strong. As a result, the liquid
in the unmodified section will flow back, hence the electrokinetic vortex generates in the
microchannel, as shown in Figure 1. The formed electrokinetic vortices stir the laminar flow
in the microchannel and then realize liquid mixing. The parameters of the zeta potential
ratio (α) and the length ratio (β) of the modified section to the unmodified section have an
important influence on the “impede effect” of modified section liquid, thereby affecting the
strength of electrokinetic vortices and the corresponding mixing performance.

3. Theoretical Model

After a DC electric field is applied in the microchannels, electrokinetic vortices will
form, thereby mixing the solution. Therefore, this model contains an electric field, a flow
field, and a concentration field.

3.1. Electric Field

The DC electric potential (V) field in the microchannels is described by Laplace’s equation:

∇2V = 0 (1)

The relationship between the electric potential and the electric field strength (E) is
as follows:

E = −∇V (2)

Since all the channel walls are electrically insulated, the boundary condition is

n · E = 0 (3)

where n is the unit normal vector on the boundary walls.
The voltages of Vinlet and Voutlet are applied at two inlet boundaries and one outlet

boundary, respectively, and the boundary conditions are

V = Vinlet (4)

V = Voutlet (5)

In this work, the outlet boundary was grounded, namely, Voutlet = 0. The electric field
strength (E) in the outlet channel is set as a constant value of 50 V/cm by adjusting the
inlet voltage of Vinlet.

3.2. Flow Field

The Navier–Stokes equation and the continuity equation govern the distribution of
the flow field in the microchannels. Their expressions in steady-state are as follows:

ρU · ∇U = −∇p + μ∇2U (6)

∇ · U = 0 (7)

where ρ = 1000 kg/m3 is the solution density, U is the velocity vector, μ = 0.001 Pa·s is the
dynamic viscosity of the solution, and p is the pressure.

In this study, the flow of the solution in the microchannels is dependent on the EOFs
formed on the charged walls by the DC electric field, and there is no pressure-driven flow.
Thus, the boundary conditions of the inlets and outlet are

p = 0 (8)
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In this model, the net charge density is zero except in EDLs, but compared with the
scale of the microchannel, the EDL thickness is negligible. Thus, this model does not
consider the body force acting in the EDL by the DC electric field and the distribution of
the flow field in the EDL. Instead, a slip boundary condition (Helmholtz–Smoluchowski
velocity [26,43]) was adopted to reflect the EOFs generated on the channel walls. Thus, the
boundary conditions of the flow field on the channel walls are as follows:

U = − ε0εζm

μ
E (9)

on the channel walls of the modified section;

U = − ε0εζu

μ
E (10)

on the other channel walls, where ε0 = 8.85 × 10−12 F/m is the vacuum permittivity, ε = 80
is the relative dielectric constant of solution.

Considering that polydimethylsiloxane (PDMS) is a widely-used material in the
fabrication of microchannels and its zeta potential can be controlled in the range of −1.7
mV and −57 mV by surface treatment [44], this model took ζU = −50 mV as a characteristic
value of the zeta potential on the unmodified section walls.

The Reynolds number in this study is less than 0.1 due to the small microchannel
size and the electric field intensity. With the increase of the electric field, the velocity of
EOFs and the corresponding Reynolds number will increase. The electric field and the
micromixer size can be adjusted according to the actual needs. However, it should be noted
that the Joule heating effect from a strong electric field will play a negative effect on the
biological cells in the solutions. Thus, a small electric field is used in this work.

3.3. Concentration Field

Assuming that the concentration is not affected by any reactions and there is no migra-
tion of ionic species, the convection-diffusion equation, which describes the concentration
of the solute in water in a steady-state, is as below [45]:

∇ · (−D∇c) + U · ∇c = 0 (11)

where c is the solute concentration, D = 10−11 m2/s is the diffusion coefficient of the solute.
Since all channel walls are insulated for the solute, no flux condition (Equation (12))

was applied to the walls.
− n · (−D∇c + Uc) = 0 (12)

At Inlet 1 (see Figure 1) the solute concentration is c0 = 1 mol/m3; at Inlet 2 the
concentration is zero, that is

c = c0 (13)

at Inlet 1;
c = 0 (14)

at Inlet 2.
The solute is transported out of the outlet boundary by liquid motion, so convection

dominates the solute transport and the diffusive transport can be ignored. Thus, the
boundary condition at Outlet is

n · D∇c = 0 (15)

To evaluate the mixing performance of the micromixer, a mixing index is defined as
follows:

γ =
cmin

cmax
(16)
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where cmax and cmin are the maximum value and the minimum value of the solute concen-
tration at the Outlet (see Figure 1). The value of γ is in the range of 0 to 1. It is obvious that
the larger the value of γ, the better the mixing performance.

COMSOL MULTIPHYSICS 5.2a ® was chosen to calculate the above 3D numerical
model in this work. The electric field, flow field, and concentration field in the model are
mutually coupled and solved simultaneously by the software. The simulation process
is as follows. According to the above-mentioned governing equations, the appropriate
physical fields are firstly chosen from the “Physics” module of the software. Secondly,
the computational domain is drawn via the “Geometry” module. Thirdly, the boundary
conditions are set in the software according to the theoretical model. Finally, the mesh is
built and the model is calculated.

Mesh quality greatly affects the accuracy of the numerical result. To avoid this problem,
mesh independence was examined by calculating the mixing index of γ under different
mesh numbers. The result shows that the rate of change in γ is less than 0.6% when the
mesh number is increased from 361,345 to 433,680. Therefore, the mesh number was set to
not less than 361,345 in the simulation.

4. Results and Discussion

4.1. Distribution of Concentration Field in the Microchannels

Figure 2 shows the distribution of the concentration field in the microchannels in
steady-state under different conditions. Assuming that all the walls are unmodified,
namely, all the walls have the same zeta potential, the concentration field distribution in
the microchannels is shown in Figure 2A. It is obvious that the mixing effect of the solute
is poor in this case. By contrast, when the downstream of the outlet is designed with a
smaller absolute value of zeta potential (see Figure 1), the distribution of the concentration
field is shown in Figure 2B (The zeta potential ratio and the length ratio of the modified
section to the unmodified section were set to be α = 0.1 and β = 6, respectively). It can be
easily seen that the mixing performance, in this case, is much better than that in Figure 2A.
The main reason is the generation of the electrokinetic vortices due to the “impede effect”
of the low flow velocity liquid in the modified section to the high flow velocity liquid in
the unmodified section, as displayed in the inset of Figure 2B. The electrokinetic vortices
enhance the convection and diffusion effect and the corresponding mixing performance.

The modified section and unmodified section of the outlet channel can be seen as a
mixing unit. There is one mixing unit in Figure 2B. If two mixing units were set in the
outlet channel, what would happen? As shown in Figure 2C, two same size mixing units
were set. The length of the outlet channel, the zeta potential ratio, and the length ratio of
the two mixing units in Figure 2C are the same as that in Figure 2B. It is obvious that extra
vortices form in the unmodified section of the mixing unit 2, as displayed in the insets of
Figure 2C. Therefore, the mixing performance in Figure 2C is better than that in Figure 2B.
However, since the extra vortices in Figure 2C are weak, the improvement of the mixing
effect is limited.

Besides, to evaluate the presented micromixer, a similar micromixer reported by other
researchers is compared. Biddiss et al. [42] designed a similar micromixer to the micromixer
presented in this paper and investigated the liquid mixing performance in the microchannel.
They set a complex patch patterning on the walls of a T-type microchannel and the patch
patterning have different value and different polarity zeta potentials. Their study shows
that for a 95% mixture, the required mixing length of the outlet channel is more than 2 mm
under the conditions of the diffusion coefficient 4.37 × 10−10 m2/s and the electric field
280 V/cm (The Reynolds number is about 0.35.). To evaluate the introduced micromixer,
the required mixing length for a 95% mixture is also calculated under the same diffusion
coefficient and Reynolds number. The numerical result shows that the required mixing
length of the introduced micromixer for a 95% mixture is less than 1 mm. The micromixer
reported by Biddiss et al. needs to set the channel walls with a complex patch patterning
via surface modification technology. By contrast, for the micromixer presented in the paper,

118



Micromachines 2021, 12, 130

only the downstream part of the outlet channel needs to be treated. Thus, the fabrication of
the introduced micromixer is relatively easier.

 

 

 
Figure 2. Distribution of the concentration field on the center cut plane of the microchannel under different cases: (A) The
channel wall has uniform zeta potential (−50 mV); (B) the channel wall has non-uniform zeta potential (one mixing unit:
ζu = −50 mV, α = 0.1, β = 6); (C) the channel wall has non-uniform zeta potential (two mixing units: ζu = −50 mV, α = 0.1, β = 6).

4.2. Effect of Zeta Potential Ratio (α) on Mixing Index

The dependence of the zeta potential ratio (α) on the mixing index (γ) is shown in
Figure 3 under the conditions of the length ratio β = 7 and the dimensionless channel width
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W* = 2 (W* = W/Lref, Lref = 10 μm). It is clear in Figure 3 that the mixing index (γ) of the
solute declines with the increase of the zeta potential ratio (α) of the modified section to the
unmodified section. It could be explained as follows:

 

Figure 3. Dependence of the zeta potential ratio on the mixing index under the conditions of the
length ratio β = 7 and the dimensionless channel width W* = 2 (W* = W/Lref, Lref = 10 μm).

The larger value of α means the absolute value difference of the zeta potentials
between the unmodified section and the modified section is smaller, accordingly, the
velocity difference of EOFs formed in the two sections is smaller. As a result, the “impede
effect” of the low flow velocity liquid in the modified section to the high flow velocity
liquid in the unmodified section is weaker, hence, the electrokinetic vortices formed in
the channel are weak, as shown in the insets of Figure 3. Therefore, it is not difficult to
understand the changing trend of γ with α in Figure 3.

4.3. Effect of Length Ratio (β) on Mixing Index

Figure 4 shows the changing trend of the mixing index (γ) with the length ratio (β) of
the modified section to the unmodified section. The other parameters were set to be the
zeta potential ratio α = 0.1 and the dimensionless channel width W* = 2. One can easily
see in Figure 4 that the larger the value β, the higher the mixing index (γ). Namely, the
mixing performance is better under the larger length ratio (β) of the modified section to the
unmodified section.

As mentioned above, the liquid in the modified section with a smaller EOF velocity
will impede the flow of liquid in the unmodified section with a higher EOF velocity. The
larger value of β signifies the length difference between the modified section and the
unmodified section is larger. As a result, the “impede effect” of modified section liquid to
the liquid in the unmodified section will become stronger, hence, the rotation velocity of
vortices formed in the channel will be higher, as displayed in the insets of Figure 4. Thus,
the mixing performance becomes better with the increase of the length ratio (β).
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Figure 4. Dependence of the length ratio on the mixing index. The other parameters were set to be
the zeta potential ratio α = 0.1 and the dimensionless channel width W* = 2.

4.4. Effect of Channel Width (W) on Mixing Index

The channel width greatly affects the mixing performance of the solute, as shown in
Figure 5 under the conditions of the zeta potential ratio α = 0.1 and the length ratio β = 4.
From Figure 5 it is found that the mixing index (γ) is smaller under the larger dimensionless
value of the channel width (W*). In other words, the mixing performance is better in the
microchannel with a smaller channel width. The explanation is as follows.

Figure 5. Dependence of the channel width on the mixing index under the conditions of the zeta
potential ratio α = 0.1 and the length ratio β = 4.
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The “impede effect” of the modified section liquid to the unmodified section liquid
determines the formation of electrokinetic vortices and hence the mixing performance.
Because the velocity of EOF formed on the walls of the modified section is low, with the
decrease of the channel width, the channel walls will squeeze the liquid, thereby enhancing
the “impede effect” of the modified section liquid. Assuming that the channel width is
quite large, the above-mentioned “squeeze effect” from the modified section walls will
become quite weak. As a result, the rotation velocity of the vortices is very low, even
the vortices disappear. Therefore, the mixing index (γ) decreases with the increase of the
channel width, as shown in Figure 5.

5. Conclusions

Liquid mixing based on the electrokinetic vortices generated in a T-type microchannel
with nonuniform but same polarity zeta potentials is numerically investigated in this
work. The outlet channel of the T-type microchannel is composed of a modified section
with a smaller zeta potential and an unmodified section with a larger zeta potential. The
results show that the “impede effect” of the modified section liquid to the unmodified
section liquid determines the formation of electrokinetic vortices and hence the mixing
performance. The larger the EOF velocity difference of the unmodified section to the
modified section is, the stronger the “impede effect” is. The “impede effect” can be
enhanced by decreasing the channel width and the zeta potential ratio of the modified
section to the unmodified section (namely, increasing the zeta potential difference of the
unmodified section to the modified section) and increasing the length ratio of the modified
section to the unmodified section, thereby improving the mixing performance.

The work provides a basic understanding of liquid mixing in a T-type microchannel
with nonuniform but same polarity zeta potentials. The presented micromixer is quite
simple in structure and can be fabricated easily. Since the micromixer only needs a small
battery to work, the work system of this micromixer is also simple. Therefore, the above
advantages of this micromixer are conducive to the integration and miniaturization of
microfluidic devices.
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Abstract: Micromixers are critical components in the lab-on-a-chip or micro total analysis systems
technology found in micro-electro-mechanical systems. In general, the mixing performance of the
micromixers is determined by characterising the mixing time of a system, for example the time or
number of circulations and vibrations guided by tracers (i.e., fluorescent dyes). Our previous study
showed that the mixing performance could be detected solely from the electrical measurement. In this
paper, we employ electromagnetic micromixers to investigate the correlation between electrical and
mechanical behaviours in the mixer system. This work contemplates the “anti-reciprocity” concept
by providing a theoretical insight into the measurement of the mixer system; the work explains
the data interdependence between the electrical point impedance (voltage per unit current) and the
mechanical velocity. This study puts the electromagnetic micromixer theory on a firm theoretical and
empirical basis.

Keywords: micromixers; acoustic micromixers; active micromixers; electromagnetic micromixers;
voice-coil mixers; mixers; anti-reciprocity; electrical impedance; mechanical velocity; gyrator;
electro-mechanical systems

1. Introduction

Fluid mixing techniques are ubiquitous in microfluidic applications. The spectrum of use has
been broadened in many areas, such as biological, medical, and chemical research and industries [1,2].
Micromixers are typical devices for mixing a micro amount of fluids with various mixing principals.
There are two types of micromixers, active and passive. The passive micromixers do not need power
sources; they use pressure to guide fluid blending. However, active micromixers require actuators,
which use an external source of energy in the form of acoustic, electrokinetic, electrowetting, magnetic,
electromagnetic, etc. [3].

Electromagnetic mixers utilise the Lorentz force; alternating voltages are applied to positive
and negative electrical terminals of the devices to induce the alternating current. The fluctuating
electrical motions cause complicated fluid motions, which generate multi-micro streams and enhance
the mixing efficiency [4]. An electromagnet was used to generate transient interactive flows to
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enhance micromixing by Chih-Yung Wen and Lung-Ming [5]; the authors observed interesting miscible
maze-like patterns. They presented a ferrohydrodynamic micromixer that utilises low-voltage and
low-frequency properties. Numerical studies on electromagnetic mixers were also performed to
characterise magneto-hydrodynamic micro-mixers [4,6,7]. Yiping Chen and Kim [7] introduced an
electromagnetic fluidic device to enable both mixing and pumping functions by the Lorentz force,
which was induced by the current and applied magnetic field. Pengwang et al. [8] reviewed and
compared many types of actuators to be used in the micro-electromechanical system (MEMS) area,
including electromagnetic actuators. Although the main objective of the article focuses on MEMS-based
scanning micromirrors, general actuator principles apply the same in the MEMS area. Compared to
other types of actuators, the electromagnetic actuator requires lower driving voltage, but can achieve
a more significant driving force. However, they may need external magnets, which can increase the
system size and create electromagnetic interference.

The acoustic mixing techniques provide highly efficient and controlled mixing results with little
restrictions on the types of fluids used. The acoustic micromixers blend fluids using devices that induce
micro-streams. They use various mediums, such as trapped micro air bubbles [9], a thin solid plate
[10], or a piezoelectric membrane [11–15] to transfer the acoustic energy. Chan et al. [16] demonstrated
controlling acoustic energy propagation in a microfluidic chip via frequency selectivity. They employed
a voice coil as an electromagnetic force-driven acoustic actuator. The electromagnetic and acoustic
domains were coupled by the “moving-coil” component.

Kim et al. [17] presented a microfluidic mixer, which consisted of a chamber and an acoustic
actuator. The voice coil actuator was electromagnetically and mechanically coupled to the cylindrical
chamber. It converted a periodic input electrical signal at an optimum operating frequency to
vibratory mechanical stress entering the chamber. They also demonstrated that an optimum operating
frequency of the input electrical signal could be determined by sweeping frequencies, measuring the
corresponding impedance in the frequency range, and selecting the sweet-spot operating frequency
based on the impedance-frequency plot.

Commonly, the mixing efficiency of micromixers is analysed by mixing parameters such as time,
length, and the mixing index [18,19], and these parameters depend on the ability of the transducer
system (which includes the energy source, transducers, and membrane/transmission materials). To
optimise transducer efficiency, there are generally a few approaches. As a theoretical approach, system
modelling is performed for numerical simulations using various software such as ANSYS/CFX,
FLUENT, and COMSOL Multiphysics or written codes, for instance the lattice Boltzmann technique
[18]. The computing simulation is critical to estimating and optimizing all mixing parameters,
especially for the experiments’ initial conditions. As a direct practical approach, a laser Doppler
vibrometer or a micro-force sensor is employed. However, these approaches require additional costs
such as computational resources or system installation. With an indirect approach, the efficiency of the
transducer is combined with the other parameters influencing the mixing efficiency, and measurement
using a tracer (such as a colour dye) combined with an image processing technique is used to estimate
the transducer efficiency [17]. Although mixing parameters based on the experiment would predict a
sufficiently accurate result, dead zones may exist; the image-based tracer analysis can be a suitable
method for ascertaining the degree of mixing. External image monitoring devices can be considered as
add-ons to support mixing efficiency analysis; however, it adds costs to the system installation [16,18].
Moreover, more trial and error are required to optimise both the transducer and the mixing system
together.

One unique approach introduced by Kim et al. [17] was to use input impedance measurement
from electrical terminals of the systems to measure the velocity response of the membrane. They
demonstrated the mixing degree detection from the electrical impedance measurement. From a
practical point of view, the experimental installation was simple and affordable compared to the
conventional methods (of tracking the mixing degree) discussed above. In this paper, we elucidate the
physical foundation underlying the micromixer’s electromagnetic coupling by adopting the principle
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of a component called a gyrator. Starting by introducing two electrical coupling devices, a transformer
and a gyrator, we derive a correlation between the electrical driving point impedance and mechanical
velocity in a two port electromagnetic system, the acoustic voice-coil micromixer. We also discuss
experimentally measured results to support the theoretical concept.

2. Theories and Methods

A systematic way to understand different fields in engineering or physics begins by generalising
the areas. Fields (or domains or modalities, i.e., electric, acoustic, mechanic, etc.) are analogous to
each other. Two conjugate variables exist in pairs in each field, a generalised force and a flow. The two
variables are used to characterise a modality by their product and their ratio. They could be either a
vector (in bold) or a scalar and also can vary spatially. A product of these two variables defines the
power, while a ratio establishes the impedance, which is usually determined in the frequency domain.
Some examples of the conjugate variables in each modality are described in Table 1.

Table 1. Examples of modalities and their conjugate variables. Upper case symbols are used for
the frequency domain variables except in the electromagnetic (EM) case, as its traditional notation
uses capital letters for the time-domain analysis (i.e., E(t) = −∇φ(t), where φ(t) is the electric scaler
potential and the voltage in the time domain.

Modality Conjugate variables (vector in bold)
Generalised force (unit) Flow (unit)

Electric Voltage (Φ) (V) Current (I) (A)
Mechanic Force (F) (N) Particle velocity (U) (m/s)
Acoustic Pressure (P) (N/m2) Volume velocity (V) (1/ms)

Electromagnetic Electric field (E) (V/m) Magnetic field (H) (A/m)

One can define a system using a single modality (one port system) or a combination of them.
Typical examples of the combined modality systems are electroacoustics and electromechanics,
speakers, and motors, respectively. An electromagnetic system is under a subcategory of the
electro-mechanical systems. It couples electrical and mechanical domains through the electromagnetic
field (Table 1).

To combine the modalities, the port network concept and coupling components are required.
Regardless of the modalities, there is a law that applies to the every system, the law of the conservation
of energy [20,21]:

e(t) ≡
∫ t

−∞
power(t)dt ≥ 0, (1)

where the total delivered energy e(t), which is an integration of the power over time, should be greater
than (or equal to) zero, and power(t) is work done per unit time defined as a potential multiplied by a
net flow. In other words, Equation 1 means we cannot have more energy than we supply.

A transformer and a gyrator are two standard modality-coupling units. Both of them are defined
as electrical components having transmission (ABCD) matrices; cascading ABCD matrices of circuit
components are a popular tool to analyse circuits [22–25]. The transformer is a typical element that
links one modality to another in a one-to-one manner; a flow in one modality is linear to the flow
in the other field. Ideal and non-ideal cases of the transformer’s theory and the ABCD matrices are
established well in classic works in the literature [23]. In the non-ideal case, mutual coupling factors
between two adjacent circuits are considered [20,23,26].

McMillan [27] introduced a two port network that violates reciprocity; two years later, Tellegen
[28] defined an ideal gyrator as the 5th electrical component to support the anti-reciprocal characteristics
of the system. A unique thing about this gyrator is that it can model an electromagnetic (EM) network
without using the mobility analogy, which is effective mathematically, but an anti-intuitive method to
describe an EM system. The variables of each modality can be represented without modification as
they have a gyrator as an EM coupler between the electrical and mechanical terminals.
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The mobility (dual) analogy must be appreciated to model an EM system with a transformer.
Figure 1 explains the dual method; the two circuit representations are equivalent to each other. If
the gyrator is not used in the circuit, a series combination of the mass, damping, and stiffness in the
mechanical side variables becomes a parallel relationship with the anti-reciprocation of each variable
[29]. Furthermore, the flow and potential in one domain (i.e., U, F) become a potential and flow on the
other side, respectively (i.e.,Φ, I). Despite the usefulness of using a gyrator in modelling EM systems,
this component has not become mainstream in EM circuit modelling and analysis.

Other than [25], only a few approaches have been made in EM system modelling with gyrators,
mainly limited in power electronic fields. Yan and Lehman [30] demoted the benefit of using a gyrator
in the EM modelling approach. In their work, a simplified modelling method was introduced for
DC/DC converters using an extended capacitor-gyrator (C-G) modelling technique. They showed
their modelling feasibility in complex core and winding structures. Young et al. [31] used the C-G to
model a continuously variable series reactor (CVSR), which requires prudent planning to design. The
authors also highlighted the convenience of using gyrators in their system modelling. Zhang et al. [32]
demonstrated an improved C-G modelling method in power systems by taking the eddy current effect
into account. They claimed that classical C-G modelling was not suitable; the eddy current impact
must be considered in EM modelling. This point also has been demonstrated by Kim and Allen [25].

Figure 1. Mobility networking through electromagnetic coupling in the voice-coil acoustic micromixer.
Without employing the gyrator for EM circuits, the mechanical components become dual when seen on
the electrical side of the network.

A two-port network, such as an electro-mechanical system, has Φ, I, F, and U as the system’s
variables. A gyrator exists to couple the electric and mechanical sides. To specify this property, the
impedance matrix of an ideal gyrator is employed:

Zgyrator =

[
0 −G
G 0

]
, (2)

where G = B0l is the gyration coefficient, B0 is the DC magnetic field, and l is the length of the wire.
Thus: [

Φ(ω)

F(ω)

]
=

[
0 −B0l

B0l 0

] [
I(ω)

U(ω)

]
, (3)

namely,
Φ(ω) = −B0lU(ω) and F(ω) = B0l I(ω). (4)
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Taking the ratio of the two equations in Equation (4), an impedance is derived:

Φ(ω)

B0l I(ω)
=

−B0lU(ω)

F(ω)

Z(ω) =
Φ(ω)

I(ω)
(5)

When defining an impedance, the flow direction is defined as into the terminals; thus, U is defined
as going into the network. Therefore, the minus sign of U in Equation (4) follows from Lenz’s law.
Note that Equation (4) explains an ideal gyrator, considering only a DC magnetic field. Appreciating
that the impedance is a concept in the frequency domain, an angular frequency symbol, ω, is omitted
from this part and onward.

Considering only a single ideal gyrator element, we can obtain the velocity response via measuring
the electrical impedance while performing a constant current sweep across frequencies,

ZidealG(ω) =
−B0lU(ω)

I
(6)

2.1. The Non-Ideal Gyrator

The non-ideal case of Equation (4) is considered from the basics of electromagnetism. Ulaby [33],
Kim and Allen [34] described the induced emf (voltage φ(t)) as the sum of a transformer component
(φtr(t)) and a motional component (φmot(t)), namely,

φ(t) = φtr(t) + φmot(t). (7)

The transformer voltage is:

φtr(t) = −(−
∫

∂B(t)
∂t

· dA)

=
∂ψ(t)

∂t
(8)

where ψ(t) is the magnetic flux. The voltage has an opposite direction from the emf, emf ≡ ∮
E · dl =∫ b

a E′ · dl = −φ(t). In the static case, the time-varying term is zero.
φmot represents the motion of the electrical voltage [33]. The voltage is associated with the motion

from the other port (i.e., mechanical). In other words, the signal is observed from the mechanical side
(motional voltage due to u). Note that this concept can be applied only in two port (or higher order)
systems.

Derivation of φmot starts from the Lorentz magnetic force (fm), acting on a moving charge q inside
a magnetic field B with a velocity U,

fm = q(U × B). (9)

Then, the motion of the magnetic force from the electrical field Emot is fm = qEmot.The unit of q is in
Coulombs (C) and Emot in (V/m) = (N/C) as 1 (V) ≡ 1 (J/C) and 1 (N) = 1 J/m. Therefore, qE stands
for force with a unit of N. A positive charge (q > 0, proton) is 1.602 × 10−19 C; thus, the charge of an
electron (negative charge) is −1.602 × 10−19 C. One coulomb of charge equals the charge that can light
a 120-watt-bulb for one second. Therefore,

Emot =
fm

q
= U × B, (10)
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where Emot is the motional electric field seen by the charged particle q, and its direction is perpendicular
to both U and B.

Thus, the voltage Φmot is defined as the line integral of the corresponding electric field, which is
Emot in this case,

φmot(t) = −
∮

C
Emot · dl

= −
∮

C
(U × B) · dl. (11)

This term has been considered in the ideal gyrator.
Finally, the total voltage becomes:

φ(t) = φtr(t) + φmot(t)

=
∫

∂B(t)
∂t

· dA −
∮

C
(U × B) · dl. (12)

In the frequency domain, Equation (12) is rewritten as:

Φ = sΨ − BlU

= sLe I − BlU, (13)

where s = jω, Le is a leakage inductance due to the leakage flux of a self-inductance in the electrical
side, Ψ = Le I.

Assuming a static DC magnetic field (B0), then sΨ = 0, and we find the ideal gyrator definition
Φ = Φmot = −UB0l (Equation (4)). The frequency dependent term shown in Equation (13) (jωΨ and
jωLe I) is a non-quasistatic (dynamic) term that is not considered in an ideal gyrator. The minus sign
for the other term −UBl is related to Lenz’s law.

Two types of magnetic fields exist in an electro-mechanical network: one is the DC magnetic field,
and the other is the AC magnetic field. In the ideal gyrator formula, only the motional parts (or the
DC magnetic field) of the variables (voltage and force) are considered, which dominate an EM system
usually. The two modalities in the network (electrical and mechanical) share this DC magnetic field,
which is shown in the motional part of each variable. For the non-ideal case, the transduction parts (or
AC magnetic field) of variables along with the motional parts must be considered.

For a non-ideal gyrator, we rewrite the mixing system model (from Equation (5)) with the
transformer voltage and mechanical impedance (membrane response), Zm,

Φ(ω) = −B0lU(ω) + jωLe I(ω) (14)

F(ω) = B0l I(ω) + ZmU(ω) (15)

Z(ω) =
−B0lU(ω)

I
+ jωLe (16)

When the transformer impedance is not small (i.e., |ωLe I(ω)| ≈ |B0l|), we have to use a very
small constant current, and the question of whether the velocity response in its reasonable operating
condition can be reflected in the electrical impedance response might be raised. Therefore, we formulate
the relationship between the velocity response and electrical impedance with another approach.
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2.2. Velocity Frequency Response with Constant Voltage

From Equation (14),

Φ(ω) = −B0lU(ω) + jωLe
Φ(ω)

Z(ω)

U(ω) =
Φ(ω)

B0l
[

jωLe

Z(ω)
− 1] (17)

During a constant voltage frequency sweep (i.e., Φ(ω) = Φ),

U(ω) =
Φ

B0l
[

jωLe

Z(ω)
− 1] (18)

As ωLe is the same order as Z(ω), small changes in the electrical impedance Z(ω) will be reflected
in the velocity response and vice versa.

To illustrate this concept in more detail, we substitute I(ω) via Equations (15) into (16) to obtain
the impedance response,

Z(ω) =
B0lU(ω)

I(ω)
+ jωLe

=
−(B0l)2U(ω)

F(ω)− ZmU(ω)
+ iωLe (19)

Without external force (i.e., no other mixing source in the vicinity or the clamped mechanical
system that cannot move), the electrical impedance response in terms of the mechanical impedance is:

Z(ω) =
(B0l)2

Zm
+ iωLe (20)

We also substitute Equations (20) into (17), to obtain the (constant voltage) velocity response in
terms of the mechanical impedance,

U(ω) =
Φ

B0l
[

jωLe

Z(ω)
− 1]

=
Φ

B0l
[

jωLeZm

(B0l)2 + iωLeZm
− 1]

=
Φ

B0l
−(B0l)2

(B0l)2 + iωLeZm
(21)

When the mechanical impedance is much larger than the gyrator coefficient (B0l),

Z(ω) ≈ (B0l)2

Zm
(22)

and

U(ω) ≈ −B0lΦ
iωLeZm

(23)

Then, Equation (22) can be rewritten as:

Z(ω) ≈ −iωLeB0l
Φ

U(ω). (24)
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2.3. Mechanical Impedance

From the forced vibration equation, the force due to the thin membrane [35],

Fm = ω ∑
φ

ζ(ω, φ, ρm, h, c, Y)(ω2
r − ω2)U (25)

where ζ is the membrane properties function, ρm, φ is the mode shape of the vibration, h, c, and Y are
the membrane density, thickness, viscous solid damping, and Young’s modulus, ωr is the resonant
frequencies of the membrane, and Fm is the membrane force.

Assuming quasi-static (considering the large time-scale between vibrations and mixing)
conditions, the force on the membrane due to the fluid vibration can be approximated [36,37] by
solving the Navier–Stokes equation. The scalar potential flow field, ϕ, has a solution in the form,

ϕ =
U
iω ∑

φ

Kφ A f ,φ sinh k(μ, ω)(h − z) (26)

where k represents the penetration of the vibration, Ki is the amplitude associated with the mode
shape, h is the height of the fluid, z is the distance from the membrane, μ is the dynamic viscosity, and
A f is the geometrical area coefficient of the membrane.

The pressure P, therefore, has the following form,

P = −ρ f ϕ̈ (27)

= −jωρ f U ∑
φ

Kφ A f ,φ sinh k(μ, ω)(h − z) (28)

where ρ f is the density of the fluid.
The force due to the fluid on the membrane, Ff , can be obtained by integrating the pressure across

the membrane area, A,

Ff =
∫

A
P|z = 0dA

= −jωρ f U sinh k(μ, ω)h ∑
φ

Kφ

∫
A

A f ,φdA (29)

= Uρ f ωh f (ω, μ)A f (30)

h f = −j sinh k(μ, ω)h (31)

A f = ∑
φ

Kφ

∫
A

A f ,φdA (32)

where h f is the equivalent height of the fluid on top of the membrane.
The mechanical impedance can be formulated by the summation of the fluid and membrane force

(Equations (25) and (30)),

Fm + Ff = ZmU (33)

Zm = ω[∑
φ

ζ(ω, φ, ρm, h, c, Y)(ω2
r − ω2) + ρ f h f (ω, μ)A f ] (34)

Equation (34) shows that mixing degrees, which can be reflected as a change in fluid density ρ f
and/or equivalent height h f near the membrane would alter the value of the mechanical impedance.
This change would then be reflected in the electrical impedance response, as shown in Kim et al. [17].
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2.4. Experimental Setup

For the empirical study of the anti-reciprocal property via the gyrator, we designed a simple
electro-mechanical system having a permanent magnet, a voice coil, and a loading chamber. The
design process was adopted by Kim et al. [17].

Voice coils are thin and the wires lightweight, and a typical application of the voice coil is a
dynamic speaker. With the American Wire Gauge (AWG) standards, AWG 30 (cross-section area =
0.0510 (mm2), resistance = 338 (Ω/km)) or higher is commonly used in the loudspeaker industry. Note
that a higher AWG number indicates a thinner wire. A typical material for the voice coil is copper with
an insulation coating (i.e., enamel). The main application of the voice coil is a low-power personal
gadget (i.e., an earphone); thus, it can be used as a safe and low-cost application. Such a delicate
character of the voice coil is suitable for microfluidic applications.

Once a signal is applied to the coil, the AC magnetic field is generated around the voice coil-loop.
Due to the permanent magnet (DC magnetic field), the voice coil moves as it alternates the AC
electromagnetic polarities. The coil attached to the polydimethylsiloxane (PDMS) membrane vibrates
due to the electromagnetic force at the coil, as depicted in Figure 2. The chamber is used as a fluid
container to simulate mechanical loads’ variation.

Figure 2. The electromagnetic mixer design. A voice coil is attached to a PDMS-based membrane.
A hollow, cylindrical chamber is connected to form a mixer unit. Input signals are driving from the
electrical terminals (two ends of the voice coil), and loads vary in mechanical terminals. As shown
in the previous study [17], the mechanical loads’ variation, including mixing performance, can be
captured at the electrical input terminals.

3. Results and Discussion

Based on Ohm’s law, the electrical impedance is defined as voltage over current in Ω or V/A,
volts per unit current. It can be interpreted as a one-port network’s transfer function given an output
over an input. The voltage is a potential variable in the electrical field; therefore, in electro-mechanical
systems, the velocity (flow in the mechanical side) across a gyrator is linked to the voltage term,
as shown in Equation (4) (ideal case). Loads in the mechanical front are receptive to the electrical
impedance measured; the mechanical loads’ variation should be reflected in the electrical impedance
in the electromagnetic systems. The non-ideal case (Equation (13)) contemplates additional AC effects;
an EM system is affected by both the induced (AC) and the permanent (DC) magnetic fields. However,
when the DC magnetic field governs (i.e., an EM system with a strong magnet and a relatively weak
moving coil part), the relationship between the voltage and the velocity shows more similar patterns
to each other. In this case, the motional voltage term in Equation (13) dominates the total voltage, Φ,
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and the electrical impedance response represents the velocity response in a constant current frequency
sweep. However, when the transformer impedance becomes more substantial, which is generally the
case when we drive the system to its full capability to overcome a sizeable mechanical impedance, we
require a constant voltage frequency sweep in order for the velocity response to be represented by the
electrical impedance response (see Equation (24)).

Taking a case when the permanent DC magnetic field is influential and the transformer impedance
is not negligible, we perform both electrical and mechanical experiments and electrical point impedance
and mechanical velocity measurements. Figure 3 represents our experimental materials, setting, and
methods.

Figure 3. A schematic illustration and a picture to explain the experimental concept. The signal (i.e.,
sweep frequencies generated by a function generator) is applied to the coil’s terminals. Then, due to
the permanent magnet, the electromagnetic force drives the coil to move. An LCR meter is used to
take the electrical driving point impedance of the system, and a laser vibrometer light is focused on the
membrane to measure the membrane’s velocity.

3.1. Electrical Impedance Measurement

There are several ways to gauge electrical impedance. One of the methods is to use an LCR
meter. For example, the Agilent E4980A Precision LCR Meter was used in this study. Every physically
realizable circuit, such as resistors, capacitors, and inductors, has free-loading components. These
include undesired resistance in capacitors, capacitance in inductors, and inductance in resistors. Thus,
complex impedance representation is required to model a system precisely. The electrical impedance
(Z) has a real part and an imaginary part. The Z can be written in rectangular form as resistance and
reactance or in polar style as magnitude and phase. With the LCR meter, one may choose a way to
analyse the complex impedance of a physical system.

3.2. Mechanical Velocity Measurement

The Polytec CLV3000 3D laser vibrometer (https://www.polytec.com/int/) 3D laser vibrometer
has been used for measuring the mechanical velocity of the electromagnetic system. There are four
components to drive the laser system: a laser machine, an Data acquisition box (Polytec VIB-E-400
Junction box) , a laser controller, and a management computer with the software.
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Figure 4a,b compares electrical impedance and mechanical velocity data obtained from the same
electro-mechanical device introduced in Figure 3. Different amounts of water were loaded into the
chamber, then the results were compared from both side experiments.
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Figure 4. The electrical impedance and mechanical velocity measurement results from the
electromagnetic mixer introduced in Figure 2. Two loading conditions are examined: an empty
chamber or filled with water. For the electrical impedance measurement, three different water volumes
were tested to validate the numeric model suggested in Equations (22) and (23).

There were four experimental conditions in the electric impedance data (Figure 4a): a device
with a chamber and a device with a chamber loaded with three different amounts of water (change in
equivalent fluid height). The same system was tested mechanically. In Figure 4b, the magnitudes of
the mechanical velocity (using laser) with two conditions are introduced.

The analogy between the two modalities (electrical and mechanical with the electromagnetic
coupling) was discussed in Section 2. Figure 4 carries the empirical evidence; the peak frequency
location and overall shape of the first two data of each subfigure corresponded to each other.

A water-filled chamber shifted the damping, as well as the mass of the system. This effect entirely
changed the characteristic frequency. The result was reflected well in the electrical impedance data
(Figure 4a; the resonance moved to a lower frequency with the mechanical loads’ increment); while in
the laser data (Figure 4b), the effect was disturbed due to laser light deflection. Maintaining a clear
focus was essential for the laser experiments. However, on account of the electromagnetic system’s
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dynamic nature, keeping an excellent focal point of the laser light was laborious as the chamber’s
membrane was oscillating. Analysing the electrical side data was straightforward by minimizing
unnecessary efforts such as filtering out noises and interference. For example, to maximize movement
(vibration) with the electromagnetic system, we used 0.15–0.2 mL water loading, and we could drive a
300–400 Hz AC signal, supported by Figure 4a.

As an extension of our previous project, the current study focused on providing theoretical
insight into the physical system, our electromagnetic micromixer. Despite the excellent series of
results, there are also many exciting challenges for our future work, primarily focusing on mixing
technologies, enhancing micromixers’ performance, and design aided by physical simulation. Hosseini
Kakavandi et al. [38] investigated mass transfer characteristics in micromixers by varying the junctions
and channel shapes of the mixers. Their study demonstrated that the T-shaped mixer’s junction
shape and pit diameter critically affected the mass transfer coefficients as chaotic advection was
generated by the modification of the mixing channel shape. Chandan Kumar and Nguyen [39]
developed a numerical model of magnetic nanoparticles and fluorescent dye under a nonuniform
magnetic field. They performed a parametric analysis of the mass transfer process to scrutinize the
magnetic field strength and nano-particle size effects in a magnetofluidic micromixer. Their simulation
demonstrated that the core stream spread into the upper sheath stream due to magnetoconvection,
and their experimental results supported their model simulation. Their work inspired us to investigate
our mixer’s mass transfer coefficients based on the current design concept, especially the effect of the
voice coil attachment (i.e., position and size concerning the chamber) on the membrane.

4. Conclusion

In electromagnetic systems, the magnetic field Ḣ links the electrical and mechanical sides owing
to anti-reciprocal characteristics. The Ḣ (induced by the conducting current from the coil) is affected
by the permanent magnet and changes its polarity (directions). The induced magnetic field and the
constant magnetic field define the net force on the coil [34]. Thus, the movement of the coil follows the
net force’s direction.

In this study, the electro-mechanic (or electromagnetic) two port system was examined. Starting
with electromagnetic theories such as Maxwell’s equation and the Lorentz force law, we investigated a
gyrator’s non-ideal formulation. It represented an anti-reciprocal characteristic of the electro-mechanic
network. The theory was further explored with the mobility (or dual) analogy” one may choose
“the dual analogy with a transformer” or “the impedance analogy with a gyrator” to model an
electromagnetic system. An essential benefit of using a gyrator was keeping us from the mystifying
dual analogy: it helped an intuitive analysis of the EM network. To our knowledge, this was the
first attempt to derive a non-ideal gyrator ever since the gyrator was invented by Tellegen [28]; he
suggested the gyrator as the fifth circuit element (along with a resistor, a capacitor, an inductor, and a
transformer).

This study expounded on the reason why the electrical impedance data were analogous to the
mechanical velocity data. An electromagnetic micromixer was designed and tested to explain the
anti-reciprocal nature. Additionally, a benefit from electrical impedance measurement was highlighted.
Focusing a laser beam is not easy, especially when the point of focus is the fluid’s surface, which may
be sensitive to the surrounding environment such as lights, vibration, noise, etc. These undesignated
factors can interfere with the laser light to make it challenging to focus the light on a fixed position.
The electrical experiment may be used to overcome this problem, which provided more precise data to
characterise the electro-mechanic device.
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Abstract: In this paper, we characterized an assortment of photopolymers and stereolithography
processes to produce 3D-printed molds and polydimethylsiloxane (PDMS) castings of micromixing
devices. Once materials and processes were screened, the validation of the soft tooling approach
in microfluidic devices was carried out through a case study. An asymmetric split-and-recombine
device with different cross-sections was manufactured and tested under different regime conditions
(10 < Re < 70). Mixing performances between 3% and 96% were obtained depending on the flow
regime and the pitch-to-depth ratio. The study shows that 3D-printed soft tooling can provide other
benefits such as multiple cross-sections and other potential layouts on a single mold.

Keywords: micromixers; split-and-recombine; additive manufacturing; surface metrology;
asymmetric split-and-recombine (ASAR); stereolithography; surface roughness; soft tooling

1. Introduction

Microfluidic-based devices tend to operate under laminar flow regimes where reagent mixing is a
significant challenge [1]. Bringing together two separate fluid streams from opposite directions [2]
is a strategy that researchers have employed to enhance mixing in a group of devices identified as
Split and Recombine (SAR). While the simplest type of SAR device, constituted by a system where
two streams collide downstream (T-mixer), has limited performance, further configurations of this
principle have been implemented successfully with more intricate geometries, such as rhomboids [3,4],
right angles [5–7], and arcs [8–11], as well as the introduction of pillars [12]. Most SAR micromixer
devices have been fabricated using approaches such as (a) soft lithography plus polydimethylsiloxane
(PDMS) casting, (b) micromachining, or (c) laser ablation.

The development of micromixing has made great strides toward improved designs with better
performance and functionality. Hence, SAR micromixers have evolved to adopt more complex
three-dimensional structures that include ridges and modular designs [13–16]. For example, Chen et al.
used an array of triangular baffles with three depths to produce transverse movement of fluids toward
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a cascaded splitting and combination (C-SAR) [17], while Gidde et al. introduced a new design
based on rectangular baffles, triple split and recombination (RB-TSAR), and elliptical-based triple split
and recombination (EB-TSAR) [18]. Raza and Kim [19] proposed an improved asymmetric split and
recombine design based on semi-circular profiles [20] by adding forward and backward-facing steps
along the microchannel. They report mixing capabilities of 86% under Reynolds number (Re) below 20.

Recent developments include micromixers based on stacking and folding channels, showing a
mixing efficiency beyond 95% [21], as well as good performance under a wide range of Reynolds
number (0.5 < Re < 100) for Newtonian and non-Newtonian fluids [22]. These complex designs
are fabricated via micromilling [21–23]. Other advanced micromixers are based on serpentines with
non-rectangular cross-sections [24,25].

The toolkit of materials and manufacturing technologies available for microdevice designers
has expanded significantly using additive manufacturing [26–28]. For example, Shallan et al. [29]
manufactured a three-dimensional micromixer design through direct 3D printing. The concept is
based on a 10× scaled-up version (500 μm) of a three-dimensional mixer based on the Baker Map on a
theoretical work developed by Carriere [30]. The design is a paragon of the ideal micromixer device.
It represents a three-dimensional projection of the split and recombine concept within all the Cartesian
directions and mixing at perpendicular angles. Nonetheless, direct device manufacturing (one-step) is
still challenging due to the difficulty of 3D printing internal channels [31].

The rapid or soft tooling approach, initially developed for a low-volume production environment,
is a viable alternative when complex microdevices are required [32]. Depending on the application,
additive manufacturing can be applied directly or indirectly to build tooling (molds). With a direct
tooling approach, a mold or die is created directly through 3D printing [33,34]. Complex micromixers
with convoluted features can provide an improved homogeneity of samples and tackle the limitations
of the low Reynolds number regime [35].

Stereolithography (SLA) or vat photopolymerization comprises several additive manufacturing
processes that rely on the selective curing of resin using a UV light. SLA can provide the UV light
through several methods, including a laser, a digital micromirror device (DMD), or a combination of
a lamp and alLiquid Crystal Display (LCD) based mask. Compared to most 3D printing processes,
SLA provides fine resolution, in a range sufficient to reproduce the designs of intricate three-dimensional
micromixers. While SLA brings a wide range of possibilities in the development of novel microfluidic
devices [36], the available literature is limited in terms of testing and validation of process capability
and reliability.

In the past, our group has shown the potential of soft tooling [37]. The objective of this study
is to characterize a wider range of photopolymers and associated stereolithography processes in the
context of good manufacturing practices for the development of micromixing devices. Surface and
dimensional metrology were carried out for soft tooling (molds) in order to assess the process capability
and potential chemical interaction with the cast PDMS. Once the photopolymers and SLA processes
were screened, an asymmetric split-and-recombine (ASAR) device was built as a case study.

2. Materials and Methods

2.1. Soft Tooling Material Process Screening

Figure 1 describes the process to develop micromixing devices with complex features followed in
this work. The design of molds of microdevices that feature a varying cross-section is introduced toward
developing complex devices that are more prone to be adapted in-field. The new design introduces the
capability to cast devices with multiple cross-sections on a single step toward developing complex
devices that are more prone to be adapted in-field. The steps aim to examine an assortment of materials
in three different types of stereolithography-based additive manufacturing processes. The materials
were selected considering that the employment of resins had become an affordable benchtop technology
available for microdevice designers in their lab or as a service [38–41]. Each material’s screening is
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performed with surface characterization and dimensional metrology of selected features and evaluating
the usability and the potential to produce functional devices. Insights of the screening can then be
applied for the soft tooling of improved devices.

Figure 1. Steps for the screening of soft tooling based on stereolithography.

2.1.1. Screening Mold Geometry

A mold with three main channels and protrusions was designed for material screening (see Figure 2).
A depth of 5 mm was selected for the main chamber. Each mold is patterned with three main channels
(WA = 9 mm, WB = 7 mm, and WC = 5 mm) and a singular depth or pitch (Δ = 2 mm).

Figure 2. Soft tooling design for photopolymers and process screening.

2.1.2. Qualitative Assessment

The assortment of materials and additive manufacturing techniques were tested experimentally
as soft tooling alternatives with the conditions shown below. The test consisted of employing simple
manual tools including tweezers, an X-Acto knife, and a Silhouette toolkit that included a hook and a
scraper (Silhouette America, West Orem, UT, USA). Once each mold was developed, observations were
made to record the usability of the device compared with an aluminum device. The examination of
each process included evaluating the difficulty of removing the PDMS elastomer from the device and
reviewing the existence of any abnormality observed in the molded pattern after the curation process.
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2.1.3. Screening Mold Metrology

For the characterization of the molds, an Alicona Infinite Focus Measurement Machine
(Bruker Alicona Headquarters, Graz, Austria) was selected. This device allows for the acquisition of
datasets at a high depth of focus, similar to a Scanning Electronic MicroscopeSurface roughness (Ra),
measured using a 10x optical lens.

2.1.4. Aluminum Mold Manufactured Using a Conventional Subtractive Methodology

A mold was manufactured with conventional subtractive methodology using an aluminum alloy
and a 3-axis vertical milling machine center Makino F3 (Makino Inc., MASON, OH, USA) with a
maximum spindle speed of 30,000 RPM. A tool holder and a clamp were used for holding the workpiece.
A laser measuring system by BLUM (Blum-Novotest Ltd., Staffordshire, UK) was used for tool setting.
Three solid tungsten carbide cutting tools were used; a 12.7 mm diameter flat end mill with 4 flutes,
a 5 mm diameter flat end mill with two flutes, and a 3 mm flat end- mill with 2 flutes were used for
rough, semi-finish, and finish operation. Given the close tolerances achievable through machining,
this mold was used as a reference base line.

2.2. Additive Manufacturing Processes and Materials

A professional laboratory equipment DLP-SLA Envisiontec Perfactory P3 Mini Multilens, that uses
a 60 mm lens system, a work tray of 84 × 63 × 230 mm, and a layer resolution between 15 μm and
150 μm was employed to generate the molds using ABS Flex White, HTM 140, E-Dent 400, ABS Flex
Black, and E-Partial. These materials were post-processed in an Otoflash pulse curing chamber of
the same supplier (11 W lamp with a wavelength between 300 and 700 nanometers and ten pulses
per second).

A benchtop SLA-LF Form 3 additive manufacturing equipment from Formlabs was used employing
a 25 μm for the Clear V04 and 50 μm resolution setting for the Flexible V02 resin. Samples were cured
using the provider’s recommended settings for post-processing the sample accordingly (15 min at
60 ◦C and 1 h of exposure to UV light).

Additionally, a 3D Systems ProJet 6000 that works with an ultraviolet laser was employed by a
service provider [42] to develop devices in Accura SL 5530 resin. The thermoset resin selected for
the molds was a high-temperature resistant stereolithography material, Accura SL 5530 (3D Systems,
Rock Hill, SC, USA). A post-curing process was performed to the mold by exposing it for 90 min to UV
light and baking it at a temperature of 160 ◦C for 2 h.

2.3. Microdevice Polydimethylsiloxane (PDMS) Casting

The standard process for PDMS casting was followed in this work. First, the Sylgard 184 PDMS
(Dow-Corning, Midland, Michigan) was poured into a vessel and mixed with a curing agent in a
10:1 ratio by weight. To control this ratio the material was weighed using a calibrated analytical balance
(Mettler AT200, Columbus, OH, USA). Then, the mixture was exposed to a vacuum chamber for 10 min
to eliminate most of the air bubbles produced before and after pouring the material into the mold.
Finally, each mold was placed over a hot plate at 75 ◦C for polymerization. The temperature was set
below the glass transition temperature overnight (12 h) for the process screening and 45 min for the
case study. In the latter, shorter times were considered to recreate a more lifelike and time demanding
application. For other materials or experimental setup, different times might be required. The PDMS
parts were removed using manual tools such as a cutting knife and tweezers.

For the case study, the inlets and outlet ports were punched using a 1.25 mm (internal diameter)
Miltex disposable biopsy plunger (Integra Life Sciences, Princeton, NJ, USA). Then, the part was
bonded to a 76 × 52 × 2 mm glass slide (VWR International, Radnor, PA, USA). Once the glass slide was
cleaned with water and ethanol, the parts were introduced into a plasma cleaner (Harrick Plasma Inc.,
Ithaca, NY, USA). A vacuum inside the chamber was created for 3 min and the parts were exposed to
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plasma for 3 min. After three (3) more minutes, the treated surfaces were put in contact for PDMS-glass
bonding. A visual inspection of the device was carried out to verify that the device was properly
bonding and without bubbles trapped inside.

2.4. Case study: ASAR Micromixer Array

2.4.1. Micromixing Mold Geometry

The mixing performance of the proposed microdevice is based on the one developed by
Ansari et al. [17] and used by our research group in the past [43,44]. This version has the added
complexity of a variable depth or pitch Δ (see Table 1 and Figure 3a). The device is composed of a single
channel of 1000μm that splits into two subchannels of uneven width and converges on a channel six
times (see Figure 3b,c). A set of micromixer molds were manufactured using the parameters described
in Section 2.1 for ABS Flex White Resin. Additional molds were manufactured using ABS Flex Black
and Accura SL 5530 resins.

Table 1. Micromixers array employed to assess the manufacturing technology.

Device Type
Array

Elements
Microchannel

Width (W)
SAR Subchannels

(W1/W2)
Micromixer Pitch Δ

Asymmetric split
and recombine

micromixer
6 1000 μm 667/333 μm

I = 100 μm, II = 250 μm,
III = 500 μm, IV = 750 μm,
V = 900 μm, VI = 1000 μm

Figure 3. Soft tooling case study: (a) Top view, (b) Isometric view, (c) Detail of micromixer.

2.4.2. Micromixing Performance Evaluation

Reynolds number is conventionally used to characterize the behavior of the flow conditions
within microdevices and is defined as the ratio of inertial to viscous forces. Equation (1) represents the
Reynolds number (Re) defined as:

Re =
inertial f orces
viscous f orces

=
ρUDh

μ
(1)
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where μ is the viscosity (Pa s), ρ is the fluid density (kg m−3), U is the average velocity of the flow
(m s−1), and Dh is the hydraulic diameter of channel (m), which is defined in Equation (2) as:

Dh =
4A
P

=
4w ∗ Δ

2w + 2Δ
(2)

where A and P are the area and the wetted perimeter of the cross-section, which is given by the
micromixer width (W) and depth (Δ).

To quantify the mixing behavior, the variance of the liquid species in the micromixer (σ) was
calculated. The variance of the species was determined at the cross-sectional area at the output of the
micromixer perpendicular to the x-axis. To evaluate the degree of mixing, the variance of the mass
fraction of the mixture in a cross-section (σ) that is normal to the flow defined in Equation (3):

σ =

√
1
N
(ci − cm)

2 (3)

where N is the number of sampling points inside the cross-section, ci is the mass fraction at the
sampling point I, and cm is the optimal mixing mass fraction, which is 0.5 at any cross-sectional
plane (ideal mixing). To quantitatively analyze the numerical mixing performance of the micromixer,
the mixing index (M) at a cross-sectional plane is shown in Equation (4), which can be defined as:

M = 1−
√
σ2

σ2
max

(4)

where the mixing efficiency (ranges from 0.00 (0% mixing) to 1.00 (100% mixing). The maximum
variance σmax represents a completely unmixed condition.

2.4.3. Micromixing Experimental Setup

An experimental setup for testing mixing efficiency was used for micromixing evaluation.
Inlet flows were programmed in a syringe pump (KDS200, Holliston, MA, USA). The micromixer
device was evaluated on a range of conditions using the blue dye and distillate water under an Axiovert
200 inverted microscope (Carl Zeiss AG, Oberkochen, Germany). The mixing measures were calculated
using intensity profiles. The image processing was performed using the custom software MIQUOD
(Mixing Quantification of Devices). The actual flow entering the channels varied considering the
hydraulic radius of each of the microchannels, and the Reynolds number at which the micromixer was
tested was calculated using the FS3 and FS5 flow meters (Elvesys, Paris, France) connected to the MFS
flow reader (Elvesys, Paris, France). The acquisition of 1920 × 1080 pixels images was made using a
C930E webcam (Logitech Incorporated, Newark, CA, USA).

The ASAR micromixer array with a variable depth was developed using an Accura SL 5530 resin
and tested to assess how relevant the channel pitch for determining the mixing performance. The target
areas were equally defined for all the measures (193 × 197 pixels) and calibrated with a channel
completely filled with dye and with water before experimentation. The calibration was carried out
under the same operating conditions in the experiment (micromixer position and lighting).

3. Results

3.1. Qualitative Assessment of Screened Materials

The qualitative observations derived from the testing of materials for 3D printed mold are shown
in Table 2. All the molds were tested under similar conditions. From the assessment it was observed
that only the aluminum, E-Partial, ABS Flex white, Clear V04, and Flexible V02 showed the potential
for the development of microfluidic devices. In contrast, E-Dent 400, ABS Flex Black, and HTM140
are not recommended for the development of molds. Difficulties for the remotion and swelling have
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been reported before for untreated bulk and surface of PDMS due to incompatibility with solvents,
the absorption of small molecules, or deformations during casting [45–47]. It is possible that these
could be some fundamental reasons for the negative observations registered.

Table 2. Qualitative assessment of photopolymers and additive manufacturing processes.

Material Manufacturing Tensile Strength/Modulus (MPa) 1 Observations during Casting

Aluminum 7075 Micromilling 276/ 68900 Excellent surface quality,
easy demolding

Clear V04 SLA-LF 65/2800 Excellent surface quality,
excellent demolding

Accura SL 5530 SLA 57-63/2854-3130 Good surface quality
E-Partial SLA-DLP 129/3125 Good surface quality

ABS Flex White SLA-DLP 65/1772 Good surface quality

Flexible V02 SLA-LF 3.4/8.5 Fair surface quality,
easy demolding due flexibility

* E-Dent 400 SLA-DLP 85/2100 Difficulties for demolding
* ABS Flex Black SLA-DLP 65/1772 Difficulties for demolding

* HTM 140 SLA-DLP 115/3350 PDMS reaction
1 Information from datasheets. * Note: these resins are not recommended.

PDMS is a kind of silicone. The curing of silicones can be inhibited when in contact with materials
that contains sulfur, tin, and nitrogen [48]. In the case of HTM 140, E-Dent 400, and ABS Flex
Black, a partial or significant PDMS curing inhibition was found. Therefore, these materials are not
recommended as molds. While ABS Flex White resin and ABS Flex Black share the same mechanical
properties, it is suspected that the pigment on the latter inhibited PDMS curing. Unfortunately,
vendors of 3D printing materials as the ones used in this study do not provide details on the chemical
composition and additives. Therefore, it is difficult to provide a detailed analysis as to the reasons
behind curing inhibition problems. In addition to the adverse effect of PDMS curing inhibition,
the printed mold flexibility plays a significant role in the demanding process of the cast PDMS,
as indicated in Table 2, that ranks mold materials from best to worst.

Once this initial qualitative screening was conducted, Clear V04 and Accura SL 5530 were used to
produce cast PDMS components. With both of these materials, the plasma treatment was successful
when sealing the PDMS component to the microscope slide.

Figure 4a shows a picture of some of the molds manufactured. The materials that are listed
with difficulties for demolding either presented bad surface quality or the part could not be removed
(See Figure 4b). This problem was most frequently observed between channels B and C and between
channel C and the edge of the device, considering that these were the narrowest features.

Compared to the aluminum mold, the polymeric devices were prone to breaking due the force
induced by the manual tools. For example, while the Accura SL 5530 resin mold produced a patterned
part, one of the walls was shattered during the extraction.

In contrast, compelling results on the usability of the flexible material (Flexible v02) resin were
found as the patterned piece could be pulled easily without apparent risks of destroying the device.

3.2. Dimensional and Surface Metrology of Photopolymers and AM Processes

Infinite Focus Microscopy (IFM) has been shown to be capable of capturing images with a lateral
resolution down to 400 nm providing 3D data sets with very accurate results [49]. Tables 3 and 4
resume the dimensional and surface metrology of the prismatic protrusions and main channels.

While the deviational error of the aluminum mold using subtractive manufacturing is still a
paragon, there are some major advantages on the surface quality of the metallic device compared
with the polymeric counterparts, however, such as low surface roughness and a significantly higher
bulk modulus (easing the removal of the part from the mold). Low-force stereolithography printing
uses a flexible tank and linear illumination to deliver and improve surface quality and print accuracy.
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According to the provider, lower print forces allow for support structures to be removed more easily
(compared to traditional stereolithography) [50].

Figure 4. Assessment of material compatibility; (a) Picture of sample molds); (b) Demolding difficulties;
(c) Polydimethylsiloxane (PDMS) slab removal on a Flexible v02 mold.

Figure 5 Clear V04 and Flexible V02 offered the closest (and lowest) deviational error to the
aluminum molds among all the materials. The other materials had an absolute deviational error
around between 2.97% and 3.64%. Additional data is available in the Supplementary Material.

Figure 5. Absolute deviational error of assessed materials.
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In terms of the surface roughness of the devices, the values were very similar among the prismatic
protrusions and the channels (see Tables 3 and 4). The average surface roughness of each material is
shown in Figure 6. The roughest surface was the Flexible v02, and the smoothest molds were produced
with the Accura SL 5530 and the HTM 140 resins.

Figure 6. Mean surface roughness of assessed materials.

3.3. Case Study: Asymmetric Split-and-Recombine (ASAR) Microdevice Surface Metrology

An additional evaluation of features was done for some of the screened materials to evaluate if the
features of a device with finer features could be produced and screened with a similar methodology as
the molds made in Section 2.1.1.

Figure 7 shows examples that highlight the advantages of Infinite Focus for evaluating the features
compared with other metrology options, such as a stylus-based profilometer. With this methodology,
it is possible to obtain details in the micro and meso-scale concurrently in three-dimensional models and
determine important functional features such as the width of the subchannels of the ASAR micromixer
(Figure 7a).

Overall, the manufacture using the materials was consistent with the data described above.
For example, the characterization of the set of ABS Flex White showed to be below 10 μm (see Figure 7b).
Figure 7c shows an example of a device manufactured using the proposed methodology and employed
for the micromixing performance manufactured with Accura SL 5530 (see Section 3.4). The material
was selected because it displayed more potential for usability (see Table 2).

3.4. Micromixing Performance

Pictures obtained with the experimental setup described in Section 2.4.3 are shown in Figure 8a as
examples of the varying conditions on the degree of mixing, depending on the Reynolds number and
the pitch Δ. Figure 8b describes the mixing index (M) values quantitatively. As expected, a higher
Reynolds number can be associated with a higher degree of mixing overall, considering that in
conditions where the inertia forces are more predominant then the viscous forces, the chaotic advection
can act to create secondary vortices and enhance mixing downstream.
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Figure 7. Micromixing device metrology; (a) Measurement of a key feature; (b) Mean microchannel
pitch vs to width ratio and (c) Picture of an asymmetric split-and-recombine (ASAR) soft tool mold.

The disposition of the array allowed us to evaluate the performance of the device under similar
conditions for different depths and hence different width-to-height ratios (see Figure 8b). Notice that
the color of the circle around the picture indicates the corresponding pitch (orange for 100 μm, green for
250 μm, purple for 500 μm, yellow for 750 μm, blue for 900 μm, and pink for 1000 μm). An examination
of the data suggests that increasing the microchannel pitch can help increase the degree of mixing.
However, the mixing performance improvement between the flow regime of Reynolds number 50 and
Reynolds number 70 is limited. During the process, some bubbles were formed on some of the
channels (Re = 70 and Δ = 250 μm); however, these appeared adjacently to the microdevice walls, and a
disruption of the flow mixing due was not observed. The mixing performance showed a dependence
on the pitch of the microchannel and the Reynolds number.

The capability to modify the mixing efficiency using a ratio of a single feature to the pitch of the
channel has been reported previously [51,52]. Graph (Figure 8b) shows an upward trend between
pitch and mixing efficiency. While the ASAR device was developed successfully, there are limitations
that offer opportunities for further research to comprehend the phenomena underlying the operation.

3.5. Learned Lessons and Future Work

The applications of the learned lessons can be resumed in the case study as follows:

• It is possible to produce different versions of the same device on a single mold with a single
demolding step. Other possible layouts include different devices on a single molding step or an
array of a single device.

• Device identifier: engraving symbols on the device can be implemented for identifying the mold
among different variations.

• Other potential futures were prospected for future work, as removable wall(s) that could ease the
remotion of the PDMS and the capability to dispose placeholders for inlet or outlet pins as part of
the mold.
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Figure 8. Case study; (a) Channel depth assessment comparison using the calculated mixing indexes in
a range of 10 < Re < 70; and (b) Mixing index M vs Reynolds number vs microchannel pitch (Δ).

4. Conclusions

The concluding remarks of this work are summarized as follows:

• The rapid or soft tooling approach was screened for eight (8) different photopolymers as a viable
option for developing complex micromixing devices.

• The experimental data provided valuable insights on acceptable manufacturing practices toward
a new generation of devices.

• The novel design of the mold with variable depth was successfully implemented to test different
regime conditions within the same device.
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• Methodology for the production of an array of micromixers with a variable cross-section was
successfully implemented.

• Multiple cross-sections on a single device could be implemented using stereolithography.
Other device setups (an array of a single device or different type of devices on a single mold)
could be implemented using the methodology presented in this work.

• Surface characterization showed an absolute deviational error within 10 micrometers.
• Stereolithography is a viable option for the development of complex three-dimensional molds for

the development of micromixers, but it is necessary to consider the surface-to-surface interaction
between the mold and the resin.

• Further studies are required to evaluate the effect of the geometrical features of the ASAR
micromixer thoroughly.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/11/11/970/s1,
Supplementary file S1: Dimensional and surface metrology of materials for stereolithography-based AM processes.
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Abstract: Homogeneous mixing of microscopic volume fluids at low Reynolds number is of great
significance for a wide range of chemical, biological, and medical applications. An efficient jet
mixer with arrays of micronozzles was designed and fabricated using additive manufacturing
(three-dimensional (3D) printing) technology for applications in centrifugal microfluidic platforms.
The contact surface of miscible liquids was enhanced significantly by impinging plumes from two
opposite arrays of micronozzles to improve mixing performance. The mixing efficiency was evaluated
and compared with the commonly used Y-shaped micromixer. Effective mixing in the jet mixer
was achieved within a very short timescale (3s). This 3D printed jet mixer has great potential to
be implemented in applications by being incorporated into multifarious 3D printing devices in
microfluidic platforms.

Keywords: three-dimensional (3D) printing; micronozzles; Y-shaped structure; mixing efficiency;
histogram and standard deviation

1. Introduction

Centrifugal microfluidic discs, also known as “lab-on-a-disc”(LOD) can eliminate the requirement
for an external pump and complicated fluidic interconnections. As a result, many microfluidic
centrifugal systems, commonly named as lab-on-CDs, have been reported. In recent years, centrifugal
microfluidic technology has found wide applications in the development of microfluidic devices
for applications in biomedical fields and drug discovery [1–3]. They also have played a significant
role in the agriculture, food engineering, spilled-oil detection and chemical industries due to the
potential of becoming automated, disposable, and point-of-care (POC) clinical diagnostic tools [4–8].
In general, microfluidic devices have channels of scale normally less than 1mm to transport and
manipulate materials, offering a portable and inexpensive possibility to operations and experiments [9].
Because only microscopic amounts of samples and reagents are consumed in such microfluidic systems,
much less waste is generated.

Mixing liquids on the microscale is a challenging task because most mixing processes in
microfluidic devices is limited to low Reynolds numbers caused by laminar flows in microchannels.
However, for many microfluidic applications including sample dilution, reagent homogenization,
chemical reactions, bioassays [10] and medical analysis [11], and materials synthesis [12], mixing is
often a crucial step. An efficient mixing process helps to accelerate the rate of reaction, enhance the
system sensitivity, and even affect the final product distribution. Therefore, considerable efforts have
been made to develop novel micromixers to boost mixing performance in microfluidic devices for
more applications in broadly various fields.

In general, micromixers can be classified into two major categories: the active and the passive
ones. The active mixers always utilize an external power source and control system to assist in mixing.
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In general, the external power sources include vapor pneumatic power [13,14], mechanical pulsation [15],
acoustic vibration [16,17], ultrasonic actuation [18], magnetic force [19–23], electro-kinetical force [24–26]
and electroosmotic force [27]. The active mixers allow for more complicated processes, which always
require an external instrument that adds to the size, weight, complexity and cost of the operating system.
In contrast with the active types, the passive mixers generally accomplish mixing by adding geometric
obstructions or altering geometries of the flow channels with no external energy sources. In terms of
the mixing techniques, passive mixers can be divided into parallel flow-mixers (Y or T-types) [28–31],
hydrodynamic focusing flow [32], multiple lamination flow [33,34], split and recombined flow [35],
chaotic advection flow [36–38], structured packing flow [39], jet collision flow [40,41], recirculation
flow [42], and moving droplet configuration flow-mixers [43]. Passive mixers are considered as an
advantageous technique because of their simplicity and ease of fabrication in contrast with their
active counterparts.

Jet collision mixing is one of the most efficient passive mixers. It maximizes the interfacial area
of fluids by transforming them into plumes. The concept of impingement mixing as a microplume
mixer was first investigated in some research in the late 1970s [44]. In the 1990s, the microjet mixer
was comprised of micronozzle arrays to flow into a mixing chamber filled with another liquid [45].
This concept has been further optimized into two fluid streams flowing through two opposed arrays
of micronozzles [41]. The fabrication of these micromixers is normally done using conventional
fabrication technologies such as lithography in cleanroom facilities. In addition, bulky syringe pumps
are often employed in experimental setups in those reports [41,44,45]. Three-dimensional printing,
because of its fast speed and low cost, and wide choice of materials, has become an attractive tool for
fabrication for micro-meso fluidics and mechanical systems. In addition, 3D printed models can be
directly applied into testing and even as end products.

The fast-developing additive manufacturing (AM) technology with reasonable fabrication
efficiency has provided a powerful tool to fabricate high precision, integrated microfluidic systems.
Three-dimensional-printed microfluidics is suitable for a wide range of applications such as
immunoassays [46], material science [47], particle analysis [48] and extraction of preterm birth
biomarkers [49]. In addition to many other applications, much research in applying 3D printing
technologies to make mixers have also been reported in recent years for different applications. The 3D
printed mixer with integrated staggered herringbones has been studied to exploit the limits of 3D flow
magnetic resonance imaging (MRI) for the analysis of fluid dynamics on a sub-millimeter scale [50].
Using high-definition MultiJet 3D printing to remake five different passive micromixers has also been
reported [51]. The indirect 3D printing method was used to fabricate a helical and a cubic electrode
mixer and to increase the mass transfer up to 47% the standard flat electrode by some researchers [52].
The 3D printed modular mixing components operate on the basis of splitting and recombining fluid
streams to decrease interstream diffusion length [53]. A 3-inlet 3D printed, disposable, high-throughput
micromixer for production of therapeutic nanoparticles with syringe pumps has also been studied [54].

One of the commonly used additive manufacturing (AM) technologies, fused deposition modelling
(FDM) has emerged as a rapid prototyping approach for various applications in recent years. FDM was
first reported to fabricate templates for soft lithography of microfluidic devices with PDMS in 2002 [55].
FDM was demonstrated as the direct fabrication method for microfluidic chemical reaction-ware
in 2012 [56]. Compared with other 3D printing technologies such as stereolithography (SLA) and
manufacturing using femtosecond laser, FDM is much cheaper and easier to use, and faster [57].
However, it has the drawback of lower resolution, and therefore larger minimum feature sizes in
final products.

In this paper, we report a jet collision micromixer (jet mixer) fabricated using a low-cost FDM printer.
The micromixer is designed to have two opposed arrays of micronozzle to generate microplumes to
enhance the mixing efficiency by both quick diffusion and turbulent mechanisms. By controlling the
distance between the neighboring filament lines and also taking on the additive manufacturing nature
of FDM, a jet mixer with large arrays of micronozzles (microchannels) was easily generated in a vertical
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direction. The mixer was installed on a centrifugal fluidic platform for testing. Flow visualization
by high-speed camera demonstrated that the mixing process was complete within a few seconds.
The mixing efficiency of the jet mixer was experimentally measured by contrastively analyzing with a
Y-shaped mixer.

2. Principle and Design of the Jet Mixer

The design of the jet mixer and Y-shaped mixer in this paper is schematically demonstrated
in Figure 1. Figure 1a–d were created via using Solidworks (Dassault Systems SolidWorks Corp,
Waltham, MA, USA). Figure 1a shows the general layout of the mixer with the sample loading
chambers A and B (loading liquid volume 100 μL for each chamber), the mixing chamber, the vent,
and the collecting chamber (200 μL). The capillary valves connecting the sample loading chamber
and the mixing chamber were designed to have a cross-section of 0.8 mm (width) × 0.5 mm (height).
The corresponding cross-sectional view of the jet mixer is shown in Figure 1c. At the beginning of the
mixer operation, the sample liquids A and B were preloaded into the sample loading chambers A and
B separately. The mixer was then installed on the platform to rotate. When the rotational speed of
the platform reached the burst frequency, the capillary valves were turned to open, centrifugal forces
helped to propel the liquid samples A and B to flow into the mixing chamber. Figure 1d and e show
the more detailed schematic.

Figure 1. Design of the 3D jet mixer: (a) the exploded view of the assembly of the jet mixer to show the
components; (b) design of the Y-shaped micromixer for comparison with the jet mixer’s performance;
(c) the cross-sectional view on the right plane; (d) detailed design of the mixing chamber; (e) schematic
diagram of the mixing chamber on the right plane.
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The design of the mixing chamber: the mixing chamber contains two opposite arrays of
micronozzles, which divide this chamber into three subchambers C, D and E. During the mixing
process, two different liquid samples (A and B) are propelled into the chambers C and D, respectively,
and then flow into chamber E to mix through the two up-down arrays of micronozzles (Figure 1e).
Finally, the mixed liquid is delivered to the collecting chamber. The vents are designed for air release.

In fabricating the two arrays of micronozzles, the smaller filament size was created from an
extruder primarily by increasing the distance between neighboring filament lines to form micronozzles.
In the additive manufacturing process with FDM, the structure was made in a layer by layer fashion.
As a result, the micronozzles can be “naturally” generated in a vertical direction. This is the main reason
why the entire layout for the mixing chamber is in a vertical direction instead of in the horizontal plane.

For the sake of comparison, a Y-shaped mixer was also designed, built, and tested. The design of
a Y-shaped mixer can be fully realized by a 3D FDM printer, to achieve optimal mixing performance.
The design of the Y-shaped mixer is schematically shown in Figure 1b. It consists of sample loading
chambers A and B, a collecting chamber, and a Y-shaped structure of channels with capillary valves
and an outlet. All the chambers of the Y-shaped mixer are in the same plane, which is different from
the placement of the chambers in the jet mixer. In the jet mixer, jet collision was designed to happen
in a vertical (up-down) direction, not in a right-left direction. This was due to the limitation of FDM
printer that can be used to produce arrays of nozzles in a vertical direction. Because chambers C and D
are designed to face each other in a vertical direction and are also connected with chambers A and B,
respectively, this design limitation requires an increased depth for chambers A and B. To have the same
designed volumes of chambers A and B for both the Y-shaped mixer and the jet mixer, the loading
chambers A and B for the jet mixer and Y-shaped mixer are designed to have the same volume but
different diameters and depths as marked in Figure 1.

The theoretical burst frequencies of the capillary valves for both the Y-shaped mixer and the jet
mixer are designed to be the same. The burst frequency fb of a capillary valve is defined in terms of
rotations per minute (RPM), and can be calculated using the following equation:

fb=

√
Pcap

ρΔRR

(30
π

)
(1)

where, Pcap = 4cosθY/Dh, ρ is the density of the liquid, ΔR is the difference between the top and bottom
of the liquid levels with respect to the rotation center, R is the average distance of the liquid to the
rotation center, Pcap is the capillary pressure, Y is the surface tension, θ is the contact angle, and Dh is
the hydraulic diameter. With the design dimensions shown in Table 1, the theoretical burst frequency
was estimated to be 473.31 RPM.

Table 1. The dimensions of the common components for the jet mixer and Y-shaped mixer (radius—R,
height—H, width—W).

Components Dimensions in Jet-Mixer Dimensions In Y-Shaped Mixer

Sample Loading Chamber A 3.37 mm (R) × 5.00 mm (H) 4.77 mm (R) × 2.50 mm (H)
Sample Loading Chamber B 3.37 mm (R) × 5.00 mm (H) 4.77 mm (R) × 2.50 mm (H)

Capillary Valve 0.80 mm (W) × 0.50 mm (H) 0.80 mm (W) × 0.50 mm (H)
Outlet 0.80 mm (W) × 0.50 mm (H) 0.80 mm (W) × 0.50 mm (H)

Collecting Chamber 4.81 mm (R) × 2.75mm (H) 5.05 mm (R) × 2.50 mm (H)

The main difference between the jet mixer and Y-shaped mixer is the extra mixing chamber in the
jet mixer. In the Y-shaped mixer, the fluid samples from loading Chambers A and B flow through the
Y-shaped channels and enter the collecting chamber directly. The collection chamber also serves as the
mixing chamber in the Y-shaped mixer. In comparison, in the design of the jet mixer, the fluid samples
from the two loading chambers must flow through two arrays of micronozzles in the mixing chamber
before it enters the collecting chamber in which additional mixing happens. The dimensions of the
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capillary valves (the flow channels to the mixing chambers) for both types of mixers are designed to be
the same. The nominal flow resistances are therefore designed to be the same. By assuming the flows in
these microchannels are laminar, the nominal flow resistances are calculated to be 1.76 × 109 (Pa·s/m3).

Figure 2 shows common design options for the arrays of the micronozzles. There are normally
two options to arrange the two facing arrays of impinging jets: directly facing as shown in Figure 2a,
or to have a fixed shift as shown in Figure 2b. Figure 2a,b are common design principles for jet flow
collision, we designed our mixing chamber based on these principles. The cross-section diagram
of designs (a) and (b) is shown graphically in Figure 2c,d, respectively. The function of two facing
arrays of micronozzles is to transform liquid samples into microjets. The liquid samples are driven by
centrifugal force to feed through multiple micronozzles, converting liquids into impinging plumes and
mixing in Chamber E.

Figure 2. Design options of the jet-impinge mixer: (a) Opposite micronozzles directly facing each other;
(b) Opposite side micronozzles, off-set; (c) Cross-section on the top plane of design (a); (d) Cross-section
on the top plane of design (b).

As shown in Figure 2c,d, the sample liquids (A and B) are simultaneously introduced into the
Chambers C and D in up and down directions in our design. After introduction, the location of the
sample liquids become upper and lower plane instead of the same plane. These micro-plumes of flows
are introduced oppositely into chamber E, impinging upon each other, either face-to-face as shown in
Figure 2c or passing by each other as shown in Figure 2d. The design of Figure 2d obviously has the
advantage of maximizing the effective contact surfaces between the impinging plumes, and therefore
boosting the diffusion process. The off-set also makes it more likely to produce more vortexes due
to flowing across the mixing chamber from one side to the other [41]. It was therefore the preferred
design for the mixer.

3. Fabrication of the Jet Mixer

The jet mixer was 3D printed using an FDM 3D printer (Ultimaker 3). Simplify3D software
was used to adjust the relevant parameters such as nozzle diameter, extrusion width, primary layer
height and layer modifications in achieving the key feature (the micronozzles) and the designed
dimension of the jet mixer. The following operational parameters were used in the fabrication process:
(1) layer thickness for top and bottom nozzle layer, 0.05 mm; (2) layer thickness for other components,
0.15 mm; (3) nozzle diameter, 400 μm; (4) flow rate, 0.9; (5) print speed, 3600 mm/min; (6) nozzle
temperature, 215 ◦C; (7) heating bed temperature, 55 ◦C; (8) spacing between neighboring filaments,
600 μm; (9) heated building chamber (25 ◦C).

White colored PLA (Polylactic Acid, from Dynamism, Chicago, IL, USA) was used as the structural
material (and therefore the printer filament) for the jet mixer. We designed the whole model using
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Solidworks (Dassault Systems SolidWorks Corp, Waltham, MA, USA). Figure 3 shows the 3D printing
process of the jet mixer layer by layer with FDM. It took about one and a half hours to print one
prototype jet mixer with the overall size of 100 mm (in length) × 24 mm (in width) × 6 mm (in height).
The entire fabrication process was divided into 5 processes in Simplify3D software: Process 1-1,
Process 2-2, Process 3-3, Process 4-4 and Process 5-5 in Figure 3. As shown in Figure 3a,b, in Process
1-1, the structure’s height increased from 0 mm to 2.5 mm. It consists of the substrate layer (0–1 mm)
and chamber D (2.00 mm (lower radius), 5.46 mm (upper radius), 2.00 mm (H)) in the mixing chamber,
the sample loading chambers A and B, and the connection capillary valve between sample loading
Chamber B and the Chamber B of the mixing chamber. The height of the bottom nozzle layer in the
mixing chamber was set to be 0.5 mm, corresponding to the Process 2-2 from 2.5 mm to 3 mm in
Figure 3c. In Figure 3d, the Chamber E (6.33 mm (lower radius), 7.20 mm (upper radius), 2 × 0.50 mm
(H)) was formed as a hollow structure in the mixing chamber with its height increased from 3 mm to
4 mm as shown in the Process 3-3. Meanwhile, the deposition for the output channel and collecting
chamber for collecting mixed fluid were started. Figure 3e shows the top nozzle layer starting to be
printed on the hollow Chamber E from 4 mm to 4.5 mm in the Process 4-4. The Process 5-5 is shown in
Figure 3f–h, the height of the printed structure increased from 4.5 mm to 6 mm. The fabrication of
Chamber C (2.00 mm (lower radius), 5.46 mm (upper radius), 2.00 mm (H)) of the mixing chamber,
and the other capillary valve connecting sample loading Chamber A to Chamber C of the mixing
chamber started at height 5.0 mm in Figure 3f. Figure 3g depicts the structure of the jet mixer before
the cover was made. Figure 3h is the finished 3D FDM-printed jet mixer.

Figure 3. The flowchart of the additive manufacturing process for the jet mixer cartridge: (a) the substrate
layer (height: 0.0–1.0 mm); (b) the mixing Chamber D layer (height: 1.0–2.5 mm); (c) the bottom nozzle
layer (height: 2.5–3 mm); (d) the mixing Chamber E layer (height: 3.0–4.0 mm); (e) the top nozzle layer
(height: 4.0–4.5 mm); (f) the mixing Chamber C layer (height: 4.5–6.0 mm); (g) the final geometry of the
jet mixer before the cover was made; (h) the completed jet mixer. (Process 1-1: 0.0–2.5 mm; Process 2-2:
2.5–3.0 mm; Process 3-3: 3.0–4.0 mm; Process 4-4: 4.0–4.5 mm; Process 5-5: 4.5–6 mm).

The photo images of the 3D printed micronozzles and jet mixer with PLA as structural material are
shown in Figure 4, Figure 4a is the photo image of the micronozzles. Figure 4b shows the image of the
micronozzles as captured by LED Digital Binocular Compound Microscope (AmScope, Orange County,
CA, USA). In 3D software, rectilinear infill patterns with infill angles in +45◦ and −45◦ directions were
chosen for automatically forming micronozzles during the 3D printing process. The angle formed by
two adjacent print layers is therefore 90◦ as shown in Figure 4b. It can be observed that the largest
size of micronozzle was 200 μm by 250 μm. The smallest size was 50 μm by 50 μm. This wide range
of size variation was caused by the error of the low-cost FDM printer used to fabricate the mixer.
The size of the micronozzles can be adjusted according to design requirements by changing the settings
of the extruder, the thickness of each printing layer, the infill, as well as other printer parameters
in Simplify3D software. Two different types of sandpaper were then used to polish the 3D printed
micromixer. The fabrication of the jet mixer took about one and a half hours to complete. It was
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time-saving, labor-saving, cost-effective and easy-to-make in comparison with other technologies such
as lithography. Finally, transparent polypropylene adhesive tapes (Scotch tape, 3M) were applied
to seal the micromixer. The vent holes were punched on the covering tape to prevent air pressure
building up. The finished 3D printed jet mixer is shown in Figure 4c. Figure 4d shows a photo image
of the 3D printed Y-shaped mixer.

Figure 4. (a) A photo image of the 3D printed micronozzles; (b) a microscope image of the 3D printed
micronozzles, θ = 90◦; (c) a photo image of the 3D printed jet mixer; (d) a photo image of the 3D printed
Y-shaped mixer.

In our design of the jet mixer, two arrays of impinging micronozzles were arranged in the vertical
or out of plane orientation instead of horizontal or in plane. The main reason for choosing such a design
layout is because of the resolution limitation of the 3D printer used in the fabrication. It is difficult to
make arrays of micronozzles in plane with the desired resolution, depending on purpose-designed
micronozzles in Solidworks. The unique advantage of the fused filament fabrication (FFF) in the
FDM printer is that it makes it much easier to form arrays of micronozzles automatically in a vertical
direction by manipulating the filament size from the extruder in selecting the infill pattern in the
Simplify3D software. It should be noted the line spacing in the FDM printer is normally considered a
drawback because it lowers the surface quality of the finished structure. For the fabrication of the jet
mixer reported in this paper, it actually helped to simplify the fabrication process.

4. Experimental Results and Discussions

4.1. The Experimental Setup

Figure 5 shows a photo image of the centrifugal platform setup to test the micromixers.
The micromixer was mounted on the DC servo motor controlled by a laptop computer. A high-speed
camera with frame rate 80 fps (Pixelink, Rochester, NY, USA) was installed above the fluidic system to
monitor the mixing processing in real time. A series of experiments were conducted to test the mixing

161



Micromachines 2020, 11, 695

performances of the jet mixer. Experiments with a simple Y-shaped mixer which is one of the most
commonly used and extensively studied, were also conducted for comparison.

Figure 5. The experimental setup of the centrifugal platform with 3D microfluidic cartridge mounted.

4.2. Mixing Efficiencies and Discussions

In the experiments, 100 μL of red and blue dyed deionized (DI) water were injected into loading
Chambers A and B first. Experiments were first run using blue dyed DI water and red dyed DI
water because it is easy to observe under a high-speed camera. The mixers were then attached to the
rotational platform for tests. The mixers were installed in an orientation so that the loading chambers
were located closer to the shaft and the collecting chambers were toward the edge of the platform along
the radial direction. The centrifugal platform was driven to rotate in a counter-clockwise direction.

It should be noted that the burst frequencies for the capillary valves in both the Y-shaped and the
jet mixer were designed to be the same at 473.37 RPM. However, because of fabrication errors in the
microchannels, the burst frequencies were found to be much higher. When the rotational speed of the
micromixer was increased to 1000 RPM, the capillary valves were turned open roughly at the same
time for both the Y-shaped mixer and the micro-jet one. The red and blue dye samples in the loading
chambers A and B were released and flowed through the Y-shaped channels and entered the collecting
chamber as shown by the sequential photo images in Figure 6(a1–a7). At the same time, the mixing
process for the jet mixer is shown by the sequential photo images of Figure 6(b1–b7). The blue and
red dyes flowed into the two facing arrays of micronozzles, and then entered the mixing chamber,
and were finally released into the collecting chamber. The mixing process was recorded in real time by
the monitoring camera at the rate of two pictures per second.
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(a) Photo images showing the mixing process for the Y-shaped mixer. 

 

(b) Photo images showing the mixing process for the jet mixer. 

 
(c) The images of mixing fluids entering the collecting chamber for the Y-shaped mixer (c1) and the 

jet mixer (c2) 

Figure 6. Photo images showing the experimental results: (a) for the Y-shaped mixer; (b) for the jet
mixer; (c) the images of fluid entering collecting chambers: (c1) for the Y-shaped mixer chambers and
(c2) for the jet mixer. The rotation of the platform was brought to a complete stop at t = 5s.

At the beginning of the experiments, the two loading chambers were filled with blue and red
solutions as shown in Figure 6(a1,b1). In the experiments, the same volumes of the sample fluids,
100 μL, were preloaded into chambers A and B. However, because chambers A and B for the jet
mixer have a slightly smaller diameter and larger depth than those of the Y-shaped mixer, the sample
fluids completely covered the bottom surfaces of both chambers in the jet mixer and only partially
covered the loading chambers for the Y-shaped mixer. This made the photo image Figure 6(a1) seem
to complete the mixing for the Y-shaped mixer. For the jet mixer, the mixing time was a little longer,
because the flow resistance of the two arrays of micronozzles slowed the flow rate of the fluid samples.
As can be observed from Figure 6(b1–b7), it took more than 0.5 s before the blue and red dyes entered
the collecting chambers through the arrays of micronozzles. It took about 3 s for the two loading
chambers with blue and red dyes to be emptied and the mixed solution to flow into the collecting
chamber for the jet mixer. When the mixing was completed after 5 s, the rotation of the platform was
stopped. The photo images in Figure 6(a7,b7) were taken in the resting condition of the platform to
improve image resolution for more accurate analysis of the mixing effects for both mixers as shown
in Figure 7(c1,c2). It should be noted that the collecting chamber in Figure 6(b6) was already empty:
because the micronozzles were stained by the dye in the fluids, the photo image looks like there
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was still some fluid leftover. Figure 6(c1,c2) show the situation of the mixing fluids flowing into the
collection chambers for the two types of mixers. The red and blue dyed DI water flowed in parallel
into the collecting chamber of the Y-shaped mixer at 1.5 s (Figure 6(c1) corresponding to Figure 6(a3)),
indicating that the mixing mainly happened in the collecting chamber due to the vortex. As displayed
in Figure 6(c2) corresponding to Figure 6(b4), purple dyed DI water was propelled into the collection
chamber of the jet mixer at 2 s, this meant that the red and blue dyed DI water had already been mixed
well in the mixing chamber. Injecting into the collection chamber helps to further mix the sample
fluid. The time difference for the mixing to complete in Figure 6 is mainly due to the fact that mixing
fluids flow through different structures in the Y-shaped mixer and the jet mixer to enter the collecting
chambers. Flow resistance from the two arrays of micronozzles in the mixing chamber of the jet mixer
slowed the flow rate of the fluid samples.

(a) Photo images showing the mixing process for the Y-shaped mixer. 

(b) Photo images showing the mixing process for the jet mixer. 

 
(c) Histogram and  of the area of interest. 

Figure 7. Analysis of the mixing performances for the two types of mixers. Photo images showing the
experimental results for (a) the Y-shaped and (b) the jet mixer; (c) histogram and σ of the photo image
of the mixed fluid samples for (c1) the Y-shaped mixer and (c2) the jet mixer.
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Standard deviation (σ) is a common method in analyzing mixing performance. Greyscale
distribution for the colorless DI water and the red dyed DI water are about from 200–255 and 0–50,
respectively. Therefore, experiments were also run using colorless DI water and red dyed DI water to
check the mixing efficiencies. The whole experimental process was shown in Figure 7a,b. The mixing
process of colorless and red dyed DI water under the observation of a high-speed camera was the
same as that obtained using red and blue dyed DI water in Figure 6a,b. The images of the final mixed
solution in the collecting chamber were processed and analyzed by using the software «Image J»
(NIH Image, Bethesda, MD, USA) and «Origin 8.5» (OriginLab, Northampton, MA, USA) to obtain the
σ and the distribution of the gray intensity histogram. The histogram and the corresponding σ for
both micromixers are shown in Figure 7(c1,c2).

To quantify the effectiveness of the two different types of mixers, the standard deviations σ of
the pixel intensity of the images of the mixed solutions in the collecting chambers were utilized to
numerically represent the mixing effectiveness. The standard deviation σ, defined by the square root of
the variance, was used to measure the dispersion of the data values. The data points which are near the
mean value in the histogram with low values of σ indicate higher mixing effect. Oppositely, the data
points that have widely spread (with the high σ), indicate lower mixing effect. For the final mixed
solutions shown in images in Figure 7(a7,b7), the areas of interest were the region of the collecting
chambers, which were digitally cut out for analysis. Each of the images of the collecting chambers
was analyzed by employing the software «Image J» and «Origin» for further processing to get a
histogram plot, the frequency of the pixel’s gray levels of the regions was plotted. The gray intensities
of all the pixels were obtained and the σ of each image was obtained. The x-axis of the histogram
graph represents the gray levels and the y-axis represents the number of pixels in that specific tone.
Figure 7(c1) shows the distribution of pixels for the mixed fluid sample in the collecting chamber for
the jet mixer was less dispersed and more concentrated (gray levels from 40 to 60) in contrast with that
for the Y-shaped mixers as shown in Figure 7(c2) (gray levels from 40 to 160). Therefore, the histogram
distribution displays the jet mixer has a much better mixing efficiency. The change in σ of the mixed
liquids for the two mixers is shown in Figure 7(c1,c2). Based on the foregoing analysis, the smaller σ
is, the better the mixing efficiency. The σ for both images shown in Figure 7(c1,c2) was 13.83 for the
Y-shaped mixer and 3.89 for the jet mixer. Hence, the mixing efficiency of the jet mixer can be considered
as 3.56 times of that for the Y-shaped one. Very obviously, the two facing arrays of micronozzles
have helped to enhance the mixing efficiency dramatically. The mixing performance of the jet mixer
outperformed that of the Y-shaped mixer.

Finally, the experiments were repeated five times for both mixers. The corresponding results
are shown in Table 2. The average σ of the jet mixer was found to be 3.56 (3.89, 3.59, 3.24, 3.89, 3.21),
in comparison with the average σ of 13.77 for the Y-shaped mixer in five tests (13.53, 13.83, 13.47, 13.88,
14.15). Furthermore, the σ for the five standard deviations of both mixers was 0.25 (Y-shaped mixer)
and 0.29 (jet mixer). In addition, the required mixing time for colorless DI water and red dye colored
DI water of the jet mixer is shorter than that reported by Esmail et al. [58] using the moment of inertia
mixing method in the second mixing cycle. It should be noted that using the image analysis method to
estimate mixing performance is limited by the high-speed camera resolution and the irregular shape of
the liquid samples in the collecting chamber. However, the σ of the gray intensities can still be a useful
estimation for mixing effectiveness. In addition, in the design of traditional Y-shaped mixers, S-shaped
flow channels are used to further improve the mixing efficiency. For both the Y-shaped mixer and the
jet mixer in this paper, S-shaped channels could also be added for better mixing efficiencies.
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Table 2. The standard deviation value of the Y-shaped and the jet mixer under different numbers of
the test.

Test # Standard Deviation of Jet-Mixer Standard Deviation of Y-Shaped Mixer

1 3.89 13.53
2 3.59 13.83
3 3.24 13.47
4 3.89 13.88
5 3.21 14.15

5. Conclusions

A jet mixer with two facing arrays of micronozzles was designed and successfully fabricated
using 3D printing technology. The micronozzles were realized by using Simplify3D software to change
the size of filament and easily printed using a low-cost FDM printer. Experiments were conducted to
study the mixing efficiencies of the jet mixer and compared with the commonly used Y-shaped mixer.
The jet mixer has demonstrated very good mixing efficiency with an average σ of 3.56 for colorless
DI water and red dye colored DI water with a mixing time of less than 5 s. The main reason behind
the dramatically enhanced mixing efficiency of the jet mixer is the mixing chamber that includes two
facing arrays of micronozzles. This unique fabrication method makes it possible to print micro-nozzles
via an increased distance between neighboring filament lines. The design significantly increased the
effective contact areas of the two liquid samples by impinging plumes from two opposite arrays of
micronozzles and significantly enhanced the mixing efficiency. The study also proved that FDM 3D
printing technology can be used in the fabrication of the jet mixer and is time-saving, labor-saving and
cost-effective. PLA was used as the structural material for demonstration purposes only. Many other
materials can be used in FDM and other 3D printing technologies for specific applications and needs.
Additionally, 3D printing technology made it very easy to fabricate complete microfluidic CDs without
extra equipment installation. It may help to simplify the design, reduce the cost of production,
and enable the development of novel fluidic systems for many applications.
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Abstract: In this paper, development of a technical model of micro Electrical Discharge Machining in
milling configuration (EDM milling) is presented. The input to the model is a parametrically presented
feature geometry and the output is a feature machining time. To model key factors influencing
feature machining time, an experimental campaign by machining various microgrooves into corrosive
resistant steel was executed. The following parameters were investigated: electrode dressing
time, material removal rate, electrode wear, electrode wear control time and machining strategy.
The technology data and knowledge base were constructed using data obtained experimentally.
The model is applicable for groove-like features, commonly applied in bottom grooved micromixers
(BGMs), with widths from 40 to 120μm and depths up to 100μm. The optimization of a BGM geometry
is presented as a case study of the model usage. The mixing performances of various micromixer
designs, compliant with micro EDM milling technology, were evaluated using computational fluid
dynamics modelling. The results show that slanted groove micromixer is a favourable design to be
implemented when micro EDM milling technology is applied. The presented technical model provides
an efficient design optimization tool and, thus, aims to be used by a microfluidic design engineer.

Keywords: micromachining; micro EDM milling; empirical modelling; micromixer; design for
manufacturing; computational fluid dynamics

1. Introduction

Micromachining plays a crucial role in bringing new chemical, medical, optical, automotive and
semiconductor applications and products to market [1,2]. The industry strives for shorter cycle times
to minimize the manufacturing costs. The research field that largely benefited from microengineering
technologies (MET) development is microreactor technology, which exploits microstructured devices
for realization of (bio)chemical processes [3,4].

A microreactor is commonly understood to be a continuous flow reactor which utilizes
microchannels and similar micro features in order to manipulate flow of reactants. The basic
configuration of a microreactor consists of a micromixer, a reaction unit and a separator. The micromixer,
as a crucial functional part of the microreactor with the task of mixing reactants, usually represents the
most challenging geometry to be machined.

One of the established micromixer designs is the bottom grooved micromixer (BGM), first
introduced by Stroock et al [5] in 2002. The working principle of the BGM is based on the grooves
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embedded in the bottom of the microchannel which laterally transport fluid fractions and cause
lateral circulation. This circulation motion promotes mixing by stretching and folding the fluid along
the microchannel [5,6]. Generally, there are two basic designs of BGMs, namely, slanted groove
micromixer (SGM) and staggered herringbone micromixer (SHM) (Figure 1). Grooves in SGM design
are inclined at an angle with respect to the axis along the channel, whereas grooves in SHMs are the
shape of a herringbone pattern. Many publications dealing with BGMs geometry optimization to
enhance mixing exist, the most notable being by: Yang et al. [7], who applied the Taguchi method;
Aubin et al. [8], who analysed BGM design using spatial data statistics and the maximum striation
thickness parameter; Ansari and Kim [9], who applied the radial basis neural network method; Lynn
and Dandy [6], who investigated helical flows; Williams et al. [10], who developed the analytical model
of mixing; Cortes-Quiroz et al. [11], who used design of experiments, the function approximation
technique and the multi-objective genetic algorithm; and Hossain et al. [12], who investigated grooves
embedded in the top and bottom walls. The topic of BGM design optimization is highly relevant up to
the present time, as demonstrated in very recent publications [13,14]. Thus, optimal design of a BGM
has yet to be discovered with respect to specificities of its application and taking into account applied
micromanufacturing technology and substrate material.

Figure 1. In the upper part, a slanted groove micromixer (SGM) geometry with schematic presentation
of path lines in the channel cross-section is depicted. In the lower part, a staggered herringbone
micromixer (SHM) geometry with schematic presentation of path lines in the cross-section for each
half-cycle is depicted. Denotations: h—channel height, w—channel width, d—groove depth, a—groove
width, b—ridge width, and rG—groove corner rounding radius.

Traditionally, BGMs [5,10,15] and microfluidic platforms with similar geometrical features such as
micro heat exchangers [16,17] and fuel cell components [18] are machined in silicon, thus, utilizing
microfabrication technologies (i.e., various lithographic processes). On the other hand, metallic
materials are gaining substantial importance in microfluidic devices and micro-electro-mechanical
systems (MEMS) for their ability to withstand high pressures, harsh environmental conditions and
chemically reactive conditions [19]. In this respect, stainless steel substrates offer significant advantages
over silicon: excellent mechanical, electrical, thermal and chemical properties, and they are easy to clean,
thus, they are reusable mostly due to material robustness [20–22]. Accordingly, micro EDM milling
is a versatile and well established micromachining process which is readily capable of machining
geometries applied in aforementioned applications [23].
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Micro EDM milling is a thermal (or energy-assisted) process for contactless material removal of
electrically conductive materials where a rotating cylindrical electrode removes material layer by layer
with kinematics similar to those of conventional milling. Material is removed due to local melting
and evaporation caused by a sequence of electrical discharges occurring in an electrically insulated
gap between the tool electrode and the workpiece. Technology advantage stems from being able to
machine complex shapes with high precision regardless of material hardness.

To date, a generally valid physical model of EDM material removal does not exist and there is
a lack of a direct link between theoretical models of material removal mechanisms and industrial
applications [24]. In the literature, many micro EDM milling modelling approaches were executed,
such as mathematical modelling [25], cellular automata approach [26,27], non-uniform rational basis
spline (NURBS) surface warping [28] and many others thoroughly reviewed in [29]. These modelling
approaches yield valuable information in the context of understanding the underlying physical
principles of the technology and can be applied for its advancements. However, in the view of
process selection and industrial applicability, simple technical models can yield enough information
to the designing engineer for the purpose of product design optimization in line with the design for
manufacturing (DFM) paradigm [30]. By incorporating a few simple empirical equations encompassing
the main technology characteristics, the technical model can be used as a tool by the design engineer,
who does not need a thorough in-depth knowledge about the technology, for designing a functional
product with lower machining costs.

For this reason, a simple technical model of micro EDM milling is constructed and presented in
this paper. Main relations specific to micro EDM milling technology were obtained using empirical
modelling. The output of the model is the total machining time of a single feature to be machined,
which is determined by the contribution of duration of three operations, namely electrode dressing time,
electrode wear control time and actual feature erosion time. The feature geometries are parametrically
presented as an input to the technical model. One of the aims of this paper is to further familiarize the
microfluidic research community with the micro EDM milling technology and its aspects on designing
a microfluidic device. Demonstration of the technical model usage is presented through optimization
of a BGM design. The developed technical model presents a simple platform, the applicability of
which could be further expanded to a wider range of microfeatures by upgrading the technology data
and knowledge base (DKB). At present, its applicability is confined to groove microfeatures which are
commonly applied in BGMs; however, similar repetitive geometries are applied in various microfluidic
applications [17,31,32]. The novelty of this work is in construction of an easy to understand technical
model that can be used by a non-expert for microfluidic design optimization. Additionally, the results
of intertwining the technical and computational fluid dynamics modelling give novel insights on the
influence of geometrical parameters on the mixing performance of the BGM.

2. Materials and Methods

2.1. Investigation Workflow

The workflow of this investigation is presented in Figure 2. The mixing efficiency of the BGM
is critically dependent on the geometry of one groove, which is defined by its width and depth, its
basic shape, namely slanted (SG) or staggered herringbone (SH), and their number and orientation in a
mixer configuration (see also Section 2.2). The defined single groove design presents the main input
to the micro EDM milling technical model. Output of the technical model is the overall machining
time tTOT for the input geometry and, by defining a time constraint, results in the number of grooves
(NG) for the whole BGM configuration that can be machined in the given time. The machining
time of the main microchannel is included in the time constraint as well. The technical model is
supported by the micro EDM milling DKB, which was constructed based on the experimental approach
(see Section 2.3). After determining NG, permutations of the groove sequence layout were manually
determined, resulting in BGM configurations with a different number of half-cycles (NHC) and number
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of grooves in one half-cycle (NGH). Mixing performances of adequate designs were determined by
simulations using the numerical finite element software COMSOL (5.0, COMSOL, Inc., Burlington,
MA, USA).

Figure 2. Investigation workflow. Denotations: SH—staggered herringbone groove design, SG—slanted
groove design, d—groove depth, a—groove width, tED—electrode dressing time, tER—erosion time,
tCON—electrode wear control time, tTOT—overall machining time, NG—number of grooves in a
configuration, NGH—number of grooves in a half-cycle, NHC—number of half-cycles, Re—Reynolds
number, Pe—Peclet number, CoV—mixing coefficient of variance, and βCoV—mixing efficiency
per groove.

2.2. BGM Geometry and Mixing Simulation Tool

For the purpose of this investigation, the microchannel is oriented along the x-axis and its
cross-section is fixed to width w = 200 μm and height h = 50 μm (Figure 1). This cross-section dimension
is typical for generic microfluidic chips [33] and, due to its low aspect ratio (h/w = 0.25), it narrows
the residence time distribution and reduces axial dispersion of the fluid species [34]. The grooves are
inclined at a 45◦ angle to the x-axis and asymmetry of the SH grooves apex position was fixed to 1/3
x w, since this was found to be the optimal groove geometry [5–7]. Groove width a varied between
48 μm and 106 μm and groove depth d between 40 and 75 μm. The maximum aspect ratio of the
grooves (d/a) incorporated in micromixer configurations was limited to 0.85 due to the possibility of
air entrapment within deeper grooves [35] and to avoid dead volumes. The minimum groove width
of 48 μm was selected since it is a typical width for micromixers produced by soft lithography and
can be stably machined by micro EDM milling with a ~40 μm thick electrode. The upper boundary
for groove width a is defined by the width of the channel w, since wider grooves machined with a
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circular electrode would be more similar to a circular blind hole than a groove. The rounding of the
groove corners rG corresponds to the smallest electrode diameter used for its machining and rG varied
between 25 and 53 μm. Ridge length b between consecutive grooves, being one of the least influential
geometric parameters [7,36], was fixed to 70 μm. The geometrical parameters of simulated groove
designs are gathered in Table 1.

Table 1. Geometrical parameters of simulated micromixer designs.

Main Channel
Cross-Section

(μm)

Groove
Inclination

Angle

SH Groove
Apex

Asymmetry

Groove
Width a

(μm)

Groove
Depth d

(μm)

Groove
Aspect
Ratio

Ridge
Length b

(μm)

Radius of the
Groove Corners

rG (μm)

w × h = 200 × 50 45◦ 1/3 × w 48–106 40–75 0.38–0.85 70 25–53

Mixing performances of BGM configurations compliant with micro EDM milling technology were
evaluated by computational fluid dynamics (CFD) modelling using COMSOL Multiphysics 5.0 software.
The software implements the finite element method to numerically solve governing equations. Since the
applied simulation software settings are described in detail in [36], only a condensed description is
given here. The flow field at steady state was calculated by solving Navier–Stokes (NS) equations
for an incompressible fluid, and mass transport of dissolved species was numerically calculated by
solving convection–diffusion (CD) equations. Since numerical simulations of mixing are prone to
artificial diffusion of species [6,37], the simulation tool setup was verified against experimentally
obtained results presented in [5,10], where confocal microscopy was applied to obtain precise spatial
mixing profiles. Both quantitative (coefficient of variance) and qualitative (concentration profiles in the
channel cross-section) results showed excellent agreement up to the Péclet number (Pe) of 6250, thus,
we considered numerical model setup to be adequate.

Mixing performance was evaluated by applying coefficient of variance CoV as recommended
in [38], defined by:

CoV =

√
1/N

∑N
n=1(cn − c)2

c
(1)

where CoV denotes the coefficient of variance in the yz-cross-section plane at the end of the channel, cn

is the concentration at a point in the cross-section plane, N is the number of concentration points in the
plane (exported in a uniform grid with 2.5 μm spacing resulting in N = 1600), and c denotes complete
mixing. A value of CoV closer to 0 corresponds to better mixing performance.

To take into account the geometrical parameter of the number of grooves NG per BGM configuration,
an additional parameter interpreted as mixing efficiency per groove was estimated as:

βCoV = 1/(CoV ·NG) (2)

where a higher βCoV value corresponds to a higher mixing efficiency of BGM configuration.
All further simulations were performed using the following conditions: the working fluid was

water at 20 ◦C, the solute diffusion coefficient D = 10−9 m2/s, the average inflow velocity v = 37.8 mm/s
corresponding to the Reynolds number of 3 and Pe = 3670, the boundary condition at outflow set to 0
Pa (pressure, no viscous stress), no-slip condition at walls, fluid concentration in one half of the channel
of 1 mol/m3 (color coded red) and the other half of 0 mol/m3 (color coded blue). Data visualizations and
post-processing of simulation results were done using associated functions in COMSOL and MATLAB
(R2019b, MathWorks Inc., MA, USA).

2.3. Micro EDM Milling

The technical model is based on experimental data obtained on Sarix SX-200 micro EDM milling
machine (SARIX SA, Sant’Antonino, Switzerland), thus, the set-up parameters, also referred to
as the machining regime, are specific to the used machine (further elaborated in Section 2.3.2).
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Input parameters encompass the workpiece, electrode, machining strategy, dielectric fluid and
machining parameters. The latter define the settings of the pulse generator and the electrode feeding
system. For clearer presentation of the micro EDM milling working principle, a diagram is shown
in Figure 3.

Figure 3. Schematic presentation of the micro EDM milling machine.

Thin cylindrical tungsten carbide rods with initial diameter dE0 of 300 μm were used as tool
electrodes. The machine was equipped with a wire dressing unit (ARIANNE) and a laser scan
micrometer Mitutoyo LSM-500s (Mitutoyo Corporation, Kawasaki, Kanagawa, Japan), which monitors
the reduced diameter (dE) of dressed electrodes (Figure 4a). By means of mentioned integrated
components, the initial electrode is grinded down to the desired diameter, which depends on the width
of the geometry to be machined and the spark gap. Slotting and pocketing machining strategies were
considered (Figure 4c,d). Hydrocarbon oil was used as a dielectric fluid (HEDMA 111). All experiments
to acquire micro EDM milling DKB were performed on corrosive resistant steel X2CrNiMo17-12-2
(Acroni Ltd., Jesenice, Slovenia), which is commonly used in chemical and pharmaceutical industry.
Prior to machining, the steel workpieces were ground on both sides in order to establish parallel surfaces.
In the next step, the surfaces were hand polished to achieve a mirror-like surface finish (roughness
of Ra ~ 0.05 μm, measured with MARSURF PS 10 profilometer (Mahr GmbH, Göttingen, Germany).
Due to imperfect polishing, minor surface scratches can be noticed on the confocal microscope images
of the grooves (Figure 4c,d). However, these scratches were small enough and have insignificant
influence on the obtained machining results.

Although the technical model built within this investigation is based on the specific machine
and material used, the generalized findings can also be applied when using other micro EDM milling
systems in the view of part design optimization for manufacturing.

In general, the aim of all machining processes is to produce parts with the desired geometrical
accuracy and surface integrity. In micro EDM milling, accuracy greatly depends on compensation
of the tool electrode wear [39–42]. SX-200 implements the linear tool wear compensation method
(LCM) [43]. Electrode wear is often measured with linear wear lF (Figure 4b), which defines the
coefficient of linear wear ϑF by dividing the lF with erosion time tER [44].

In micro EDM milling, the machining is done in a sequence of 3 machining operations:

1. op1: dressing of the electrode using on the machine integrated wire dressing unit. Time needed for
this operation is denoted as tED and is a function of:tED = f (dE(geometry, gap(regime)), electrode
working length(ϑF, regime));

2. op2: actual erosion time tER = f (dE, regime, strategy, MRR, volume of geometry);
3. op3: time for electrode wear control tCON = f (depth of the geometry, ϑF).
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To achieve the desired tolerances of the machined geometries (in our case, within ±4 μm), all
three operations are executed every time when a new feature is being machined. Thus, the feature
machining time is a sum of all three operations.

Figure 4. (a) Schematic presentation of the dressed electrode used for micro EDM milling with its main
features: dE0—diameter of primary electrode, dE—electrode working diameter, lWL—electrode working
length. (b) A scanning electron microscope (FEI Quanta 400, FEI, Hillsboro, Ore., USA) image of a
worn electrode where lF denotes linear wear. (c) A confocal microscope image (Sensofar PLμ, NEOX,
Sensofar Medical, Terrassa, Spain) of a groove (a = 90 μm) presenting slotting strategy for machining.
The white circles represent the cross-section of the electrode and the arrows at the circle’s circumference
denote the sparking gap. (d) Presentation of pocketing strategy for machining of a pocket groove in 2
passes (a = 140 μm).

2.3.1. Dressing of the Tool Electrode

Electrode dressing time tED was investigated with respect to electrode nominal diameter dE and
electrode working length lWL (see Figure 4a). These two parameters, in combination with starting
electrode diameter dE0, determine the shape and dressing time of the tool electrode. The electrode lWL

defines the maximum depth of the slot that could be potentially machined considering no electrode
wear. Default factory settings for the on-machine wire dressing unit were used. Investigated dE

range was from 40 to 120 μm. The electrode diameter tolerance was set to ±4 μm. In the first part
of experiments, lWL was fixed at 150 μm. For investigation of the influence of lWL on tED, the length
of lWL was fixed to 8 × dE, which is the maximum length ratio recommended by the machine tool
manufacturer. For each dE, electrode dressing was repeated 4 times to estimate the electrode dressing
time tED. Altogether, 80 experiments on electrode dressing were performed.

2.3.2. Material Removal Rate and Erosion Time

Due to required low roughness (Ra ~ 0.5 μm), the finishing machining regime suggested by the
Esprit CAD/CAM system suitable for stainless steel was used (Table 2). The same machining regime is
suggested for electrode diameters between 50 and 120 μm. For dE = 40 μm, the system suggests finer
settings with lower pulse current and voltage. Machining parameters applied for the erosion of the
main channel (dE = 183 μm) are also presented.
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Table 2. Machining parameters setup particular to Sarix SX-200 EDM milling machine for corresponding dE.

Parameters dE = 40 μm dE = 50–120 μm dE = 183 μm

E (index) 13 13 105
(+,-) - - -

tP (indeks) 2 2 6
f P (kHz) 180 180 100
iP (index) 80 100 65

u (V) 77 90 100
z1L (μm) 0.7 0.7 0.7

gain (index) 100 100 80
gi (index) 74 74 80

nCON every 10 μm every 10 μm every 10 μm

Denotation of parameters: energy index E, polarity, duration of discharge pulse tp, discharge frequency f p, discharge
current ip, ignition voltage u, gain index gain, gap index gi, machining layer depth z1L, and number of controls of
electrode axial wear nCON.

Several sets of slots and pockets were machined to determine the influence of dE and machining
regimes on material removal rate (MRR) and electrode wear. Each feature was machined by an
electrode producing total width of the feature in one pass (slotting strategy), except in the case of
pockets:

• slots: length of 310 μm, d = 100 μm, dE = 40–120 μm, 2 repetitions (Figure 4c);
• pockets: length of 310 μm, d = 100 μm, dE = 40–120 μm, 2 passes with 40% overlap, 2 repetitions

(Figure 4d);
• SG slots: d = 80 μm, dE = 50, 75, 100 μm, 3 repetitions (Figure 5a);
• SH slots: d = 80 μm, dE = 40–120 μm, 3 repetitions (Figure 5b,c);
• SH slots: d = 40, 120 μm, dE = 40, 70, 100 μm, 1 repetition;
• SH groove—2-electrode strategy: d = 100 μm, dE1 = 92 μm, dE2 = 44 μm, 2 repetitions (Figure 6).

Figure 5. Microscope images of SG and SH slots, which can be implemented in the w = 200 μm wide
microchannel. (a) SG slot (dE = 75 μm, d = 80 μm) and (b) SH slot (dE = 60 μm, d = 80 μm). (c) SH slots
(dE = 40–120 μm, d = 80 μm).
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Figure 6. (a) Depiction of the 2-electrode strategy for machining of the SH groove. 5 μm band is left by
larger electrode dE1, thus, its diameter is determined by: dE1 = a – 2 × lGAP – 2 × 5 μm. (b) Confocal
microscope image of the SH groove machined with dE1 = 92 μm and dE2 = 44 μm (d = 100 μm,
a = 106 μm, rG = 25 μm).

This resulted in 76 machined grooves. Removed workpiece volume (VW) was determined by
measuring groove dimensions with the Sensofar PLμ NEOX confocal microscope (Sensofar Medical,
Terrassa, Spain). MRR was determined as VW/tER. In all experiments stable machining was observed,
thus suitable machining regimes were used. The results were added to DKB.

When groove corner roundings are relatively narrow, a 2-electrode strategy is employed: a wider
electrode is applied to remove a larger portion of groove volume and, afterwards, thinner electrode
removes material around the edges (Figure 6). The 2-electrode strategy is significantly faster compared
to machining the whole groove volume with only one thinner electrode (1-electrode pocketing
strategy). The technical model considers both strategies and selects the most appropriate one for the
given geometry.

At the end of machining, linear wear lF was measured by the touch method. The touch method was
implemented on the used machine and consists of traversing the electrode to the reference measuring
point. Then, the electrode is gradually approaching the reference point in the z-axis. Upon touch,
detected by a short circuit signal, the difference in readout of the z-coordinate compared to the previous
iteration determines the electrode linear wear. For further information about the touch method, see [45].
Volumetric wear ratio ϑwas calculated as [46]:

ϑ =
VE

VW
=

lFπd2
E

4VW
, (3)

where VE denotes volumetric wear of the electrode.

2.3.3. Electrode Wear Control

Compensation of the tool electrode wear during erosion is crucial for the achieved machining
accuracy. For this reason, LCM is implemented on the machine, where linear electrode wear is
intermittently monitored during erosion after selecting the number of layers by the touch method.
Consequently, linear electrode wear is compensated during machining with a gradual movement of the
electrode tip position in the z-axis. The results of preliminary experiments (groove length = 310 μm,
d = 100 μm) showed that the control after erosion of every 10 μm in depth is adequate for achieving
tolerances in the z-axis within ±4 μm. Individual control time (tCON) comprises of touch method
measurement duration and electrode traveling to and from the reference measuring point.
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2.4. Implementation of the Technical Model

The technical model was programmed in MATLAB and is schematically presented in Figure 7.
The input to the model is parametrically defined BGM geometry, basically determined by the variant
(SG or SH) and dimensions of a single groove (step I). Based on the groove corner rounding radius (rG),
2-electrode strategy is selected if rG is smaller than a/2 (Figure 7, step II). In step III, groove volume VW

is calculated. According to groove width a, electrode working diameter dE is determined by taking into
account spark gap (lGAP) consistent with the applied machining regime. Needed electrode working
length lWL is determined by the absolute depth of the groove (i.e., sum of h and d) and corresponding
tool wear. In step IV, durations of all three machining operations are calculated with respect to relevant
relations defined in DKB. In step V, the machining time of a single groove is multiplied by the number
of grooves in a BGM configuration.

Figure 7. Detailed scheme of the implemented technical model where ‘var’ in dashed box III. denotes
either SG or SH design.

Microchannel machining time is calculated separately and, at fixed width w and height h, depends
only on its length, which is determined by the BGM configuration. The sum of machining times of all
features (i.e., grooves and microchannel) defines total machining time tTOT.

2.5. Simulated BGM Designs

Overall, 23 different BGM designs compliant with the dimensional boundaries given in Table 1.
were simulated to estimate their mixing performances. A particular BGM design was considered on
the criteria of having overall machining time tTOT of approximately 104 s, and that the number of
half-cycle NHC at SH configurations corresponded to an integer. Relaxation of the tTOT constraint was
made for SH configurations where 2-electrode strategy was applied. Since this strategy requires longer
machining time per groove and mixing performance of the SH design is significantly enhanced with
the increase of number of half-cycles, the tTOT criterion was extended up to 1.5 × 104 s, so that at least
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9 grooves were machined (resulting in configuration with NHC and NG of 3). All configurations are
parametrically presented later in Section 3.2 (Table 2).

3. Results and Discussion

3.1. Micro EDM Milling DKB Construction

As explained in Section 2.3.1, two sets of experiments were performed to model the relationship
defining electrode dressing time tED: first set with constant lWL and the second set with lWL being
8 × dE. The results show that tED depends on the electrode working length lWL and obtained accuracy
of the electrode diameter in the first step of the dressing. As evident from Figure 8, the on-machine
factory implemented electrode dressing procedure takes about the same amount of time when set to
lWL = 150 μm regardless of the set dE: tED = 182 ± 1.5 s. Thus, for the electrodes dressed in the first
iteration, tED is influenced only by the electrode working length lWL.

Figure 8. Electrode dressing times tED for various electrode diameters dE and electrode working lengths lWL.

It should be noted that, in minor cases, the electrode is dressed in second iteration. Namely, if the
laser scan measurement of the dE after the first iteration of dressing is out of set tolerances, the second
iteration of electrode dressing is executed, but this happened randomly and rarely (only in 16% of the
cases) and, thus, it is not included in the technical model. tED operation was therefore modelled with
linear function (Figure 9a) by applying linear regression resulting in equation

tED = 0.145lWL + 160 [s], (4)

where the units for lWL are in μm and a correlation coefficient of R2 = 0.99 was obtained.
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Figure 9. (a) Electrode dressing times tED for various electrode working lengths (lWL = 8 × dE).
Linear regression was applied to the data set, where the electrodes are dressed in the first iteration.
(b) Material removal rate (MRR) with respect to electrode diameter dE. For the linear regression, only
slotting experiments (slots, SH and SG grooves) were considered.

Investigation of MRR relation with respect to dE exhibits a linear trend (Figure 9b). For micro
EDM milling, it is known that material removal per discharge mainly depends on pulse discharge
energy [47]. Since, for most electrode diameters (with exception of dE = 40 μm), the same machining
regime was used, the MRR increased due to the increase of electrode face surface rendering favourable
spark conditions. Thus, MRR(dE) was modelled by applying linear regression resulting in equation

MRR = 19103dE − 637893
[
μm3/min

]
, (5)

where the units for dE are in μm and correlation coefficient of R2 = 0.98 was obtained. A plausible
explanation for rising linear trend of MRR(dE) is in linear increase of the effective eroding surface of
the electrode which is, at constant machining layer depth z1L, defined by (dE + 2lGAP)·z1L as stated
in [43]. With the increase of the active area, the discharges are more sparsely distributed thus, rendering
favourable spark conditions. Average gap at groove machining was measured to be lGAP = 3 ± 0.3 μm.

MRR for pocketing strategy is lower due to the overlap which reduces effective eroding surface of
the electrode. Thus, the slotting strategy is favourable in terms of machining BGM designs.

Electrode tool wear was monitored during machining. It influences machining time tTOT via
adding a compensation length to lWL. It can be noted (Figure 10a) that for a fixed groove depth and
machining regime, the volumetric wear ratio ϑ linearly decreases with increase of dE. This is due to a
higher wear resistance of larger electrodes, since wear is correlated to electrode thermal properties.
Thus, larger surface area of the electrode tip, which grows proportionally with d2

E, conducts heat in the
electrode bulk and, due to larger electrode volume, the wear caused by melting is reduced. At the same
time, discharges are less densely distributed due to the bigger eroding surface. Simultaneously, when
slotting with larger electrodes, more dielectric fluid surrounds the electrode within the groove and
acts as a coolant. Obtained results are consistent with the findings in [46], which states that larger
electrodes are more wear resistant due to their bulk volume and correlated manifestation of thermal
erosion caused by sparks.
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Figure 10. (a) Volumetric wear ratio ϑ with respect to electrode working diameter for grooves of
different depths. (b) Linear wear lF with respect to electrode working diameter for groove depths of
d = 80 μm.

In the case of machined grooves deeper than 80 μm, ϑ increases by offsetting a linear trend
(Figure 10a). A plausible explanation of this observation would be in worse flushing conditions
occurring in deeper grooves. This effects electrode wear in two ways. Firstly, the debris within the
spark gap start to accumulate, which cause arcing and, thus, promote electrode wear. Secondly, the
cooling effect of the dielectric is reduced. Figure 10a also indicates the influence of machining regime
with lower pulse current and voltage used for dE = 0.04. Volumetric wear ration ϑ and linear wear lF
(Figure 10b) significantly decrease due to less aggressive machining regime.

Stemming from practice and considering the simplicity of the technical model, adding a safety
factor of 100% to the highest linear wear recorded (lF = 103 μm at dE = 50 μm, d = 80 μm) was introduced
to calculation of electrode working length

lWL = structure depth + 200 μm, (6)

where structure depth in the case of a micromixer machining represents a sum of main channel height
h and groove depth d.

Analysis of 60 measurements of the time required for control of the electrode linear wear resulted
in an average control time t1CON of 22.6 s with a standard deviation of 0.9 s. With respect to reasoning
described in Section 2.3.3, tCON was determined as:

tCON =
d [μm]

10 [μm]
t1CON [s]. (7)

The technical model was verified by machining of test grooves with varying depths and widths.
The model prediction of the machining time was within 8% of the measured machining time. With
regards to the stochastic nature of the EDM process, we consider that the technical model is adequate
for its purpose.

To give a clearer presentation on how the technical model algorithm works, a short
manual demonstration of machining time calculation for a single slanted groove is demonstrated.
For parametrical input parameters a = 88 μm, rG = a/2, d = 40 μm, w = 200 μm and h = 50 μm the
algorithm works as follows:
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a. based on the premise rG == a/2 single electrode slotting strategy is selected;

b. volume to be removed is calculated as: VW =
(
πa2

4 +
√

2 · a · (w− a)
)
× d = 8× 105μm3;

c. electrode diameter is calculated as: dE = a - 2·lGAP = 82 μm;
d. electrode working length (Equation (6)): lWL = f (h,d) = 290 μm;
e. time of electrode dressing (Equation (4)): tED = f (lWL = 290 μm) = 202 s;
f. material removal rate (Equation (5)): MRR = f (dE = 82 μm) = 9.3 × 105 μm3/min;
g. erosion time: tER = VW/MRR = 51 s;
h. control time (Equation (7)): tCON = f (d = 40 μm) = 90 s;
i. one SG groove machining time: t1groove = tED + tER + tCON = 343 s;

The key to automize the machining calculation time is in deriving a parametrical equation for
feature volume. At fixed input parameters defining BGMs, the groove’s volume calculation becomes a
simple geometrical problem.

3.2. Micromixer Design for Micro EDM Milling

Altogether, 23 different BGM configurations compliant with micro EDM milling technology were
simulated in order to determine their mixing performance. Geometrical parameters, machining times
obtained using the technical model and mixing performances determined by simulations are gathered
in Table 3.

Table 3. Geometrical definition of BGM configurations and simulated mixing performances.
Denotations: rG—groove corner rounding (a/2 denotes 1-electrode strategy), NHG—number of grooves
in a half-cycle, NHC—number of half-cycles, t1groove—machining time of 1 groove, tGR—machining
time of all grooves in a configuration, tCH—channel machining time, tTOT—overall machining time,
CoV—mixing coefficient of variance , βCoV—mixing efficiency per groove.

No Var. a (μm) d (μm) rG (μm) NGH NHC t1groove (s) tGR (s) tCH (s) TTOT (s) CoV βCoV

#1 SGM 48 40 a/2 12 1 478 5741 4069 9810 0.57 0.15
#2 SGM 71 40 a/2 15 1 357 5348 4587 9934 0.15 0.44
#3 SGM 88 40 a/2 15 1 342 5133 4784 9917 0.14 0.48
#4 SGM 106 40 a/2 15 1 335 5019 4981 10000 0.15 0.44
#5 SGM 71 60 a/2 13 1 437 5676 4376 10052 0.07 1.10
#6 SGM 88 70 a/2 12 1 474 5690 4429 10119 0.05 1.67
#7 SGM 106 75 a/2 12 1 467 5603 4587 10189 0.06 1.39
#8 SHM 48 40 a/2 2 6 477 5718 4209 9927 0.32 0.26
#9 SHM 48 40 a/2 3 4 477 5718 4139 9857 0.37 0.23
#10 SHM 48 40 a/2 4 3 477 5718 4104 9822 0.47 0.18
#11 SHM 48 40 a/2 6 2 477 5718 4069 9787 0.47 0.18
#12 SHM 71 40 a/2 3 5 355 5331 4692 10023 0.15 0.44
#13 SHM 71 40 a/2 5 3 355 5331 4622 9953 0.25 0.27
#14 SHM 71 60 a/2 3 4 435 5220 4341 9561 0.19 0.44
#15 SHM 71 60 a/2 6 2 435 5220 4271 9491 0.28 0.30
#16 SHM 88 40 25 3 3 711 6395 4109 10503 0.52 0.21
#17 SHM 88 40 25 2 5 711 7105 4297 11402 0.34 0.29
#18 SHM 106 40 25 3 3 728 6548 4227 10774 0.54 0.21
#19 SHM 106 40 25 2 5 728 7275 4429 11704 0.41 0.24
#20 SHM 88 70 25 3 3 994 8948 4109 13056 0.25 0.44
#21 SHM 88 70 25 2 5 994 9942 4297 14239 0.16 0.63
#22 SHM 106 75 25 3 3 1043 9388 4227 13615 0.26 0.43
#23 SHM 106 75 25 2 5 1043 10431 4429 14860 0.18 0.56

It can be noted that the highest number of grooves NG = 15 can be machined within the time
constraint for groove widths between 71 to 106 μm and groove depth of 40 μm. Among the 1-electrode
strategy per groove designs (#1-15), the lowest NG = 12 is achieved for the narrowest and shallowest of
grooves despite removing the smallest volume of material. The reason lies in a very low MRR when
machining with electrodes of small diameter (e.g., dE = 40 μm). When machining the widest and
deepest grooves (e.g., #7) also 12 grooves can be machined in nearly the same time despite removing
3.5 times larger volume. Grooves with 2-electrode strategy need significantly more time to be machined.
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The interpretation of simulated mixing results is further discussed through the following
configurations (visualized in Figure 11): #1 as worst performing configuration overall; #6 as best
performing configuration overall; #12 as best performing SHM configuration; #14 as second best
performing SHM configuration; #21 as best 2-electrode strategy SHM configuration.

Figure 11. Results of mixing simulations for different BGM designs represented by a concentration
surface in the mid-plane of the main channel. Operation conditions are defined by Re = 3 and Pe = 3670.
Green colour denotes complete mixing.

Low mixing performance of configuration #1 is mainly a consequence of low number of too
narrow grooves, which are inefficient in lateral transportation of fluid. Additionally, it is known
from the literature that narrow and shallow grooves in SG configuration perform worse compared to
equivalent SH designs (#8-11) [5,15,48]. However, at adequate groove width to depth ratio the results
show that in some cases SG outperform SH configurations, as demonstrated by the most efficient
design #6 (CoV = 0.05, βCoV = 1.67). Considering the fixed cross-section of the main channel, this
groove design is close to optimal and on the higher end of groove aspect ratios (0.8) investigated in this
research. It should be mentioned that SGM realizations reported in the literature were fabricated by
soft lithography (e.g., [5,15,49]) and thus, have sharp groove corners. From the perspective of fluid flow
pattern, rounded corners seem to induce additional perturbation, which further promotes mixing [36].

SHM configurations #12 and #14 differ in groove depth and number of grooves. Having the
same mixing efficiency per groove (βCoV = 0.44) shows that groove depth is a critical geometrical
parameter. In agreement with assumptions of [6] it is evident that more half-cycles are favourable
for all investigated SH configurations (Table 2, #8-23). Similar conclusions as for 1-electrode strategy
SHM designs can be made for 2-electrode strategy configurations; namely, deeper grooves and more
half-cycles improve mixing performance. The benefit of smaller groove corner roundings is also
evident, since configuration #21 renders highest βCoV = 0.63 among all SHM designs. This indicates
that mixing mechanism in SHMs is impacted by the geometry of SH grooves’ shorter arm.

3.3. Simulation Runs of Technical Model

To show the relations between time durations of particular machining operation for BGM geometry
configurations highlighted in Section 3.2, relevant pie-charts are presented in Figure 12. Pie-chart for
one groove machining of configuration #1 demonstrates the time distribution when using the thinnest
electrode (dE = 40 μm) considered in this investigation. Electrode dressing and erosion time contribute
81% to overall time and control time due to shallow depth only 19%. Using larger electrode (dE = 80 μm)
for configuration #6 the share of erosion time significantly drops (18%) due to higher related MRR.
The electrode control time increases due to bigger depth (38%).
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Figure 12. Time required for specific machining operation regarding denoted BGM configurations.
(a) One groove machining times. For 2-electrode strategy (#21) groove machining times are separately
presented with respect to used electrode (dE1 = 72 μm and dE2 = 44 μm). (b) Machining time of all
grooves (tGR) in a configuration versus corresponding channel machining time (tCH). Time is given
in seconds.

The comparison of one groove machining times for configuration #12 and #14 shows the influence
of applying tool electrode of the same diameter (dE = 65 μm) to different depths of the grooves.
The electrode dressing times are similar (202 s and 205 s respectively), although the share of electrode
dressing time tED significantly drops from 57% to 47% on the account of erosion tER and control time
tCON when machining deeper grooves (#14). Machining operation durations for the 2-electrode strategy
are presented through configuration #21. It is evident that, despite machining significantly less volume
with the thinner electrode (dE = 44 μm, which results in corner rounding of rG = 25 μm), it contributes
52% to overall 1 groove machining time.

From the above observations, the following design suggestions related to efficient use of micro EDM
milling technology can be drawn. Firstly, for narrow and shallow geometries the MRR optimization
is crucial for reducing the groove machining times. At wider and deeper grooves efforts to reduce
electrode control tCON and dressing time tED is the strategy to be pursued (e.g., Figure 12 #6, #14).
In this respect, novel electrode wear control strategies such as on-line discharge counting [50], in-situ
adaptive control [43] and strategy based on scanning area [41] promise significant reduction of a feature
machining duration due to reducing tCON.

For low aspect ratio grooves (e.g., Figure 12 #12) the electrode dressing time represents more
than half of machining time per groove. Thus, it would be beneficial to reduce tED by optimization of
dressing procedure. As for 2-electrode strategies it can be stated that narrow groove corner roundings
should be avoided if possible, as usage of smallest electrode diameters dominantly determines the
feature machining time.

3.4. General Applicability of the Technical Model

The presented technical model is specific to used Sarix micro EDM milling machine tool,
manufacturer of which is considered leading in the field. However, some findings can be generalized
and are expected to be representative regardless of the type of machine tool used. In this context
relations determining MRR can be generalized as long as similar discharge energies are applied.
Namely, unit material removal per discharge and resulting surface finish chiefly depend on the
discharge energy. Thus, for the range of dE investigated in this research by applying discharge energies
for finishing would result in similar characteristics. By applying the same reasoning, we expect that
presented electrode wear characteristics could also be generalized, since again discharge energy level is
the dominant influencing parameter. However, as demonstrated by relatively lower electrode wear at
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thinnest electrode used (e.g., dE = 40 μm) less aggressive regime reduces the wear effects. On the other
hand, the contribution of electrode wear to electrode dressing time, as defined in our investigation,
is rather small.

Two of the most common microelectrode dressing procedures are based on the sacrificial block
technique and wire EDM grinding (as used in this investigation), the latter being more sophisticated
and precise solution. In order to implement sacrificial block technique into the technical model
adequate experimental campaign would need to be carried out. We expect that derived relation for tED

would significantly differ from relation obtained in this investigation (demonstrated by Equation (4)).
With respect to calculation of tCON, the linear tool wear compensation method is most commonly

implemented on machine tools, thus, similar relations as provided in this investigation are expected.
However, duration of t1CON may vary between the systems.

Built DKB is also specific to applied workpiece material. We expect that for materials in the
steels family the relations should remain similar. This may not be the case when using materials with
significantly different thermo-physical properties (e.g., conductive ceramics).

As regards to technical model suitability for wider range of geometries additional exhaustive
experimental campaigns should be executed. It is evident that applied machining regime significantly
depends on the tool electrode diameter, especially if larger dE (e.g., dE > 0.12 mm) are to be used.
Additionally, pocketing strategy could be implemented upon further investigation. At this point it
should be stated, that presented technical model usage is limited to groove-like repetitive geometries
commonly found in BGM designs. However, the presented technical model framework could be used
for the purpose of expanding its applicability by upgrading the supporting DKB.

4. Conclusions

In this paper, a simple empirically based technical model of micro EDM milling is constructed.
Its applicability is confined to groove-like microfeatures within a given dimensional interval, but it
could be expanded by upgrading the technology DKB using presented methodology. The accuracy of
the model lies within 8%, when comparing calculated and measured machining times. It represents
an easy to use platform which can be applied for product design optimization and process selection.
Demonstration of its usage was presented through optimization of a bottom grooved micromixer (BGM)
design. Some general design guidelines particular to micro EDM milling technology are derived:

• When machining narrow slots (a < 60 μm) optimization of MRR is crucial for reduction of feature
machining time.

• At machining wider (a > 60 μm) and deeper (d > 40 μm) slots reducing electrode control and
dressing time is sensible optimization strategy.

• For lower aspect ratio slots (d/a < 0.6) electrode dressing time contributes dominantly to feature
machining time.

• Narrow groove corner roundings should be avoided if possible, despite applying a 2-electrode
strategy, due to corresponding very low MRR(dE2).

• Predicted future implementations of concurrent electrode wear estimations could eliminate
electrode wear control time and thus, significantly shorten feature machining time. In the case of
grooves applied in this investigation from 19% up to 40%.

The mixing performances of 23 micromixers, which are comparable in terms of machining
duration, were analysed. Findings are summarised below:

• Investigated BGM designs are readily applicable in metal substrates, thus demonstrating the
capabilities of micro EDM milling technology, which in terms of obtainable feature aspect ratios
surpasses soft lithography methods.

• The best BGM configuration in terms of mixing performance (CoV and βCoV) was SGM
configuration with groove dimension of a = 88 μm and d = 70 μm, representing a favourable
groove geometry.
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• SG micromixers with round groove corners achieve better mixing performance. In SH micromixers
smaller corner roundings (i.e. sharper corners) perform better.

• More half-cycles for fixed number of grooves improves mixing performance of SH micromixers.
• SGM design is more suitable than SHM for micro EDM milling and gives better mixing performance.
• Lower mixing performances of SHMs may be attributed to reduced effectiveness of the

shorter arm due to groove corner roundings which are inherently connected with micro EDM
milling technology.

The content of the paper also aims at familiarization of micro EDM milling technology to wider
microfluidic research community.
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Abstract: Heat exchangers are widely used in many mechanical, electronic, and bioengineering
applications at macro and microscale. Among these, the use of heat exchangers consisting of a single
fluid passing through a set of geometries at different temperatures and two flows in T-shape channels
have been extensively studied. However, the application of heat exchangers for thermal mixing over a
geometry leading to vortex shedding has not been investigated. This numerical work aims to analyse
and characterise a heat exchanger for microscale application, which consists of two laminar fluids at
different temperature that impinge orthogonally onto a rectangular structure and generate vortex
shedding mechanics that enhance thermal mixing. This work is novel in various aspects. This is
the first work of its kind on heat transfer between two fluids (same fluid, different temperature)
enhanced by vortex shedding mechanics. Additionally, this research fully characterise the underlying
vortex mechanics by accounting all geometry and flow regime parameters (longitudinal aspect ratio,
blockage ratio and Reynolds number), opposite to the existing works in the literature, which usually
vary and analyse blockage ratio or longitudinal aspect ratio only. A relevant advantage of this heat
exchanger is that represents a low-Reynolds passive device, not requiring additional energy nor
moving elements to enhance thermal mixing. This allows its use especially at microscale, for instance
in biomedical/biomechanical and microelectronic applications.

Keywords: micro heat exchanger; vortex shedding; thermal mixing; computational fluid dynamics
(CFD); thermal engineering

1. Introduction

Heat exchangers are present in many mechanical, biomechanical, and electronic engineering
applications such as automobile refrigeration [1], air conditioning systems [2], powerplants [3], cooling
of microelectronics [4], blood warming [5], or pressure ventilators [6,7]. Depending on the application,
heat exchangers involving working fluids may aim at cooling/heating a fluid–fluid or fluid-solid
system at different temperatures. The present investigation examines a fluid–fluid heat exchanger,
which is influenced by an adiabatic fluid-structure interaction.

According to the transfer process, fluid–fluid heat exchangers can be classified into two groups.
Indirect contact heat exchangers deal with heating/cooling by using a solid separation media between
the two fluids. These are often called surface heat exchangers [8]. On the other hand, direct contact
heat exchangers are systems where fluids have no physical separation, flowing within the same
space [8]. An important point to consider in heat exchangers with thermal mixing of fluids is the ability
to promote heat transfer at a low energy cost. The higher the mixing between the two flows at
different temperature, the more efficient the thermal mixing is. Therefore, to find configurations
that enhance mixing is the main objective for this type of heat exchangers. However, enhancing
thermal mixing in fluids passing through channels is not cost-free. If moving elements are used
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(stirrers, heaving&pitching elements, etc.), one has to think of the energy needed for these elements
to work. These devices that incorporate elements that consume electrical energy are called active
devices, and these are a complex to include at microscale application. On the other hand, there is an
alternative of using static mechanical devices, which do not require any additional energy consumption
nor design of any moving element or structure at microscale. These are the namely passive devices.
Examples of this type of device are the use of grooved channels or placing elements inside the channel,
as in the present work. Although these new elements in the design do not need additional input energy,
the pumping power Pp is likely to be increased because of pressure loss is increased as a consequence
of the drag force.

Several examples of the application of microscale heat exchangers and micromixers can be
found in the literature. The main advantage of microdevices is that these offer a rapid, portable,
simple, and low-cost tool [9]. For instance, Huang et al. [10] developed an experimental work for
a microchannel heat transfer, where it was concluded that reentrant cavities are an ideal approach
to improve the performance. In their work and review was outlined that to include elements to
perturb the flow enhances heat transfer in microchannels. Pressure drop and heat transfer were
analysed via simulation in Reference [11], where a single flow passed through a microchannel heat
sink of a microelectronic device. In Reference [12] the thermal mixing of two fluids at different
temperature was analysed theoretically, experimentally and numerically in a T-shaped microchannel
at a very low Reynolds, and different volume flow-rate ratios were tested. Their results showed
that the T-shape had two differentiated regions of heat exchange in terms of behaviour: the T-shape
junction and the mixing channel flow. A very similar work in T-shape microchannels was developed in
Reference [13] studying different temperatures and higher Reynolds numbers. A drawback in the use
of T-shapes, F-shapes, etc. is that these increase dramatically the pumping power required to overcome
such large pressure drop with respect to a straight microchannel, as shown by other authors [14,15].
In Reference [16] a gas-to-gas micro heat exchanger design with grooved channels was analysed
experimentally. In their work, it was observed that when the volume flow rate is low, the impact
of heat transfer by conduction was dominant within the wall and fins. During the literature review,
the authors did not find any application of thermal mixing via micro heat exchangers enhanced by
flow detachment from cylindrical/prism structures.

The micro heat exchanger simulated (2D simulation), analysed and characterised for different
configurations is depicted in Figure 1, where all geometric parameters are dimensional. This device
consists of two flows at different temperatures (cold and hot, T1 and T2, respectively) passing
through a microchannel with a rectangular cylinder structure (pillar) of width h and length l,
located at the centreline. The microchannel has width H and total length L. Consequently,
the cylinder-to-microchannel width ratio (blockage ratio) is BR = h

H ; and the longitudinal cylinder
aspect ratio, AR = l

h . The pillar structure is centered at the origin of the coordinates system, whose
face nearest to the microchannel inlet is located at Lu distance, and the face nearest to the microchannel
outflow is positioned at a distance L − (Lu + l) from it. As a consequence of this geometry, when
the flow impinges on the structure for a certain geometrical configuration and flow regime, vortex
shedding takes place, which leads to a thermal mixing between the hot and cold fluids.

Figure 1. Sketch of the microchannel geometry with a rectangular structure positioning in the centreline.
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Vortex shedding generated downstream cylinders has been extensively studied in the literature
for more than a century. The first study on the problem dates back to 1907 to the pioneering work
developed by Mallock [17]. Few years later, Benard continued on investigating the phenomenon [18,19].
Theodore von Karman probably did the most complete research on the topic back then, as shown in
Reference [20]. Since these studies, many more researchers have investigated the mechanics behind
this popular problem. Outlining the past-present history of the study of vortex shedding, one can
find that in the last 5 years an impressive growing body of +16.400 research papers and patents have
been developed on vortex shedding by cylinders. This highlights the importance the phenomenon still
has in many engineering applications such as aircraft industry, heat exchangers, building engineering,
civil engineering, environmental engineering or automobile industry, among many others.

Regarding the use of vortex shedding in heat transfer applications of laminar flows in channels,
the interaction between a single flow and a cylinder at different temperatures is the most frequent
application. This is opposite to chemical mixing applications, such as for instance Reference [21],
where the molecular diffusion in a high Schmidt number flow was studied in the onset of the vortex
shedding for a fixed value of BR and a fixed value of Re, and varying AR. Regarding the popular heat
transfer interaction between cylinders in channels with laminar flows, in Reference [22] the convective
heat transfer of an unsteady laminar flow (Re varied between 10 and 200) over a square cylinder
in a channel (with a fixed BR = 1/8 = 0.125 and AR = 1) was analysed numerically. In this work,
correlation models are found for the Nusselt-Reynolds number dependence, which is a regular practice
in thermal engineering studies. It is relevant to outline that this type of model is often referred to
as correlation in the engineering literature, but the correlation term will be used in this work joint
with the term “model" as label to avoid any confusion with statistical correlation. However, there
are no correlation models for other parameters such as pressure drop in any work in the literature of
single-object vortex shedding in channels. Notwithstanding, one can find several works in the literature
related to arrays of circular pins in microchannels, which are a good reference. For instance,
Brunschwiler et al. [23] analysed heat-removal and pressure drop for arrays of in-line and staggered
(circular) pins in chip stacks and plain parallel-wall microchannels, for which correlations were
obtained. In their work, vortex shedding downstream was not addressed, and only weakly commented
in terms of boundary-layer separation. Prasher et al. [24] analysed staggered arrays of circular pins with
low pillar height aspect ratios in a microplate, and their experimental work was aimed at obtaining
correlations for the Nusselt number and friction factor (which is related to the pressure drop) by
including geometric and flow regime dependencies. Koşar et al. [25] also carried out an experimental
investigation for low pillar height aspect ratio circular pin arrays. The experimental study was focused
on determining correlation models for the pressure drop and friction factor. Focusing back again on
single-object cases in channels, similarly to Reference [22], in Reference [26] the effect of channel
confinement on the same vortex shedding heat transfer problem was analysed for Re = 50, 100 and 150
at different blockage ratio percentages and fixed AR = 1, providing a comparison with the unconfined
case. Similarly, in Reference [27] the effect of only varying the blockage ratio BR at different values for
Re ranging between 62 and 300 was developed. As in most works in the literature, Turki et al. [27]
studied variations on a AR = 1 cylinder only, which was a limitation to generalise the multivariate
nature of the problem to account also the AR effect. Moreover, as in other works found in the literature,
this work stated different limits for the Reynolds number (Recr) above which the flow is unsteady.
However, no correlation models as rule of thumb are given to know in advance whether a configuration
may or may not lead to vortex shedding for the considered ranges. Surprisingly, only a few works were
found in the literature related to the analysis of different AR values for laminar flows. Examples can
be Reference [28], where the blockage ratio BR was fixed and AR was varied from 0.15 up to 4, for Re
between 100 and 250 for a confined flow solved numerically; or Reference [29], where BR was fixed
and different AR were ranged between 0.5 and 2, with Re between 50 and 200.

Unconfined flows have been also widely studied in the literature. For instance, Kelkar et al. [30]
analysed a laminar flow which exchanged heat with a single heated square cylinder with Reynolds
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number Re ranged between 50 and 200. In such work was surprisingly stated that the heat transfer
around the object is not pretty much enhanced with respect to steady cases when vortex shedding
took place. This is opposite to our thermal mixing between two fluids. Different shapes have
been also tested in the literature, not only the popular round or squared pillars. One can find,
for instance, Reference [31], where a triangular cylinder shape was placed in a laminar regime channel
to study the impact on heat transfer from the bottom side of the channel. Other similar applications
of flow detachment in heat transfer can be found in the literature, such as Reference [32] where
thermal-fluid-structure interaction was studied in a channel. In their research vortex shedding by
means of flexible structure flags was used to promote thermal mixing between the cold flow and heated
channel walls. Shi et al. [33] used a cylinder with a flexible plate to enhance heat transfer in a channel
flow with heated walls by means of Vortex Induced Vibration (VIV). With this approach, a disruption
of the thermal boundary layer by vortex interaction with the walls was aimed, and the use of vortex
shedding mechanisms achieved an impressive heat transfer enhancement of up to a 90% with respect
to a plain channel. In Reference [34] again a cold flow passed through a channel with flaps at the top
and bottom of the heated channel walls. The flexible heated flaps were placed both symmetrically
and asymmetrically, in order to study the kinematics of the flaps and to analyse the impact on
the mixing promotion by vortex shedding. The vibrating flaps produced instabilities which strongly
promoted mixing, and thence, thermal efficiency.

Summarising the literature review and research gaps found, some limitations have been identified.
Apart from the absence of works on heat transfer between two microfluids at different temperature
in the vortex shedding problem, it has been noticed an important gap in the characterisation of
single-object vortex shedding in channels: there are no correlation models for relevant parameters such
as the pressure related parameters (pressure drop, drag forces or the pumping power) nor the critical
Reynolds (above which the flow is unsteady and von Karman streets do appear). Additionally,
those works which intended to characterise and analyse the underlying mechanics of the problem
did only focus efforts in indicating the limit values of one geometric factor at a time (and actually,
only a couple of works investigated variations in AR), with poor generalisation. In the present
investigation, a total amount of 80 simulations are developed (for Re ∈ [120, 200], AR ∈ [0.125, 1]
and BR ∈ [0.2, 0.5]). All the lacks described are addressed by providing correlation models between
the pumping power, drag coefficient and critical Reynolds number Recr, by including all the geometric
and regime parameters that govern the mechanics, as well as analysing the performance of the heat
exchanger in thermal mixing.

The paper is divided into different sections as follows. Section 2 introduces the governing
equations, defines the most relevant parameters and describes the numerical considerations for
the computational simulation. In Section 3 the dependence of the critical Reynolds number with
the geometric parameters, and the relations between other influential parameters of the micro heat
exchanger set-up are analysed. Finally, in Section 4 the most relevant conclusions are given.

2. Computational Geometry and Numerical Approach

2.1. Governing Equations and Parameters

As shown in Figure 1, the inlet consists of two fluids (same fluid properties) at different
temperature T1 and T2, whose velocity parabolic profile corresponds to a fully developed laminar flow.
Their temperature Ti is made dimensionless as θi by

θi =
Ti − T1

T2 − T1
=

Ti − T1

ΔT
, (1)

thus the inlet boundary condition is set as:

θ = θ1 = 0 at x = −(Lu + l/2), 0 < y ≤ H/2,
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θ = θ2 = 1 at x = −(Lu + l/2), − H/2 ≤ y ≤ 0.

The thermal diffusivity of the fluids has been input to a very low value. Since the Prandtl number
Pr = ν/αt is fixed at a high value of 104, the thermal diffusivity of the flows is αt = ν · 10−4, with ν

the fluid kinematic viscosity. The reason of simulating the problem at such a low αt value is that the heat
exchange will be thus dominated by the vortex convective mechanics leading to fluid mixing. That is to
say, by the designed geometry and flow regime. If αt is chosen at a high value, then the heat exchanger
performance would be less attributed to mixing mechanics and more attributed to fluid properties.
The flow simulation is unsteady, 2D and the flow is incompressible. The pressure, p, and velocity,
v = (u,v), fields are then governed by the Navier-Stokes equations in the dimensionless form:

∇ · v = 0, (2)

∂v

∂t
+ (v · ∇)v = −∇p +

1
Re

∇2v, (3)

whereas the mixing is governed by energy equation, written as

∂θ

∂t
+ (v · ∇)θ =

1
Re Pr

∇2θ, (4)

where the viscous dissipation term has been neglected, due to the negligible value in comparison
with the convection term. To transform all geometric and mechanical parameters into dimensionless
quantities, the characteristic length, velocity, pressure and time used in the present work are H, U,
ρU2 and H/U, respectively, with H the channel width, U the mean inlet velocity and ρ the density of
the fluid. The Reynolds number defined in the equations above is Re = UH/ν. Thus, the geometric
parameters are L = 5H for the microchannel length, and Lu = H for the pillar positioning respect
to the inlet. The blockage ratio of the microchannel is defined as BR = h/H, and the aspect ratio
is AR = l/h. When the regime is above a critical Reynolds value, Re ≥ Recr, as a consequence of
the oscillatory behaviour, the forces on the pillar structure are also oscillating. These forces are drag
and lift, whose coefficients in dimensionless notation can be written as

Cl =
Fy

1
2 ρU2h

, Cd =
Fx

1
2 ρU2h

, (5)

where Cl and Cd are the lift and drag coefficients, respectively, and h is the pillar characteristic length,
because in flows around objects this is the most appropriate length. The frequency of oscillation f
is quantified by the dimensionless Strouhal number, St = f h/U. Since fluctuating quantities are
complicated to analyse, it is useful to compute the time-averaged values, which vary according to its
oscillation period St−1. Thus, a time-averaged arbitrary quantity M can be computed as

〈M〉 = 1
St−1

M

∫ t0+St−1
M

t0

M(s) ds, (6)

where t0 stands for an initial time reference.
Forces on the rectangular pillar structure have a strong impact on the power requirements of

the heat exchanger. The higher the drag force, the higher the pressure loss across the microchannel.
This means that the pumping power required for the predicted performance would be also high.
Such pressure loss can be modelled as a dimensionless pressure difference between the inlet and outlet
of the microchannel. Thus, the dimensionless pumping power, denoted by Pp, can be calculated as

Pp = 2Δp q, (7)

which is expressed in dimensionless form using 1/2ρU3H in the nondimensionalisation (the 1/2 is
the reason of the 2 factor), and Δp and q stands for the dimensionless pressure drop and volume-flow
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rate, respectively. According to the characteristic quantities adopted in this work, the dimensionless
volume flow-rate is q = 1 (made dimensionless with UH), so the pumping power can be finally
expressed as Pp = 2Δp. In other works such as References [26,35] the pumping power is calculated
as a function of the drag coefficient and Reynolds number, which is equivalent.

Since thermal mixing is the scope of the micro heat exchanger system, another important
parameter is the assessment of the mixing quality. This feature must be evaluated at the outlet section,
being defined as the thermal mixing efficiency η, in %, as the temperature deviation with respect to
the average temperature (maximum standard deviation value possible) as done in previous literature:

η =

(
1 − 〈σ〉

θ2−θ1
2

)
× 100, (8)

where 〈σ〉 stands for the time average of the standard deviation of the dimensionless temperature θ

at the microchannel exit. Since 0 ≤ θ ≤ 1 , 〈σ〉 = 0 means that there is no deviation in temperature,
thus the time-average temperature is unperturbed because the thermal mixing is perfect (η = 100%).
On the contrary, if the thermal mixing is as poor as there is no heat transfer between the microfluids at
different temperature, the standard deviation with respect to the mean value is at its maximum value,
〈σ〉 = 0.5. Thus, in this case η = 0%. Since very high values of the Prandtl number are used, the thermal
mixing values are expected to be low. This means that if heat transfer is enhanced with the thermal
mixing mechanism in this unfavourable case, for lower Prandtl fluids (for instance, air or water)
the thermal mixing would be notably higher. Finally, both mechanical- and thermal-related properties,
Pp and η, can be combined into one parameter to define the thermal mixing energy cost (φ) as:

φ =
Pp

η
, (9)

which is the required pumping power to generate a 1% of thermal mixing efficiency. Mixing devices
with high values of φ (high cost) are undesired, since this means high pumping power is required for a
given mixing efficiency.

2.2. Numerical Aspects

The numerical investigation consists of a 2D computational mesh, whose governing equations
are solved with the CFD software ANSYS-FLUENT 18.2. ANSYS-FLUENT allows the use of a
pressure-based formulation for the incompressible flow, with a second-order spatial discretisation;
and SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm to deal with
the pressure-velocity coupling. The boundary conditions imposed onto the numerical model
in ANSYS-FLUENT (please see Reference [36] for further details on each boundary condition
set-up) are:

• Velocity-inlet: For the laminar flow conditions, fully developed parabolic velocity profiles are
imposed onto the simulation at the microchannel entrance, depending on each Reynolds number.
For each fluid, a temperature is imposed (cold and hot), as aforementioned in Equation (1).
Density and viscosity of both fluids is the same (related to each Reynolds number Re simulated),
and a high Prandtl number of Pr = 104 is also considered.

• Pressure-outlet: The pressure is imposed onto the outflow of the microchannel, imposing an
atmospheric pressure. Transported quantities (let denote them by M) have gradients fixed to zero
value: ∂M/∂x = 0.

• Wall: A fixed zero heat flux (adiabatic surfaces) is imposed onto the upper and bottom walls of
the microchannel, as well as onto the pillar structure: ∂T(xs, ys; t)/∂n = 0, where n stands for
the coordinate normal to the considered wall surface and (xs, ys) is the exact position at the wall
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surface. The no-slip condition is also imposed in the velocity boundary condition on the wall:
v(xs, ys) = 0.

In addition to this set-up, the time discretisation step Δt has been selected such that the CFL
number does not exceed the unity value: umaxΔt/ds < 1. In the definition of the CFL number, since
the mesh is uniform and has the same size in both x and y directions, thus Δx ≡ Δy ≡ ds. The umax

term is the maximum velocity value in the computational domain.
In terms of validation of the 2D computational mesh, a mesh convergence analysis is a must.

In this investigation, the Grid Convergence Index (GCI) developed by Roache [37] has been used.
This method is a useful approach to measure the discretisation uncertainty based on the popular
Richardson extrapolation. The objective of the GCI is to find an approximation for the exactness
in the computation of a quantity of interest, obtained by different CFD grid refinements in a consistent
and uniform basis. The method requires the computation in at least three different meshes, whose
difference in results is contrasted one-by-one in increasing level of refinement. In GCI analysis,
the mesh is halved in most works in the literature (which would mean a mesh refinement factor of 2),
possibly in order to perform a reasonable systematic grid size reduction. Nevertheless, a refinement
factor greater than 1.3 is recommended by Roache. An error estimation between grids is calculated by
means of a generalised Richardson extrapolation, and a safety factor (recommended to be between
1.25 and 3 value in the literature) is applied to generate the grid uncertainty estimates. For further
details, please see Reference [37].

In this analysis, three different uniform structured meshes (with cell size dsj = 0.0125 H, 0.025 H
and 0.05 H, namely by their indexes from fine to coarse as j = 1, 2, 3) have been tested for four different
values of the blockage ratio (BR = 0.125, 0.2, 0.25 and 0.33), a fixed Reynolds number (Re = 100)
and a fixed aspect ratio AR = 1 (pillar of square section). The GCI results are presented in Table 1
as percentage for the Strouhal number of Cl (StCl , which is calculated from the frequency of the lift
coefficient Cl time series) and 〈Cd〉. Additionally, the numerical results have been validated against
experimental data, as shown in Figure 2, where also the Richardson extrapolated data (numerical
value inferred if cell size tends to zero value) is shown.

Table 1. Mesh convergence study (GCI).

StCl 〈Cd〉
Re BR Grid: j GCIj+1,j GCIj+1,j

100 0.125 1 1.0% 2.1%
2 2.9% 4.6%

100 0.2 1 0.5% 0.6%
2 2.6% 1.8%

100 0.25 1 1.9% 0.5%
2 4.5% 4.1%

100 0.33 1 1.0% 0.6%
2 4.1% 4.2%
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(a) St (b) 〈Cd〉

Figure 2. Validation of the CFD simulation with data from the literature: Patil and Tiwari (2008) [38]
and Sharma and Eswaram (2004) [26]. The geometric configurations are confined flows around a square
pillar (AR = 1) and a fully developed flow at Re = 100.

The parameter GCIj+1,j yields the discretisation uncertainty of each magnitude for the fine
and medium grids with a safety factor of Fs = 3, i.e., for j = 1,2, since for the coarse mesh j = 3 there
is no previous computation to compare the convergence with. In Table 1 can be seen that the fine
grid performed very well, with uncertainty ranging between 2.1% and 0.5% for 〈Cd〉; and between
1.9% and 0.5% for StCl . Thus, the fine mesh, with j = 1, would be a very accurate option. However,
the mesh must also be fine enough to solve the smallest thermal mixing length scales of θ. This is
shown in the estimation of the Batchelor’s length scale Γ [39,40], which is the ratio between the length
scale of the smallest velocity structures Γvel and the square root of the Prandtl number: Γ = Γvel/

√
Pr.

Since the size of the smallest structures in this laminar flow is of order H, then Γ ∼ 0.01 H. This means
that a finer mesh with a cell size smaller than ds1 must be used. For that reason, the final mesh used to
conduct the simulations was around 1/3 of the size of the fine mesh, i.e., ds � 0.004 H (see Figure 3).

Figure 3. Detail of the uniform ds � 0.004 H mesh around a pillar with AR = 2.

3. Characterisation of the Micro Heat Exchanger

In many works in the literature (for instance Reference [27]), variations in the blockage ratio
BR are studied and the cylinder is kept as square geometry. Other researchers just varied the flow
regime by means of the Reynolds number Re to see above which values an unsteady flow appears.
However, no correlation models as rule of thumb are given to know in advance whether a configuration
may or may not lead to vortex shedding for considered ranges, nor the full geometric dependence
on the performance of quantities of interest. An exception is the study using arrays of fin pins in
Reference [41], where a threshold criteria to predict which cases would lead to vortex shedding
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was provided based on the geometric variables (transversal and longitudinal pitch ratio and height
aspect ratio), although for a constant Reynolds number.

In several investigations on the same problem geometry studied in the present work (for
instance Reference [22]) it is frequent to see correlation models, but only related to the heat transfer
characteristics on the surface heat transfer exchange (frequently Nusselt number as function of
Reynolds number). No correlation models dependent on all AR, BR and Re conditions are found
for the quantities of interest in the literature. Moreover, Nusselt number is out of our scope, since
the present investigation is only focused on thermal mixing. If other heat sources are introduced, may
not be feasible to differentiate whether convective heat transfer intensification is being improved by
thermal mixing or by heating/cooling the flow wake as a consequence of the interaction with a solid at
different temperature or imposed heat flux. In the present investigation, the full geometric and regime
dependence on the performance of the vortex shedding-based micro heat exchanger will be given
in the following.

3.1. Geometry Leading to Vortex Shedding

The most interesting feature of this device is the beneficial use of the vortex shedding flow wake
to enhance the thermal mixing between the two fluids confined in the microchannel. For this purpose,
the geometry must be adequate, as well as the flow rate. Given a Re, AR and BR, vortex shedding
from the pillar may or may not take place. If there is no oscillatory pattern, the flow is actually steady.
Thence, for a given pair of values (AR, BR), there is a Reynolds number above which the flow is
unsteady and oscillatory flow detachment is present. This is denoted as critical Reynolds number Recr:
Recr = Recr(AR, BR). Below this value, the flow is steady.

This shows that it is crucial to determine the critical Reynolds according to the geometry in order
characterise the micro heat exchanger. In Figure 4 it is illustrated the effect of Reynolds number
and geometry on the generation of vortex shedding. It can be observed a limiting region of Recr to
classify those geometries leading to oscillatory pattern. A correlation model can be thus found for Recr

for characterisation. For each fixed value of AR, a different correlation ReAR
cr is found as illustrated by

the magenta solid lines in Figure 4, whose equations correspond to:

ReAR
cr =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

−400 · BR + 330 if AR = 1,

−200 · BR + 230 if AR = 0.5,

−200 · BR + 190 if AR = 0.25,

−200 · BR + 170 if AR = 0.125,

(10)

which are valid only for Re ∈ [120, 200] and BR ∈ [0.2, 0.5]. The correlation for ReAR
cr has a

ReAR
cr = aARBR + bAR linear form, being aAR and bAR coefficients which vary depending on AR

values. With this approach, simple functions are used as correlation model; and only 1 case out of
80, the Re = 120, AR = 0.5 and BR = 0.5 case, would be clustered incorrectly. These coefficients can
be now approximated to obtain a Recr non-linear correlation fully dependent on all the geometrical
parameters within one single equation by finding the relationship of the coefficients above with respect
to AR. Regression fits are obtained as shown in Figure 5 with a very accurate fit. Thus, finally a
correlation for the Recr can be found as

Recr = aBR + b

⎧⎪⎨
⎪⎩

a = −609.52AR3 + 533.33AR2 − 133.33AR − 190.48,

b = 183.7AR + 143.9,
(11)

which is valid only for Re ∈ [120, 200], AR ∈ [0.125, 1] and BR ∈ [0.2, 0.5]. The performance of
this Recr correlation is shown in Figure 4 by means of dashed black lines.
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(a) AR = 1 (b) AR = 0.5

(c) AR = 0.25 (d) AR = 0.125

Figure 4. Impact of Reynolds number and geometry on the existence of vortex shedding (vs).

(a) a coefficient (b) b coefficient

Figure 5. Recr fitting coefficients.

3.2. Mechanics of the Flow Around the Rectangular Structure

When the flow impinges on the pillar, interesting structures are created. As a consequence,
for Re values above the Recr, there is a signature oscillatory pattern for each configuration, which
is shown on the Strouhal number. In Figure 6 is shown the behaviour of the Strouhal number
for the lift coefficient StCl with increasing Re, BR and AR. When the configuration does not lead
to vortex shedding, the StCl has zero value. An underlying linear behaviour is observed with
respect to increasing BR, as already observed in Refenrence [27]. However, the effect of AR on
the frequency is almost negligible. This is unexpected, because the aspect ratio obviously influences
the existence of vortex shedding, but seems that this does not affect to the frequency value of
the oscillation. This scenario also takes place with Re. If BR and AR are fixed and the Re is varied,
it is observed that Re does not have any notable effect on the frequency either (although it affects
the existence or not of the vortex detachment phenomenon, as seen in the Recr characterisation study).
In short, within the values considered in this work for the three parameters that define each possible
configuration, if a low non-zero frequency of oscillation for the wake is desired, the best practice would
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be to keep a BR as low as possible. If a high frequency of oscillation is desired, a higher BR should
be used.

(a) (b)

(c) (d)

(e)

Figure 6. Impact of Reynolds number and geometry on Strouhal number in Cl.

Since the thermal mixing efficiency η is enhanced by the vortex shedding, a similar behaviour
to StCl would be expected. However, by parameter exploration can be observed that the behaviour
is very different. The parameter dependence pattern with η presents some sharp changes, as shown
in Figure 7. The reason behind this nonexistent direct correlation between η and StCl is that it is
not only important the frequency of oscillation, but also the amplitude, since a high frequency may
be achieved under low amplitude of oscillation. In this sense, a certain configuration [Re, AR, BR]
has different impact on frequency and amplitude, as shown in Figure 8, where the amplitude of
the oscillation is observed on the peak-to-peak value of Cl (Clpp). As confirmed by a comparison of
Figure 6 with Figures 7 and 8, it is statistically correlated a high amplitude of oscillation with a high
thermal mixing efficiency. Please note that the configurations with vortex shedding are indicated with
‘1’ on top of the bars, and with ‘0’ those which are steady. Thus, to find a configuration that enhances
the amplitude of the frequency would lead to better thermal mixing results. The Pearson correlation
coefficients R have been calculated to certify this, yielding a correlation between η and Clpp of a 0.9421,
whereas the correlation between η and StCl was only a R = 0.5728 (weakly correlated). We recall that
the correlation coefficient ranges between −1 and 1, so a value close to R = 1 means a high direct
correlation. The correlation with StCl is in practice misleading, because the very low oscillatory cases
have zero or close-to-zero frequency values, but mixing is still taking place. The correlation without
these zero-value-frequency cases in the data set (now only 53 cases) has a correlation coefficient of
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R = −0.0366 for StCl (the Clpp correlation coefficient is almost unperturbed when removing such data,
with a R = 0.9181 value).

(a) (b)

(c) (d)

(e)

Figure 7. Impact of Reynolds number and geometry on thermal mixing efficiency η. The number on
top of each bar indicates whether the configuration presents vortex shedding (1) or not (0).

The oscillatory motion of the fluid creates structures that enhance thermal mixing. As seen,
the higher the amplitude of the vortex structures, the more enhanced the mixing is. In Figures 9–12
is shown the behaviour of three configurations, denoted as maxE f f , maxF and minMEC. maxE f f
is the configuration which led to the maximum thermal mixing efficiency (η = 49.68%) among
the 80 cases simulated, maxF is the configuration which led to the maximum frequency of oscillation
(StCl = 1.0522), and minMEC is the configuration that yielded the minimum mixing efficiency cost
(φ = 0.0540). Their characteristics are shown in Table 2.

202



Micromachines 2020, 11, 668

(a) (b)

(c) (d)

(e)

Figure 8. Impact of Reynolds number and geometry on the amplitude of the oscillation via Clpp.
The number on top of each bar indicates whether the configuration presents vortex shedding (1) or
not (0).

(a) maxE f f (b) maxF

(c) minMEC (d) Non-oscillatory case

Figure 9. Thermal mixing performance for the micro heat exchangers maxE f f , maxF, minMEC and a
non-oscillatory case (AR = 1, BR = 0.2 and Re = 200).
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(a) (b)

(c) (d)

Figure 10. Performance of the maxE f f micro heat exchanger near the rectangular structure.
(a) Dimensionless velocity vector field; (b) Dimensionless static pressure (with mixing structures
on top); (c) Streamlines (dimensionless velocity coloured scale); (d) Dimensionless vorticity.

(a) (b)

(c) (d)

Figure 11. Performance of the maxF micro heat exchanger near the rectangular structure.
(a) Dimensionless velocity vector field; (b) Dimensionless static pressure (with mixing structures
on top) (c) Streamlines (dimensionless velocity coloured scale); (d) Dimensionless vorticity.
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(a) (b)

(c) (d)

Figure 12. Performance of the minMEC micro heat exchanger near the rectangular structure.
(a) Dimensionless velocity vector field; (b) Dimensionless static pressure (with mixing structures
on top) (c) Streamlines (dimensionless velocity coloured scale); (d) Dimensionless vorticity.

Table 2. Efficient configurations for thermal mixing enhancement.

Configuration Label AR BR Re η 〈Δp〉 StCl φ

maxE f f 0.125 0.5 200 49.6870% 3.30872 0.9549 0.0666
maxF 1 0.5 200 6.6167% 3.2020 1.0522 0.4839

minMEC 0.125 0.3 200 25.7284% 1.3886 0.6242 0.0540

By analysing the configurations in Figures 9–12, it can be observed that the highest velocities
are achieved by the maxE f f configuration, which has a BR = 0.5. maxF only differs with maxE f f
on the aspect ratio, but this shows a dramatically effect on the maximum velocity achieved (reduced
by a 15%). As can be observed in Figure 10b, in maxE f f the regions with higher velocity at the pillar
object sides correspond to areas of very low pressure. This obvious fluid mechanics relation generates
a suction effect on the high pressure upstream flow from the stagnation region, forming the beginning
of the vortical structures that will potentially grow and travel downstream. This effect is strong
for the vortex shedding thermal mixing: when the inlet flow impinges on the pillar structure,
a portion of the hotter (colder) flow is able to pass through the upper (lower) side of the object
(see the upstream curvature in the separation layer in Figure 9a). This occurs in an oscillatory manner,
what enhances remarkably the thermal mixing and creates large vortical structures with low pressure
cores. This situation does not take place for maxF, which has AR = 1 and thence is not a sudden
compression-expansion-like channel. In this case, the oscillatory motion has higher frequency, but very
low amplitude of oscillation, since no large pressure gradients near the object take place to produce
the aforementioned suction effect of hot (cold) fluids. Despite the vorticity generated by the corners
is still remarkable, this is dissipated once the flow leaves the sides of the object, so the impact on
the vortex shedding is low and nearly parallel to the pillar sides, as opposite to smaller AR cases.

By comparison of minMEC configuration with maxE f f , where the only difference is in BR,
one can see that the mixing is still good because large vortical structures are generated and propagated
downstream. However, it can be observed a less influential role from the upper and lower walls of
the microchannel: there is more separation between the thermal mixing flow and the channel walls
(possibly because the upper and lower vortex shedding is taking place closer to the microchannel
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centreline, as BR is smaller). This generates less prominent recirculation zones near the microchannel
wall in contrast to those that maxE f f produced (see Figure 10c), which improve vorticity (and hence
mixing), but require additional pumping power to drag the flow downstream. Also, last but not
least, the drag force is dramatically reduced, since the face surface size of the pillar where the flow
impinges is reduced by a 40%. In the next section will be shown the relation between the drag forces
and pumping power for each configuration.

3.3. Analysis of Forces on the Rectangular Structure

The forces along the micro heat exchanger define the pumping power Pp required to achieve
the desired working conditions. The pumping power is plotted in Figure 13. As can be seen,
the required pumping power is not very high. In fact, since this is strongly related to the pressure drop,
a quick comparison with other pressure drop data from other microchannels reported in the literature
is a valuable reference in Table 3. In such table, our dimensionless pressure loss ranges per unit length
(made dimensionless with ρU2/H) are compared with those existing in a Y-shape microchannel [42]
and a T-shape microchannel [43]. It is identified that among all the 80 cases simulated in the present
work at various Reynolds and geometric configurations, all options had lower pressure loss than the Y
and T-shape microchannels. For maxE f f , maxF and minMEC, their dimensionless pressure loss per
unit length is 0.661744, 0.6404 and 0.27772, which are actually very low values.

(a) (b)

(c) (d)

(e)

Figure 13. Impact of Reynolds number and geometry on the pumping power 〈Pp〉. The number on top
of each bar indicates whether the configuration presents vortex shedding (1) or not (0).

206



Micromachines 2020, 11, 668

Table 3. Comparison of pressure losses with different mixing microchannels.

[42], Re = 50 [43], Re = 200 Current Research, Re = [120, 200]

Δp/L [-] 0.93–3.59 1.23–23.52 0.16052–0.85624

To predict and characterise the performance of a system is of high value in engineering practice.
For this reason, the relationship between the pumping power, the Reynolds number and the geometry
is analysed. The following expression allows to quantify such underlying relationship:

〈Pp〉 = (α1BRα2 ARα3 + α4)
1

(Re/100)α5
, (12)

where a vector for the fitting coefficients is defined as α = [α1 α2 α3 α4 α5]. This expression is an
empirical correlation model, which intends to predict the value of the pumping power based on
relations between the geometric and flow regime parameters. Since the exact model is not known
beforehand, some assumptions must be made. In the literature is very frequent to find terms using
relations among power functions to account for non-linear interactions [25,41,44,45]. There are many
works in the literature that explored empirical correlation models for the drag coefficient Cd of objects.
In such investigations (see for instance Reference [45] for a review), the Reynolds number was always
modelled as inversely proportional to the drag coefficient, as demonstrated more than a century ago
by Stokes [46] and Oseen [47]. As Pp and Cd are strongly related, the same modelling assumptions
can be applied to Pp, leading to the correlation model suggested in Equation (12). Other researchers
applied a similar logic to model the pressure drop and/or friction factor in the presence of arrays of
pillars, as seen in References [23–25,41]. In Equation (12) the Reynolds number Re has been normalised
with 100 to improve the numerical stability in the search of coefficients. It has been found by means of
the Matlab nlinfit Least-Squares algorithm that the best coefficients are

α = [50.7966 3.0216 0.0312 2.1216 0.4520] . (13)

This fit provided very accurate results, as shown in Figure 14. The correlation model yields a
fitting error of 4.7202%, calculated for N samples as

error [%] =
1
N

N

∑
i=1

( |Predictedi − Numericali|
Numericali

)
· 100. (14)

Figure 14. Fitting model for Pp.
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Additionally, as mentioned above, 〈Pp〉 and 〈Cd〉 are related parameters. Their dependence
is illustrated in Figure 15. It is shown that the correlation between these parameters is very high,
which is evident since the higher the drag, the higher the pressure drop. However, it is less obvious
the fact that these two parameters vary almost linearly, and when AR < 0.5, data is more deviated
from a linear trend. Nevertheless, the correlation coefficients are nearly invariant (R = 0.9912 for
any AR within the simulated range of values, R = 0.9882 for AR < 0.5, and R = 0.9966 for
AR ≥ 0.5). This shows that the pumping power needed is almost entirely due to the drag force on
the pillar structure, and the contribution to the pressure drop by the microchannel walls is very weak
in comparison with such drag. Those cases of AR < 0.5 that are more deviated from the overall
linear trend are actually oscillatory cases of high amplitude. Thus, in these configurations the effect of
the walls is contributing more to the pumping power requirement (the oscillatory flow “hits" the walls
periodically), but still negligible.

Figure 15. Pearson Correlation for 〈Pp〉 and 〈Cd〉. Please note that the correlation for each AR value
has been obtained by including AR = 0.5 in both greater and lower case scenarios, to have a greater
number of data in each set.

Due to their linear underlying relationship, a linear correlation model can be developed to
characterise their dependence. The model has the form:

〈Cd〉 = β1〈Pp〉+ β2, (15)

and a vector with the fitting coefficients is defined as β = [β1 β2]. The best fitting coefficients found are

β = [1.0843 2.3159] , (16)

with a fitting error of a 3.14%, as illustrated in Figure 16. In such figure can be observed that the data
for AR < 0.5 had worse fitting performance than AR ≥ 0.5, because of the reasons mentioned above.
Finally, since a model dependent on the regime and geometrical conditions was found in Equation (12)
for 〈Pp〉, this can be substituted in Equation (16) to make 〈Cd〉 only dependent on Re, AR and BR.
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Figure 16. Model fit for 〈Cd〉 as a function of 〈Pp〉).

3.4. Mixing Behaviour of the Micro Heat Exchanger

As aforesaid, thermal mixing in the micro heat exchanger is influenced by the type of flow
(Pr), flow regime (Re), and geometry (AR, BR, L). The opposite effect to achieve a good mixing is
the increase in pumping power requirement, which is influenced by the same parameters. Therefore,
the mixing efficiency cost is a good ratio to evaluate the trade-off problem of achieving a good mixing
at low pumping power cost. This ratio will be calculated per unit length L, since the length of
the microchannel also plays a role in the thermal mixing:

φL =
φ

L
. (17)

Figure 17 details the operation of the micro heat exchanger in terms of φL. It is obvious that
the lower the φL, the more cost efficient the heat exchanger is. Despite the underlying relations of
Pp with Re, AR and BR were clear and a model was built in Equation (12), the relationship of η

with these parameters is not that clear. Thence, in φL it is not either possible to find any pattern to
characterise the performance. From Figure 17 can be observed that all but one configurations that
present vortex shedding have φL below 0.5. The only single case which experiences vortex shedding
and φL is high, is Re = 120, AR = 0.5 and BR = 0.5. For this configuration can be seen, despite that
there is an oscillatory motion at high frequency (see Figure 6), and the amplitude is very low (see
Figure 8). Also, the pumping power is large (see Figure 13). The observation that at 120 ≤ Re ≤ 160,
BR = 0.4 is the worst configuration possible is also interesting. This behaviour with BR = 0.4 is
apparently attributed to the fact that along the “sub-channels" created at the sides of the pillar structure,
if BR is further increased, the flow is accelerated due to the section reduction, and the oscillatory
motion starts. This lack of oscillation is worsened as AR is increased, since the flow expansion is less
abrupt and the flow still have some time to adapt to the walls. Values of BR > 0.5 are not considered
in this study, since the increase in pumping power is significant. Therefore, a weak generalised aspect
is that large values of AR need more cost for an efficient thermal mixing. This is especially notable
for the higher Reynolds numbers considered, where the combination of low BR and high AR is
very undesired.
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(a) (b)

(c) (d)

(e)

Figure 17. Impact of Reynolds number and geometry on φL. The number on top of each bar indicates
whether the configuration presents vortex shedding (1) or not (0).

4. Conclusions

This paper investigated the performance of a microscale heat exchanger, which consists of a
rectangular pillar structure in a microchannel, where two fluids at different temperature are mixing.
This represents a low-cost passive thermal mixing microdevice very appropriate for microscale
applications, since no moving parts are required for heat transfer enhancement. Besides the heat
transfer problem, the mechanics of the vortex shedding have been characterised. Opposite to
the existing works in the literature of single-object confined vortex shedding, which do not consider
more than two design parameters, a large number of different configurations varying simultaneously
the longitudinal aspect ratio, blockage ratio and Reynolds number have been simulated. By means
of empirical models and analysis of relevant contours and plots, the underlying relations between
these parameters (including critical Reynolds number values) have been analysed. One of the most
interesting features observed in the mechanism is that, for configurations with at least moderate
oscillation, a pressure suction-like effect takes place periodically, allowing a portion of the hotter (colder)
flow to pass through the upper (lower) side around the object and enhancing the thermal mixing.

For an efficient mixing configuration must be taken into account that large values of AR need more
pumping power cost to achieve an efficient thermal mixing, as shown by the mixing efficiency cost per
unit length. The impact of BR is less clear: to increase its value is usually beneficial for the thermal
mixing efficiency, but the pumping power is increased notably. Thus, it is not possible to generalise
the conclusions to a given specific rule of thumb parameter configuration. In this investigation, the best
combinations for the considered parameter ranges seem to take place mostly for large Re, large BR
and small AR. However, this generalisation is not always true, as observed for instance in the thermal
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mixing efficiency. For this parameter, at Re = 200 the statement is true, but if Re = 180, a BR = 0.5
is less beneficial than a BR = 0.4. This shows the complexity of the micro heat exchanger mechanics
and the need for a careful design and testing by engineers.
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