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Abstract—Microscale mixing methods are crucial in
various disciplines, encompassing chemical reactions and
biological investigations. The present study used simulation
methodologies to investigate the operational efficiency of
splitting recombination (SAR) micromixers. The study
demonstrates that SAR micromixers offer a notable advantage
in enhancing mixing efficiency. The advantage above is a
consequence of the effective combination of splitting-
recombination and chaotic advection processes within the
micromixer architecture. An in-depth analysis of the
micromixer's behavior demonstrates that its performance is
supported by intricate fluid dynamics, which provide
remarkably high mixing efficiency. It is worth noting that the
micromixer exhibits its maximum mixing efficiency, which is
roughly 99% when the Reynolds number (Re) is at or below 0.5.

Nevertheless, it is seen that as the Reynolds number
grows, there is a steady decrease in mixing efficiency. At a
Reynolds number of 70, the measurement of mixing efficiency
yields a value of 75%. However, when the Reynolds number is
further increased to a range of 90-100, the efficiency decreases
to its lowest value of approximately 60%. The results above
highlight the exceptional mixing ability of the SAR micromixer,
hence stressing its potential for various applications that
demand improved mixing capabilities. The results emphasize
the promise of SAR micromixers as a reliable solution for
complex mixing processes in many applications, providing
valuable insights that may contribute to future developments in
microscale mixing technologies.

Keywords—Micro-Fluidic, Micro-Mixer, Reynolds Number,
Mixing Efficiency, Laminar Flow.

I. INTRODUCTION

Microfluidics pertains to devices and methodologies
employed to control and manipulate fluid flows at length
scales below a millimeter. The rapid development of
microfluidic devices can be attributed to their extensive
utilization in various scientific and engineering applications
[1]. One of the crucial parts of a microfluidic system is the
micromixer, which needs to be carefully planned in terms of
its ease of production, practical uses, mixing performance, and
integration. Combining fluid samples at a tiny scale can be
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challenging to prompt an appropriate reaction quickly.
Turbulence, a phenomenon typically absent on a microscopic
scale, governs the fundamental mixing mechanism. At the
microscopic scale, mixing is constrained by the low Reynolds
numbers. The two primary categories of micromixers are
active and passive micromixers. Micromixers that are active
need an outside energy source[2].

They have exceptional mixing capabilities, but because of
the complexity of their fabrication, they also have drawbacks.
Passive micromixers offer several advantages over their active
counterparts, including easy fabrication, cost-effectiveness,
seamless integration with microfluidic systems, the absence of
intricate control components, and the elimination of
supplementary power requirements[3]. Unlike active
micromixers, passive ones don't necessitate external energy
sources. The efficacy of passive micromixers in mixing is
primarily determined by the channel configuration employed
to induce fluid agitation or lamination, enhancing material
interaction [4]. The channel shape largely determines how
well passive micromixers perform. Hence, a comprehensive
comprehension of the flow dynamics within the microchannel
is imperative in constructing passive micromixers.
Computational Fluid Dynamics (CFD) is a valuable approach
for constructing efficient micromixers. Successful mixing in
passive micromixers relies on the combined mechanisms of
molecular diffusion and chaotic advection [5] and [6]. The
investigation of fluid mixing in linear and intricate
microchannels has been conducted through numerical
simulations and practical experimentation [7]. The smart
effect has been used to construct an in-plane passive
micromixer to enhance mixing [8].

In microfluidics, researchers have explored chaotic
micromixers featuring intersecting two-layer channels,
showcasing rapid mixing capabilities even at low Reynolds
numbers [9]. Investigations into T-type micromixers
encompassed variations in channel diameters — fixed and
variable — to assess their respective mixing efficiencies [10].
The mechanism of split and recombination (SAR) of flows has



emerged as a chaotic mixing strategy that remarkably
enhances the interfacial area and, thus, elevates mixing
performance across an extensive Reynolds number spectrum.
Building upon SAR and chaotic advection principles, a
serpentine laminar micromixer was developed, capitalizing on
the strategic arrangement of "F"-shaped mixing units in two
layers [11]. The influence of rotation on split and
recombination mixing within micromixers has been a subject
of investigation, leading to the development of three distinct
types of SAR micromixers [12]. Passive micromixing
exploiting fluid rotation has been demonstrated to induce fluid
blending at low and high Reynolds numbers, resulting in an
expanded region between the two fluids due to stretching and
folding dynamics [13].

A passive micromixer, scrutinized experimentally and
numerically, was developed based on intersecting fluid
streams and asymmetric divisions. The study revealed that the
unbalanced collision of these fluid streams, arising from
differing mass flow rates in the sub-channels, perturbs and
modifies the interface between them, thereby intensifying
mixing dynamics [14]. Furthermore, a three-dimensional Split
and Recombination (SR) based microreactor design has been
proposed. The investigation highlights the substantial
influence of the SR microreactor's geometric layout on chaotic
advection and multi-laminar mixing phenomena [15].
Numerous other passive micromixers have harnessed the SAR
process to create ultra-thin fluid stream layers [16], [17],
demonstrating remarkable efficiency even at low Reynolds
numbers. Research has also been conducted on a T-junction-
based micromixer and serially interconnected mixing channel
comprised of modules with distinct square, right-shifted, and
left-shifted T-shaped cross sections [18].

The SAR-shaped micromixers are the most prevalent
among all conceivable designs for micromixers and
microreactors. Such micromixers are an essential component
of practically every sophisticated micromixing apparatus, and
when used alone, they perform admirably. Extensive
explorations involving both experimental and numerical
approaches have been carried out to investigate the flow
dynamics and mixing patterns within these micromixers,
spanning from references [19], [20], [21], [22], [23], [24],
[25], [26], [27], [28], [29], [30], [31], [32], [33], [34], [35],
[36], [37], [38], [39], [40], [41]. The study specifically delved
into the blending of two fluids exhibiting akin thermophysical
attributes, revealing the existence of six discernible flow
regimes contingent upon the Reynolds number[42]. These
regimes are delineated based on their respective ranges within
Table 1.

TABLE 1:REYNODS NUMBER RANGE AND DESCRIBED THIS
RANGE

NO. The Range Study(described)
1 0<Re<S5. steady stratified flow.
2 S5<Re < 145. steady symmetric vortex flow.
3 145<Re < 240. steady asymmetric vortex flow.
4 240< Re < 400. periodic flow.
5 400< Re < 600. unsteady quasiperiodic flow.
6 Re > 600. stochastic flow, l'aI.ninar-turbulent
transition.

Moreover, a significant portion of the research papers
underscored a notable surge in mixing efficiency as the
transition from symmetric to asymmetric flow regimes,
commonly called the "engulfment regime"[43], occurred.
[44]This transition, which occurs abruptly once the Reynolds
number surpasses a specific critical value denoted as Recr,
garners substantial attention. The heightened interest stems
from the fact that within this regime, there is only a marginal
increment in pressure drop across the mixing channel, yet a
remarkable and substantial increase in mixing efficiency is
achieved. Numerous variables affect the crucial Reynolds
number's value[45].

A comprehensive investigation has been undertaken,
encompassing four microfluidic mixers designed with square-
wave microchannels inspired by compact disks (CDs). Both
numerical simulations and practical experimentation were
employed to scrutinize these mixers, focusing on their flow
attributes and mixing capabilities. These mixers feature
distinct numbers and arrangements of intake channels,
contributing to a holistic understanding of their performance
[46]. Employing a three-dimensional vortex micromixer that
makes use of self-rotation effects[47] has been suggested. An
experimental analysis investigated the device's fluid and
mixing dynamics [48] [49]. They looked into a passive
micromixer that improves mixing performance by allowing
the fluid in the mixing chamber with the intake and outflow
ports to circulate independently.

In summary, manipulating microchannel design can
enhance mixing by increasing the interfacial area between
fluid segments. Circular mixing chambers particularly
demonstrate effective mixing performance. This study
proposes passive micromixers leveraging microfluidic
recirculation within circular and square mixing chambers to
elevate mixing efficiency[50].

II. MICRO-MIXER DESIGN

Fig. 1 displays the dimensional representation of the SAR
micromixer. The micromixer has a 6 mm overall length. The
inlets and outlets' hydraulic diameter (Dh) is 0.133 mm, as are
the channels' width and depth.

Water and ethanol were selected as the two working fluids
for the mixing experiments. The fluid characteristics of water
were measured at a temperature of 20°C. ethanol and water
have densities of 789 and 998 kg/m3 and viscosities of 1.2 X
1072 and 0.9 X 1073 Pa s, respectively. The mixture of
ethanol and water has a diffusion coefficient of 1.2 X 10™%m2
/s. The study encompassed Reynolds numbers spanning from
0.5 to 100. This is how the Reynolds number is explained:

pUDh
e —_——

i (1)

Here, p represents fluid density, U signifies fluid velocity
within the inlet channel, Dh denotes the hydraulic diameter of
said channel, and p characterizes the fluid's dynamic viscosity.



Fig. 1 . Schematics of the SAR micromixer with dimensions.

III. NUMERICAL SIMULATION

This study utilized the computational fluid dynamics
(CFD) software COMSOL Multiphysics 6.0 to solve the
governing equations. These governing equations, which
include the Navier—Stokes equation, continuity equation, and
species diffusion—convection equation, can be concisely
expressed by the following equations, respectively:

[6u+( V)]— Vp + uv?
p it u.V)u| = p + uveu )
Vu=0 3)
0 4
—C=DV2c—u.Vc “)
ot

In this context, u represents fluid velocity, p stands for
fluid density, p signifies pressure, and p characterizes the
fluid's dynamic viscosity. Meanwhile, ¢ and D denote the
species' concentration and diffusion constant. Since studying
this is stationary and does not depend on time, d¢/ 0t and du/ot
are zero (0).

The boundary conditions implemented in this study were
as follows: no-slip conditions were enforced at the walls of the
channel, thereby maintaining uniform volume flow rates at
both inlets. Furthermore, a zero-pressure boundary condition
was imposed at the outlet. One of the inlets sustained a molar
concentration of 1 mol/m?, while the other inlet featured a
molar concentration of 0 mol/m®. Notably, the impact of
gravity and its associated effects were deliberately excluded
from consideration. To quantify the degree of mixing, the
mixing index of the species at any specific cross-section
within the mixing channel was computed employing the
subsequent equations:

1w
o’ = N;(Cl— cm)? 5)

(6)

In this context, N represents the total number of sampling
points within the cross-section. Ci denotes the molar
concentration at the sampling point, whereas Cm signifies the
optimal molar concentration for achieving complete fluid
blending, which is 0.5. The variable ¢ corresponds to the
standard deviation of molar concentration, while ¢ max
indicates the maximum standard deviation recorded. The
mixing index (MI) of the micromixer ranges from 0

(representing minimal mixing at 0%) to 1 (indicating
complete mixing at 100%).

A series of simulations was conducted to investigate the
micromixer's mixing efficiency. These simulations
encompassed variations in inlet velocities and Reynolds
numbers.

The SAR micromixer's mixing performance was evaluated
through a Multiphysics simulation employing the
commercial software COMSOL Multiphysics 6.0. The
construction of the 3D fluid model was facilitated using the
COMSOL 6.0 software, depicted in Figure 1. Inlet 1
maintained a molar concentration of 0 mol/m?3, while inlet 2
contained a concentration of 1 mol/m®. The study
encompassed a Reynolds number range spanning from 0.5 to
100. The micromixer's boundary conditions encompass
uniform inlet velocities and zero static pressure at the outlets.
The channel walls were subjected to no-slip boundary
conditions.

IV. RESULT AND DISCUSSION

A. Simulation Result(mixing performance)
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Fig.2. The comparison of the mixing performance of the SAR micromixer
and at Re= 0.5 to 100, respectively.

Figure 2 illustrates a comparative analysis of the SAR
micromixer's mixing performance across Reynolds numbers
ranging from 0.5 to 100. The depiction highlights the
progression of the SAR micromixer's mixing process,
revealing distinct cross-sectional snapshots that elucidate the
underlying mixing mechanisms. Vertically distributed
concentration gradient contours are evident in the cross-
sectional views, with fluid flow maintaining its laminar nature
even as the mixing length increases. Notably, cross-sectional
profiles resembling the letter "F" exhibit inverted
concentration gradient contours, indicative of chaotic
convection within these F-shaped mixing units.

These observations substantiate chaotic convection within
the F-shaped mixing units, where the fluids undergo two turns
as they traverse each unit. The resulting centrifugal force
imparts changes to the fluid composition ratio. Subsequent
marker-based experiments corroborate these findings,
revealing that the F-shaped mixing units induce chaotic
convection, enhancing mixing efficiency. Chaotic convection
manifests as a complex motion pattern within microchannels.
While initially adhering to simple physical laws, it transforms
into a disorderly form when encountering F-bend angles that
deviate significantly from anticipated regularity.
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B. Simulation Result(velocity magnitude)
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Fig.3 shows the Velocity magnitude in m/s at Re=0.5 to 100.

C. Simulation Result(contour pressure)

To comprehensively assess the SAR micromixer's
performance, it becomes imperative to gauge its mixing
efficiency. This evaluation systematically analyzes mixing
efficiency across a spectrum of Reynolds numbers from 0.5
to 100 within a specific cross-sectional area at the
micromixer's outlet. This assessment requires the extraction
of concentrations from a designated set of sampling points
(25 samples) situated at the outlet's cross-section.
Subsequently, the mixing efficiency's evolution across the
Reynolds number range can be ascertained by utilizing
equations (5) and (6) and referencing Figure 2. The



concentration values obtained from the chosen samples are
transferred to MATLAB software to execute this process.
There, the mixing efficiency is determined by the varying
Reynolds numbers (ranging from 0.5 to 100). This systematic
approach enables a comprehensive understanding of how
mixing efficiency evolves with changes in Reynolds number.
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Fig.4 shows contour pressure in Pa at Re=0.5 to 100.

The relationship between mixing efficiency and Reynolds
number is established based on the simulation outcomes
illustrated in Figure 3. This characterization is achieved
through the utilization of equations (5) and (6), and the
subsequent representation of this relationship is generated
using MATLAB software, resulting in the graph presented
below:

Mixing Efficiency v Reynolds
Number
1.2

0.8
0.6
0.4

0.2

Mixing Efficiency(M)

05 1 5 10 20 30 50 70 90 100

Reynolds Number(Re)

Fig.5.The development of the mixing efficiency with the increase of
Reynolds numbers at the exits of the SAR micromixer.

Figure 5 illustrates the evolution of mixing efficiency
concerning varying Reynolds numbers at the exits of the SAR
micromixer. The mixing dynamics are primarily governed by
molecular diffusion, influenced by residence time and the
overall flow path length. A decrease in mixing efficiency
occurs due to reduced residence time for diffusion. However,
this trend shifts as Reynolds numbers surpass Re = 5. Here,
introducing greater inertial forces disrupts the flow field,
augmenting mixing. At Re =90 and 100, the SAR micromixer
displays its lowest mixing efficiency, measuring at 60%. In
contrast, at Re = 0.5, the SAR micromixer attains its peak
mixing efficiency at 99%, decreasing to 90% when Re = 20.
These findings accentuate the SAR micromixer's exceptional
mixing performance, outperforming other designs.

V. CONCLUSION

The numerical analysis of the mixing properties of the
SAR micromixer was the focus of this study. COMSOL
Multiphysics 6.0 was used to examine the mixing capabilities
of SAR micromixers over a broad range of Reynolds numbers
(Re=0.5, 1, 5, 10, 20, 30, 50, 70, and 100), using water and
ethanol as the chosen working fluids. The SAR micromixer's
effectiveness was investigated using splitting-recombination
and chaotic convection methods.

Surprisingly, for lower Reynolds numbers (0.5-20), a rise
in the Reynolds number was correlated with an astounding
success of 99% mixing efficiency. In contrast, when the
Reynolds number increased, the T micromixer's efficiency
declined and eventually stabilized at roughly 60%. As a result,
the SAR micromixer proved to have better mixing
performance than previous micromixer setups. The potential
of the SAR micromixer for advanced mixing applications was



increased by using splitting-recombination and chaotic
convection mechanisms.
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