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ABSTRACT

Passive micromixers play a crucial role in chemical, biomedical, and bio-chemical

analyses on micro total analysis systems (LTAS) or Lab-on-chips. However, at very low
Reynolds numbers, the mixing performance of passive mixers is poor due to the laminar nature
of liquid flows. In this thesis, various novel designs of passive mixers were investigated to
improve mixing at low Reynolds numbers. The focus was on serpentine square-wave type
mixers and T-mixers, which are commonly used in microfluidic applications. Additionally,
obstacle geometry in T-T mixers and the effect of in-step configurations in T-mixers were
explored for enhanced mixing.

The study revealed that the serpentine type passive mixer with convergent-divergent
passages showed significant improvement in mixing performance compared to the serpentine
square-wave type mixer at low Reynolds numbers. The varying cross-section of channels in
the serpentine type mixer facilitated better stretching and folding of samples, leading to
improved mixing.

For T-mixers, a shape optimization technique using Bernstein polynomials was
employed to optimize the geometrical shape and improve mixing performance. The results
demonstrated nearly threefold improvement in mixing by optimizing the wall profile of the T-
mixer while maintaining ease of fabrication. The optimized shape exhibited a reduced channel
thickness, resulting in enhanced mixing compared to conventional T-mixers.

Numerical simulations were conducted to optimize obstacle geometry in T-T mixers.
Cylindrical and prismatic obstacles were considered, and their pitch and geometrical
parameters were optimized for improved mixing. The optimized cylindrical obstacle
configuration showed symmetrical recirculation zones and achieved higher mixing qualities at
Reynolds numbers above 30. However, it also resulted in increased pressure drop. Prismatic
obstacles achieved better mixing at higher Reynolds numbers but exhibited asymmetric
recirculation zones and increased pressure drop.

The insertion of in-step configurations in T-mixers significantly increased mixing
quality. Optimization of the in-step geometry using the Nelder-Mead algorithm revealed that
the width and pitch of the in-step influenced the mixing performance. At different Reynolds
numbers, varying optimal values for width and pitch were observed, with the highest mixing
quality achieved at smaller widths and pitches at lower Reynolds numbers. The pressure drop

also increased with larger widths and pitches.

viii



In conclusion, this thesis explores different strategies to improve mixing in passive
micromixers. The findings provide valuable insights into optimizing the geometrical shapes of
mixers, obstacle configurations, and the inclusion of in-step structures. These advancements
contribute to the development of efficient and cost-effective passive micromixers for various
microfluidic applications.

Keywords: Circumferential in-step, Cylindrical elements, Prismatic elements, Micromixing,

Mixing quality, Passive micromixers, T-mixer, T-T mixer.
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INTRODUCTION AND LITERATURE
SURVEY

CHAPTER 1

1.1 Origin and importance of micromixers
Micromixers play a crucial role in various microfluidic applications, such as analytical,

sensing, detection, and chemical reaction systems. These devices are considered essential
components in the field of microfluidics, which originated from the concept of miniaturization
borrowed from micro-electro-mechanical systems (MEMS). By applying this concept to the
fields of biomedical, bio-chemical, and chemical processing, microfluidics has evolved and

given rise to revolutionary devices.

Micromixers are tiny systems for mixing small volumes of fluids, which have become essential
in biomedical, chemical, and biochemical analyses. They are made up of micro-structures such
as fluid channels with dimensions ranging from sub-millimeter to micrometer scale. Compared
to conventional batch reactors, micromixers consume less reagents, have a high surface-to-
volume ratio, and are safer for carrying out explosive reactions[1]. They are also portable, easy
to integrate with lab-on-chips or micro total analysis systems, and can provide rapid analysis
with shorter operation time[2]. Micromixers are classified into active and passive types, with
passive mixers being easier to fabricate, operate, and maintain than active mixers. Passive
mixers are designed to induce stretching, folding, splitting, and recombining of fluids to
increase the interfacial area and enhance mixing[3]. Therefore, this research focuses on the
design and study of simple structured passive micromixers due to their robustness, stability,

and cost-effectiveness.

Passive micromixers do not require an external energy source or moving parts to induce
mixing. Instead, they rely on the design of the mixing channel to promote fluid mixing through
hydrodynamic phenomena. The geometry of the mixing channel is carefully designed to induce
chaotic advection, which leads to high mixing efficiency. The most commonly used geometries
are serpentine, zigzag, and staggered herringbone mixers. In these mixers, the fluids are forced
to undergo repeated folding and stretching motions, resulting in efficient mixing with low

energy consumption.




Passive micromixers have several advantages over active mixers. First, they are easier to
integrate into complex microenvironments due to their simple structure and lack of moving
parts. Second, they are cheaper to fabricate since they do not require external energy sources
or complex fabrication processes. Third, they are more stable and robust than active mixers,
which can be sensitive to external disturbances. Finally, they are easier to operate and maintain

since they do not require complicated control systems.

Passive micromixers have found a wide range of applications in various fields such as chemical
synthesis, biochemical assays, drug discovery, and microfluidic diagnostics. They have been
used for mixing multiple reagents, carrying out enzymatic reactions, synthesizing
nanoparticles, and separating particles. In addition, they have been integrated with other
microfluidic components such as microreactors, microfluidic pumps, and microvalves to create

complex microfluidic systems for various applications.

In conclusion, passive micromixers are essential components of microfluidic systems and have
several advantages over active mixers. They have found numerous applications in various
fields and offer great potential for further development. Therefore, research on passive

micromixers is expected to continue to grow in the future.

1.2 Applications of micromixers
Micromixers have immense potential and have been extensively utilized in various

microfluidic applications. These applications range from bio-medical and bio-chemical
engineering, where they are employed in lab-on-chips or pTAS for protein folding studies,
DNA micro-arrays[4], enzyme assays[5], drug screening[6], cell separation[7], cell lysis[8],
circulating tumor cell detection[9], sample concentration[10], and biological agent
detection[11]. In chemical engineering, micromixers are used for organic synthesis[12],
crystallization[13], polymerization[14], extraction[15], and chemical reaction kinetic
studies[16]. They are also commonly utilized in microreactors for the synthesis of
biodiesel[17]. Overall, micromixers offer numerous advantages and have proven to be an

essential tool in various important fields of engineering.

The advantages of micromixers in bio-medical and bio-chemical engineering are manifold.
They offer a high degree of mixing efficiency, which is critical for many biological and
chemical reactions. Micromixers are capable of achieving rapid mixing at low Reynolds

numbers, resulting in improved reaction rates and reduced reaction times. Additionally, the



small size of micromixers allows for a reduced amount of reagents and samples required,

resulting in cost and time savings.

In chemical engineering, micromixers have become an indispensable tool for optimizing
chemical reactions. They provide precise control over reaction parameters such as mixing rates,
temperature, and residence time, resulting in improved reaction yields and selectivity.
Micromixers also facilitate the scale-up of chemical reactions from laboratory to industrial-

scale, resulting in significant cost savings and increased efficiency.

The use of micromixers in microreactors for biodiesel synthesis is a particularly exciting
application. Biodiesel synthesis typically requires the use of large volumes of organic solvents,
resulting in significant environmental impact. The use of micromixers in microreactors allows
for a significant reduction in the volume of solvents required, resulting in a more sustainable

and environmentally friendly process.

Overall, the potential of micromixers in various engineering fields is immense, and their
continued development and application will undoubtedly lead to many exciting innovations

and advancements in the future.

1.2.1 Sample Concentration
Passive serpentine micromixers are used in a microfluidic network [18] (Fig. 1.1) to

generate concentration gradients in a solution or transfer these gradients onto a surface for the
applications of haptotaxis (movement of cell in a gradient), chemotaxis (movement of organism
in reaction to chemical stimulus) and analysis of cell-surface interactions. Compared to other
methods such as retarded diffusion or self-assembled monolayers (SAMs), it is easier to
fabricate complex shaped gradients using micromixers network as well as easier to achieve the
resolution of microns which is essential for many biological processes. Similarly, a passive
type unbalanced split and cross-collision type micromixer [19], series of split and recombine
type micromixers [20] and an inclined single surface grooved micromixer [21] are employed

in different gradient generation and sample concentration applications.
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Fig. 1.1 Schematic of gradient generator with serpentine micromixers (Jeon et al. [18])

1.2.2 Circulating Tumor cell detection

Micromixers are utilized in Lab-on-chips for circulating tumor cell detection which is
very crucial in the treatment of cancer patients. The size of white blood cells (WBC) is of the
same order of circulating tumor cells (CTC) and hence difficult to be separated from blood for
analysis. A passive vortex micromixer is employed [9] (Fig. 1.2) to mix and coat CTC with 3
um beads and thus increase the size of CTC and separate them from the blood sample. Chaotic
type micromixer [22] and staggered herringbone mixer with larger width grooves [23] are

utilized in similar studies of capturing circulating tumor cells.
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Fig. 1.2 Schematic of passive micromixer to separate circulating tumor cells (Lin et al. [9])

1.2.3 Biological agent detection
Micromixers are proven to be highly effective when employed in the applications of

biological agent (used in bioterrorism) detection. A serpentine type micromixer with

micropillars (Fig. 1.3) has been employed in the biobarcode assay [24] in order to mix the



targeted pathogens with particle probes and later separate them in magnetic chamber and
analyze them in the pCE (micro Capillary Electrophoresis) channel. In contrast to conventional
lateral flow screening assay the biobarcode assay possesses high sensitivity and multiplexity.
In similar studies, a four-membrane air chamber type micromixer is utilized in the application
of rapid diagnosis of dengue virus [25] and a Y-injection mixer with Dean’s vortex structures
and chaotic generation obstacles [26] is employed for determining minimum amount of free

chlorine required for removing pathogens in food processing industry applications.
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Fig. 1.3 Bio-barcode assay for biological agent detection (Cho et al. [24])

1.2.4 Chemical synthesis
Micromixers are employed widely in chemical synthesis due to the advantages of high

selectivity and yield in the synthesis process as well as better thermal management. A multi-
inlet vortex micromixer is employed (Fig. 1.4) [27] in the synthesis of molybdenum sulfide
(MoS;) nanoparticles. The degree of mixing could be controlled by the device by manipulating
inlet flow rates such that a desired size of nanoparticles is obtained at the outlet. Similarly, a
static split and recombine type micromixer [28] is used in the synthesis of ZnO nanoparticles

and a T-type micromixer [29] is employed in the synthesis of NiO nanoparticles.
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Fig. 1.4 Multi-inlet vortex micromixer for MoS» nanoparticles synthesis (Bensaid et al. [27])

1.2.5 Polymerization
Mixing plays a very crucial role in the process of polymerization in determining the

properties of final product. A multi-layered laminar micromixer is utilized (Fig. 1.5) [30] in
polymerization of amino acid N-carboxyanhydride. It is found that compared to conventional
batch-wise systems, a strict control of polymerization reactions is possible with microreaction
systems and therefore a better control over average molecular weight and molecular weight
distribution is possible. Moreover, the control of molecular weight is achieved simply by
varying the flow rate in the microreactor. In other studies, a caterpillar SAR (split-and-
recombine) micromixer is used in the synthesis of defined PMSSQ
(Poly(methylsilsesquioxane)) [31] and a high pressure slit inter digital micromixer (HP-IMM)

combined with T-micromixer are utilized in synthesis of end-functionalized polystyrenes [32].
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Fig. 1.5 Micromixer employed in a polymerization process (Honda et al. [30])
1.2.6 DNA Analysis

Micromixers play a crucial role in the field of biomedical engineering to carry out
integrated processes of bio-reaction and analysis in a single continuous system. For example

in the application of DNA analysis [33], mixing of DNA and restriction enzyme is carried out



through electro-osmosis in a T-micromixer (Fig. 1.6) and a serpentine channel is employed in
the downstream for digestion reaction of DNA and afterwards passes through CE (Capillary
Electrophoresis) channel for the DNA analysis. Similarly different passive type micromixers
such as labyrinth SAM (Split and Merge) micromixer [34] and zigzag type micromixers
[35][36] are employed for DNA digestion reactions.
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Fig. 1.6 Schematic of T-mixer for DNA digestion and restriction (Lin et al. [33])

1.3  Fabrication techniques
Most of the fabrication techniques employed in fabricating micromixers are evolved

from the silicon-based fabricating methods developed for MEMS (Micro-electromechanical
systems). Apart from these already available silicon-based fabrication methods, many other
fabrication techniques are developed over the past decade to suit the particular needs of
micromixer functionality. The classification (Fig. 1.7) shows various fabrication techniques
that are available for manufacturing micromixers and other micro-structured devices. Broadly
the fabrication techniques can be classified into 1) Silicon-based techniques ii) Polymeric-based
techniques and ii1) Metallic-based techniques. Nguyen et al. [37]presented a very detailed study
on each of these fabrication methods. Generally, many techniques from different methods are
combined in fabricating different microfluidic devices based on their functional requirements.
On a brief note, some of these methods are briefly explained below mainly focusing on their
ability to fabricate different features of microchannels (like high aspect ratio channels)

precision of channel dimensions, chemical and bio compatibility, erosion, cost effectiveness,



access and fast prototyping. For more detailed review of fabrication techniques Qin et al. [38]

can be referred.

1.3.1 Silicon-based techniques
In Silicon-based techniques, silicon may be directly used as substrate material or oxides

of'silicon layers are deposited on other substrates as sacrificial layers to etch the microchannels.
Some of the most widely used techniques are 1) Anisotropic wet chemical etching of silicon,
2) Dry etching of silicon and 3) Wet chemical etching of glass. The merits of anisotropic wet
chemical etching of silicon are obtaining high precision and less corrosive surfaces whereas
the demerits are costly equipment and clean room requirement for processing. The advantages
of dry etching are better resolution and high aspect ratios while the disadvantages are slow-
etch rates and trenches formed on substrate due to reflected ions. The advantages of glass are
resistance to highly corrosive chemicals, biocompatibility whereas the main limitation is that

the structural precision is low compared to silicon.

1.3.2 Polymeric-based techniques
Micromixers fabricated in silicon have the limitations of higher costs and less

biocompatibility. Polymers are low cost and very bio-compatible devices. Polymers are also
suitable for bulk and surface micromachining. However, most of polymers are self-fluorescent
for low excitation wavelengths which affects the sensitivity of analysis in specific applications.
They are also poorly resistant to chemical solvents involved in the applications of drug
discovery and other chemical industry applications. The surface properties of polymer are not
favorable for electro-osmotic applications where the material of glass suits very well. The
different materials and important methods in Polymeric-based techniques are 1) PMMA
(Polymethylmethacrylate) resist, 2) SU-8 resist, 3) Injection molding, 4) Hot embossing, 5)
Soft lithography and 6) Laser machining. PMMA resist allows higher structural heights and
higher aspect ratios. However, fabricating structures on PMMA require X-ray form synchrotron
facility which is expensive and limited to access. The advantage in employing SU-8 resist is
that the structuring of SU-8 can be worked with inexpensive UV light source in contrast to X-
ray source utilized for PMMA. The limitations are difficulty in removal of SU-8 film and
forming three-dimensional structures is relatively complicated. Soft lithography in PDMS
(Polydimethylsiloxane) is predominantly utilized in fabricating various lab-scale microfluidic
devices for research due to its rapid prototyping nature. The PDMS used in soft lithography
has the advantages of low cost, less toxicity, optical transparency and low self-fluorescence.

The limitations of PDMS are swelling, shrinkage and elastic deformation. Its elastic

10



deformation allows only low aspect ratio (0.2 to 2) structures. Though laser machining is
capable of fabricating three-dimensional structures and fast prototyping, mass fabrication is

not achievable due to longer processing times. The processing costs are also very expensive.

1.3.3 Metal-based techniques
The compatibility of metals with silicon-based techniques allow fabrication of metallic

microstructures using standard photolithography. The important methods in metal-based
techniques are 1) Isotropic wet chemical etching of metal foils, 2) LIGA process and 3) Micro-
electro-discharge machining (u-EDM). Wet chemical etching of metal foils allow mass
fabrication with reasonable costs and reliability. However, the isotropic nature of etching
allows only smaller aspect ratios. LIGA process is a combination of fabrication techniques of
lithography, electroforming and molding (Lithographie, Galvanoformung, Abformung is the
German Acronym). The merits of LIGA are ultra precision, high surface quality and high aspect
ratio structures. However, X-ray lithography with synchrotron radiation is very expensive and
not practical for mass fabrication of micromixers. The advantages of u-EDM are fabrication of
highly complex geometries, and higher structural flexibility to fabricate three-dimensional
structures. The main disadvantage is the very high local temperatures up to 10000 °C generated

on workpiece, and hence electro-polishing is required to remove heat-affected zone.

Overall, from the above study of fabrication standpoint view of micromixers, the
following conclusions can be drawn. Though silicon-based fabrication is well established to
manufacture the geometry of choice, it has its own limitations of costly equipment, clean room
facility requirement, bio-compatibility and other issues. While the polymeric-based techniques
offer inexpensive mass fabrication for specific applications (analytical chemistry and drug
delivery), they turn out to be unsuitable for drug discovery and electro-osmotic applications
due to poor chemical resistance and poor surface charge density respectively. In metal-based
techniques, though LIGA process can deliver ultra precision and high aspect ratio
microstructures, the required X-ray lithography with synchrotron radiation is not economical
for mass fabrication. Considering various benefits of micromixers and the constraints in
fabrication in terms of cost, access to equipment and reliability it is difficult to implement
complex micromixer designs for wide range of applications particularly in developing
countries. Therefore, it is vital to design and develop simple structured efficient passive
micromixers for widespread implementation to reap their benefits in various scientific

applications.
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Fig. 1.7 Classification depicting different micro-fabrication techniques

1.4 Geometry optimization of Micromixers

12



Geometry optimization plays a critical role in micromixing, which refers to the process

of achieving efficient mixing at the microscale. Micromixing is important in a wide range of

applications, including chemical synthesis, pharmaceutical manufacturing, microfluidic

devices, and lab-on-a-chip systems, where precise control over mixing at small length scales is

crucial.

Geometry optimization in micromixing involves designing and optimizing the geometry of

microscale devices or structures, such as microchannels, micromixers, and microreactors, to

enhance mixing performance. Here are some key reasons why geometry optimization is

important in micromixing:

Enhances Mixing Efficiency: The geometry of microscale devices can significantly
influence the efficiency of mixing. Optimizing the geometry, such as the shape, size,
and arrangement of microchannels or other mixing elements, can enhance the mixing
performance by promoting fluid deformation, stretching, and folding, leading to
increased interfacial contact and enhanced mixing efficiency. Geometry optimization
can help achieve desired mixing characteristics, such as reduced mixing time, improved
uniformity, and increased reaction rates, which are crucial for many microscale
applications.

Enables Tailored Mixing: Different micromixing applications require specific mixing
characteristics, such as laminar or turbulent flow, plug flow, or chaotic flow. Geometry
optimization allows for tailoring the mixing characteristics by designing microscale
devices with desired geometries, such as serpentine, split-and-recombine, or T-shaped
channels, which can result in specific flow patterns and mixing behaviors. This allows
for customization of micromixing systems to achieve optimal performance for a given
application.

Overcomes Diffusion Limitations: At the microscale, diffusion becomes dominant over
convection due to reduced length scales, resulting in slower mixing compared to
macroscale mixing. Geometry optimization can help overcome these diffusion
limitations by creating complex and tortuous flow paths, increasing the contact area
between different fluids, and promoting chaotic advection, which can enhance mixing
efficiency and overcome diffusion limitations. Optimized geometries can also minimize

the dead zones or stagnant regions that can hinder mixing in microscale devices.
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e Enables Scalability and Miniaturization: Micromixing is often employed in
microfluidic devices and lab-on-a-chip systems, where miniaturization and scalability
are critical. Geometry optimization allows for designing compact and integrated
micromixers with small footprint, low sample volumes, and reduced reagent
consumption. Optimized geometries can also facilitate scaling up of micromixing
processes by maintaining consistent mixing performance across different device sizes
and flow rates.

e Improves Process Control and Reproducibility: Geometry optimization in micromixing
enables better control over the mixing process, which is essential for reproducibility
and consistency in microscale applications. Optimized geometries can result in
predictable and repeatable mixing behavior, allowing for precise control of mixing
parameters, such as flow rates, fluid properties, and residence times. This can improve
process control, reduce variability, and enhance the reproducibility of micromixing

processes.

In conclusion, geometry optimization plays a crucial role in micromixing by enhancing
mixing efficiency, enabling tailored mixing, overcoming diffusion limitations, enabling
scalability and miniaturization, and improving process control and reproducibility. It is a
critical design parameter in microscale devices and systems, allowing for efficient and

controlled mixing, which is vital for various microscale applications.
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1.5 Literature Review
Voluminous research in the field of micromixing is dedicated to design, development

and optimization of passive micromixers. The driving factor for the extensive research on
passive micromixers is their high suitability and reliability for vital applications of biomedical
and biochemical analyses (carried out in a complex microfluidic environment where integrating
an active mixer can further complicate handling and operation of lab-on-chip) as well as cost
effectiveness as compared to active mixers. Passive mixers also play a dominant role in the
applications of chemical processing field [12]. However, the challenge that is mainly
concerning in the design of passive mixers is the absence of turbulence due to inherent low Re
microchannel flows which makes mixing a very difficult task. Moreover, when it comes to
mixing of liquids, it is even more complicated to design an efficient passive mixer due to their
low diffusion coefficients (of the order of 10°). To overcome this limitation, the channel
structure of passive mixer should be designed in such a way that the contact area between the
samples is continuously enhanced in the residence time. This can be realized only when the
geometry of passive mixer is capable of continuously inducing the stretching and folding of
samples [39]. Studies of homogeneous kinetics in solution require that a system become well
mixed on a time scale faster than the kinetics of the reaction. For most chemical reactions, it is
preferable that mixing rate is faster than reaction rate to avoid creation of unwanted side
products. Many biochemical assays, for example DNA microarrays, require that a reagent be
brought into contact with the entirety of a functionalized surface, i.e., that the reagents in the
system be well mixed [40]. Therefore, in order to effectively mix in a reasonable time, fluids
must be manipulated such that the interfacial surface area between the fluids is increased
massively and the diffusion path is decreased drastically, enhancing the molecular diffusion for
complete mixing within the desired timeframe of selected application.

A wide variety of passive mixers based on various geometric structures and
hydrodynamic principles have been proposed by many authors previously. Based on the
literature, with respect to geometric structure, passive mixers can be broadly classified into 1)
planar, ii) three-dimensional and iii) complex microstructures as depicted in the classification

below (Fig. 1.8).
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1.5.1 Planar micromixers
Planar micromixers refer to the type of geometries that need only a two-dimensional
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Fig. 1.8 Classification depicting types of passive micromixers based on geometric structure

control over the raw material to fabricate the required shape of channels on the substrate. This
important feature of planar passive mixers facilitates a fairly simple and less time consuming
fabrication procedure. They also incur lower pressure drops during their operation. However
the two-dimensional flow in planar micromixer channels is more restrictive towards the

stretching and folding of samples which is required for mixing enhancement. The various types




of planar designs reported in the literature including the lab-tested micromixers as well as
successfully implemented real-time application micromixers can be generally grouped under
following four categories, i) Contacting or Intersecting sub-streams (e.g. T-mixer, Y-mixer), ii)
Serpentine channels (e.g. square-wave mixer, zig-zag wave mixer), iii) Convergent-divergent

channels and iv) Embedded barriers (e.g. T-mixer with cylindrical elements).

1.5.1.1 Contacting or intersecting sub-streams
The samples are allowed to meet at the confluence of the branches (inlet channels) of

T-mixer, Y-mixer or Arrow-head mixer. The samples collide and come in contact with each
other at the junction and subsequently flow into the mixing channel for mixing process before
exit from the outlet of micromixer. Following studies refer to the use of different contacting
type passive micromixers in various applications. The analyte concentration of a continuous
flow is measured using a basic T-mixer (Fig. 1.9) in the work of Kamholz et al. [41]. A simple
Y-mixer was used in Wu et al. [42] to validate the nonlinear diffusive model of diffusion mixing
in microchannels. Hadd et al., [5] used an electrokinetically driven T-mixer was used to perform
enzyme assays. A micro swirl type of T-mixer was used in the work of Kawasaki et al. [29] to
mix aqueous solutions of metal salts and supercritical water in the synthesis of NiO
nanoparticles. A simple passive T-type micromixer is used to separate particles and molecules

based on their diffusion coefficients in the work of Brody et al. [43].

[:I slowly-diffusing
analyte

. quickly-diffusing
analyte

interdiffusion
region

Fig. 1.9 Schematic of T-sensor for measuring analyte concentrations (Kamholz et al. [41])
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1.5.1.2 Serpentine channels
Serpentine type micromixers (square wave, curved, zig-zag) (Fig. 1.10) performs

reasonably good mixing with lower pressure drops and simple structure favoring easier
integration as compared to complex and 3-D structured micromixers. In a study conducted by
Hossain et al. [44], three different passive micromixers were investigated numerically. The
micromixers had zig-zag, square-wave, and curved geometries, and the analysis focused on the
mixing and flow fields across a wide range of Reynolds numbers. The researchers used Navier-
Stokes equations to study the behavior of water and ethanol, which served as the working
fluids. Notably, the findings revealed that the square-wave microchannel exhibited the most
efficient mixing performance. However, the curved and zig-zag microchannels showcased
comparable performance across the majority of Reynolds numbers. Regarding pressure drop,
the curved microchannel experienced the least drop, while the square-wave and zig-zag
channels displayed similar pressure drops. Similarly, Nonino et al. [45] conducted a
comparative numerical analysis of serpentine microchannels with square cross-sections. Their
objective was to assess the mixing performance of each geometry by calculating mixing indices
at different axial locations. The study employed two streams of fluid with varying solute
concentrations and considered Reynolds numbers ranging from 5 to 150. The comprehensive
evaluation provided insights into the mixing performance of the microchannels and offered a
comparison with straight microchannels of identical length. Another investigation by Kuo et
al. [46] explored the flow characteristics and mixing performance of three microfluidic blood
plasma mixing devices, each with a distinct microchannel geometry. The researchers
discovered that the device equipped with a square-wave microchannel outperformed the others
in terms of mixing efficiency. As a result, this particular design was selected for further
optimization. The team fabricated four micromixers with square-wave microchannels of
different widths and subjected them to both numerical simulations and experimental analysis.
The results indicated that careful specification of the microchannel geometry could achieve a
remarkable mixing efficiency of approximately 76% within a mere 4 seconds. To demonstrate
the practical feasibility, the researchers conducted prothrombin time (PT) tests using a total
liquid volume of 4.0 pL. The tests revealed that the mean time required to complete the entire
PT test was less than 30 seconds.

Even though serpentine channels are planar in structure and easy to fabricate, they

require larger area on the Lab-on-chip which may not be always feasible.
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Fig. 1.10 Different types of serpentine micromixers in blood plasma mixing (Kuo et al. [46])

1.5.1.3 Convergent-divergent channels
Convergent-divergent walled microchannels have emerged as a promising approach to

enhance mixing quality in comparison to conventional straight mixing channels. For instance,
Parsa et al. [47] investigated mixing performance within a sinusoidal microchannel
incorporating convergent-divergent sections. Their findings revealed the formation of Dean
Vortices at higher Reynolds numbers, accompanied by separation vortices within the divergent
crest and trough regions. These vortices played a pivotal role in facilitating convective diffusion
and consequently improving the efficiency of mixing. In a similar vein, Wu and Tsai [48]
developed a meandering microchannel design that integrated convergent-divergent portions.
Their research showcased significant enhancements in mixing performance, particularly under
high flow rates. The presence of Dean and separation vortices, manifested in multiple directions
within the microchannel, contributed to the improved mixing efficiency. Another numerical
study by Afzal et al. [49] delved into the mixing characteristics of a split and recombination
type micromixer employing convergent-divergent walls (see Fig. 1.11). Notably, the
researchers observed an increase in both the mixing index and pressure drop as the number of
split and recombination units rose. Consequently, the optimization of design necessitated
careful consideration of a trade-off between improved mixing performance and the associated

pressure drop.
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Collectively, these investigations emphasize the effectiveness of utilizing convergent-divergent
walled microchannels to enhance mixing quality. The presence of Dean and separation vortices
within these microchannels plays a critical role in augmenting convective diffusion and
promoting efficient mixing. However, it is important to meticulously consider specific design
parameters, such as the number of split and recombination units, in order to strike an
appropriate balance between improved mixing performance and the accompanying pressure

drop.
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Fig. 1.11 Split and recombine mixer with convergent-divergent channel walls (Afzal et al.
[49])

1.5.1.4 Embedded barriers
Several studies have investigated the utilization of embedded barriers, such as obstacles

in microchannels, to improve mixing by promoting chaotic advection. In a study
conducted by Chen et al. [50], the passive mixing behavior of a poly(dimethylsiloxane)
microfluidic mixer with pillar obstructions was evaluated using fluorescence
microscopy (Fig. 1.12). The researchers examined the impact of various parameters on
the efficiency of mixing.

In a different approach, Tseng et al. [51] employed computational fluid dynamics (CFD)
to optimize a micromixer that incorporated diamond-shaped obstacles and boundary
protrusions. By manipulating the flow field and optimizing the geometric design, their
aim was to enhance the mixing performance. Fang et al. [52] conducted research on
mixing enhancement in microchannels by introducing simple periodic geometric
features. They specifically explored how different shapes of these features influenced
mixing efficiency. Afzal and Kim. [49] conducted a comparative analysis of three types
of passive micromixers with convergent-divergent sinusoidal walls. Their evaluation
involved assessing the mixing efficiency of each design and identifying the

configuration that yielded the most favourable results. Similarly, Alam et al. [53]
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investigated the mixing performance of a planar micromixer that incorporated circular
obstructions within a curved microchannel. They studied the influence of various
operational and geometric parameters on mixing efficiency. Santana et al. [54] focused
on optimizing the mixing conditions for the transesterification of sunflower oil in
microchannels with circular obstructions. Their objective was to improve the reaction
rate and conversion efficiency through careful adjustment of the mixing parameters.

Embedded barriers in microchannels have the disadvantages of higher pressure

drops and clogging effect which limits their re-use.

Fig. 1.12 Micromixer with pillar obstructions in mixing channel (Chen et al. [50])

1.5.2 Three-dimensional micromixers
The three-dimensional micromixers refer to the type of passive mixers that are designed

to induce a third dimensional flow at some point or periodically throughout the micromixer by
inserting three-dimensional shapes into micromixer to enhance mixing. The different types of
three-dimensional structure are i) SAR mixers (split-and-recombine mixers), ii) Three-
dimensional outlet channel (e.g. Tangential mixer) and iii) Three-dimensional inlet channel
(e.g. Vortex T-mixer). Fabricating three-dimensional structured micromixers can be very time
consuming as well as their integration is relatively challenging compared to planar type

micromixers.

1.5.2.1 SAR (Split-And-Recombine) mixers
Split-and-Recombine micromixers refer to the type of channel geometries that are

divided and joined repeatedly along the length of micromixer to reduce the thickness of
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samples and increase the interfacial area. Hossain et al. [55] proposed a three-dimensional split
and recombine type micromixer with O-H shaped periodic units and evaluated the mixing
performance in the Re range of 0.1 to 70. For Re as low as 30 the split and recombine
micromixer is able to achieve nearly 88 % of mixing quality. They also observed the mixing
performance is strongly influenced by the geometrical parameters of the split and recombine
mixer. Raza et al. [56] designed a novel micromixer by combining the three-dimensional
serpentine mixer and crisscross split and recombine structure and evaluated the mixing
performance in the Re range of 0.1 to 200. The micromixer achieved very short mixing lengths
in the order of 1500 um for the Re range of 0.1 to 120. A nearly complete mixing is achieved
by this design for Re >40. Hermann et al. [57] developed a validated CFD model to study and
optimize the three-dimensional split and recombine mixer for better exploitation of secondary
flows in order to enhance the mixing performance particularly at lower Re. The results
suggested that the consideration of the effect of secondary flows is very important to improve
the mixing performance of micromixers. Nimafar et al. [58] carried out experimental
investigations to evaluate and compare mixing efficiency of three different micromixers viz.,
simple T-mixer, split and recombine planar O-type mixer and split and recombine three-
dimensional H-type mixer (Fig. 1.13) in the laminar regime. It is found that H-type performed
significantly better owing to the split and recombining process in combination with three-

dimensional flow pertaining to its geometric structure.

Fig. 1.13 Schematic of three-dimensional split and recombine H-type mixer (Nimafar et al.

[58])

1.5.2.2 Three-dimensional outlet channel (Tangential mixer)
Kockmann et al. [59] conducted experiments to explore different three-dimensional

passive mixers with the aim of identifying an optimal micromixer suitable for high-flow-rate
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chemical processing applications. Among the mixers tested, the tangential micromixer (shown
in Figure 1.14) demonstrated superior performance compared to the conventional T-mixer,
caterpillar micromixer, and interdigital micromixer. In the tangential mixer, the two liquid
samples are introduced tangentially into a cylindrical mixing chamber and exit through a
central transition hole, inducing a swirling motion that promotes efficient mixing. These
findings highlight the effectiveness of the tangential micromixer design in achieving enhanced

mixing capabilities for high-flow-rate applications.

Tangential
mixer

Fig. 1.14 Three-dimensional outlet Tangential mixer (Kockmann et al. [59])

1.5.2.3 Three-dimensional inlet channel (Vortex T-mixer)
Cortes-Quiroz et al. [60] conducted an evaluation of flow characteristics to determine

which factors contribute to higher mixing performance in a three-dimensional (3-D) T-
mixer compared to a typical T-mixer. They studied the flow patterns and vortex
formation within the mixers and analyzed their influence on mixing efficiency. The
research aimed to identify the design parameters that enhance vortex formation and
subsequently improve mixing performance in T-mixers. Ansari et al. [61] proposed a
vortex micro T-mixer with non-aligned inputs (Fig. 1.15). Their study focused on the
formation of vortices within the mixer by introducing non-aligned input streams. By
manipulating the angle and position of the inlet streams, they aimed to enhance the
generation of vortices, which are known to promote efficient mixing. The research
investigated the effect of these non-aligned inputs on the flow patterns and mixing

efficiency of the T-mixer.
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Fig. 1.15 Three-dimensional inlet Vortex T-mixer (Ansari et al. [61])

1.5.3 Complex structured micromixers
Complex structured micromixers refer to the passive mixer geometries designed with

complicated and intricate geometric features in order to intensely create stretching and folding
of samples and induce chaotic motion to significantly enhance mixing. the different types of
complex micromixer structures are 1) Staggered herringbone mixer ii) Tesla structures and iii)
Twisted channels. The fabrication of complex structured micromixers may pose many
challenges with respect to fabrication process, cost and time. Along with difficulty in

integration, they can also cause severe pressure drops at relatively higher Re.

1.5.3.1 Staggered herringbone mixers
Staggered herringbone mixers refer to inclined grooves of herringbone like structures

placed in a staggered manner in the bottom of mixing channel to induce chaotic advection.

Stroock et al. [62] introduced the concept of a chaotic mixer for microchannels. They
demonstrated that chaotic advection, achieved by introducing a staggered herringbone pattern
in the mixer's design (Fig. 1.16), enhances mixing efficiency. The researchers investigated the
flow characteristics and chaotic mixing behavior in microchannels with staggered herringbone
structures. This pioneering work laid the foundation for utilizing staggered herringbone
micromixers for improved mixing performance. Chen and Wang [63] focused on the optimized
modular design and experimental evaluation of staggered herringbone chaotic micromixers.
They aimed to further enhance the mixing performance by optimizing the geometric parameters
of the staggered herringbone structures. The study involved both numerical simulations and
experimental validation to investigate the effects of different module configurations on mixing

efficiency in the micromixer. Du et al. [64] evaluated floor-grooved micromixers, which
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incorporate a staggered herringbone pattern, by analyzing concentration-channel length
profiles. They examined the mixing efficiency by quantitatively assessing the concentration
distribution along the channel length. The researchers investigated the impact of geometric
parameters, such as groove width and depth, on the mixing performance of staggered

herringbone micromixers.

Fig. 1.16 Schematic of staggered herringbone micromixer (Stroock et al. [62])

1.5.3.2 Tesla structures
The utilization of Tesla structures in the design of mixing channels has been shown to

significantly enhance mixing performance. This improvement can be attributed to the
shape of the mixing channels, which incorporates curved trajectories. Near these curved
paths, the Coanda effect comes into play, causing substantial sample movement in the
transverse direction. As a result, the mixing performance is greatly enhanced, as the
Coanda effect induces effective fluid mixing within the channels. Hong et al. [65]
introduced a novel in-plane passive microfluidic mixer with modified Tesla structures.
The modified Tesla structures induce chaotic advection, which enhances mixing
performance. The flow physics involve the creation of vortices and fluid mixing
through the interaction of the fluid with the geometric features of the Tesla structures.
This chaotic advection mechanism promotes efficient mixing within the microfluidic
device. Hossain et al. [66] conducted an analysis and optimization study on a
micromixer with a modified Tesla structure. They investigated the flow physics
associated with the modified Tesla structures and their impact on mixing performance.
By analyzing the velocity profiles and flow patterns, they gained insights into the
underlying flow physics governing mixing within the micromixer. This understanding
allowed for the optimization of the geometric parameters of the Tesla structures to
achieve improved mixing performance. Yang et al. [67] presented a high-performance
micromixer that utilized three-dimensional Tesla structures for bio-applications (Fig.
1.17). The three-dimensional Tesla structures facilitated enhanced mixing by

generating strong vortices and promoting fluid mixing through chaotic advection. The
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underlying flow physics involve the creation and interaction of vortices within the
three-dimensional structures, resulting in improved mixing efficiency for bio-

applications.

Unit : mm

Fig. 1.17 Three-dimensional Tesla structured micromixer (Yang et al. [67])

1.5.3.3 Twisted channels
Zhang et al. [68] designed a novel micromixer with clamped capillaries that are twisted

in orthogonal direction periodically at each section (Fig. 1.18). It is shown that the angle of
clamping with 450 has better mixing performance with lower pressure drop. In the research
conducted by Bahiraei and Mazaheri [69], they investigated the thermal and energy efficiency
considerations of a hybrid nanofluid containing graphene-platinum nanoparticles. This
nanofluid was applied in a chaotic twisted geometry for miniature devices. The study focused
on manipulating fluid flow patterns and heat transfer properties by introducing chaotic twisted
geometries. The goal was to enhance mixing performance and overall energy efficiency.
Similarly, Bahiraei et al. [70] utilized computational fluid dynamics (CFD) simulations to
examine irreversibilities and energy efficiency in the laminar flow of a power-law nanofluid
within a minichannel. They introduced chaotic perturbations to the flow to generate chaotic
advection, promoting better fluid mixing and reducing thermal gradients. The study aimed to
improve the mixing performance and energy efficiency of the system. Furthermore, Bahiraei
et al. [70] investigated the development of chaotic advection in the laminar flow of a non-
Newtonian nanofluid. They explored the generation of chaotic flow patterns and vortices,

which enhanced mixing performance by facilitating efficient fluid mixing. The objective was
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to utilize these flow physics phenomena to achieve energy-efficient fluid transport and mixing.
Lastly, Bahiraei et al. [71] conducted a second law analysis of a hybrid nanofluid in tubes
equipped with double twisted tape inserts. By manipulating fluid flow patterns and leveraging
the interaction between the fluid and the twisted tape inserts, the study aimed to enhance mixing
performance by creating turbulence and promoting effective fluid mixing.

Many studies showed that twisted channels generating swirling flows have significantly
improved the heat transfer efficiency. However, studies on the effect of swirling flows on

mixing performance of micromixers are very few.

Fig. 1.18 Schematic model of rectangular twisted 90-mixer (Zhang et al. [68])

1.5.4 Passive T-type micromixer

1.5.4.1 Flow and mixing phenomenon of T-mixer
The T-micromixer is the most widely employed mixing device among all the simplest

passive designs available in the literature. Many authors studied the effect of flow and
geometric variables on mixing phenomenon of T-mixer at various Reynolds numbers.
Particularly, the engulfment regime in T-mixer which occurs at a relatively higher Re than the
typical operating range of pTAS is of great interest in many studies as it yielded a significant
amount of mixing in T-mixer. Engler et al. [72] conducted numerical and experimental
investigations on liquid mixing in static micromixers, exploring parameters such as flow rates,
channel geometry, and mixing element design to understand their impact on the mixing
performance of T-type micromixers. In a similar vein, Wong et al. [73] focused specifically on
the micro T-mixer as a rapid mixing micromixer, optimizing parameters like channel

dimensions, flow rates, and Reynolds numbers to achieve fast and efficient mixing in T-type
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micromixers. Soleymani et al. [74] delved into numerical and experimental investigations of
liquid mixing in T-type micromixers, analyzing parameters such as channel dimensions, fluid
properties, and flow rates to evaluate their influence on the mixing performance and efficiency
of these micromixers. Hoffmann et al. [75] adopted an experimental approach to study liquid-
liquid mixing in T-shaped micro-mixers, utilizing techniques like p-LIF and p-PIV. Their focus
was on parameters such as flow rates, viscosity ratios, and channel dimensions to understand
their effects on the mixing performance of T-type micromixers. Shifting to numerical
simulations, Bothe et al. [76] examined reactive mixing in a T-shaped micromixer,
investigating parameters like reaction kinetics, species concentration, and mixing element
geometry to gain insights into their influence on the mixing performance and reaction
efficiency of T-type micromixers. Dreher et al. [77] investigated the characterization of laminar
transient flow regimes and mixing in T-shaped micromixers. Parameters such as flow rates,
fluid properties, and channel geometry were analyzed to explore their effects on flow patterns
and mixing performance during transient flow conditions in T-type micromixers. Fani et al.
[78] explored the steady engulfment regime in a three-dimensional T-mixer, examining
parameters such as flow rates, channel dimensions, and fluid properties to comprehend their
influence on the engulfment phenomenon and mixing performance within T-type micromixers.
Cherlo and Pushpavanam [79] studied the effect of depth variations on the onset of engulfment
in rectangular microchannels, including T-type geometries. They investigated parameters such
as channel depth, flow rates, and fluid properties to understand their impact on the mixing
performance and the initiation of engulfment in T-type micromixers. Calado et al. [80]
characterized the mixing regimes of Newtonian fluid flows in asymmetrical T-shaped
micromixers. Parameters like flow rates, channel geometry, and asymmetry ratios were
examined to gain insights into their effects on the mixing performance and efficiency in
asymmetrical T-type micromixers. Silva et al. [81] experimentally characterized pulsed
Newtonian fluid flows inside T-shaped micromixers with variable inlet widths, analyzing
parameters such as pulse frequency, pulse amplitude, and inlet width variations to understand
their influence on the mixing performance and efficiency during pulsed flow conditions in T-
type micromixers. Siconolfi et al. [82] employed numerical simulations and stability analysis
to investigate the effect of geometry modifications on the engulfment phenomenon in
micromixers. Parameters such as channel dimensions, modifications in geometry, and flow
rates were scrutinized to comprehend their impact on the stability of the mixing process and

mixing performance in T-type micromixers.
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1.5.4.2 Applications of T-mixer
The passive T-mixer has been employed widely in a diverse range of micromixing

applications owing to its simple design, robustness, ease of integration and low cost of
fabrication. Bokenkamp et al. [83] conducted an experimental study on two “T”” micromixers
connected by a channel, etched ona 1 cm x 1 cm silicon chip. They carried out hydrolysis of
PCA (phenyl chloroacetate) in the T mixers arrangement to utilize it in quench-flow analysis
for protein folding studies that require sub-millisecond time scale of mixing. They successfully
tested the mixer to be capable of performing sub-millisecond quench-flow analysis at higher
Re numbers (Re > 1000). Stahl et al. [84] utilized a T-mixer for crystallization of benzoic acid
at higher Re (6000 to 7000). They evaluated different mathematical models and validated the
size distribution of microparticles obtained in the experiments. A T-shaped micromixer is
employed in Iwasaki et al. [85] for cationic polymerization of vinyl ethers. Yamamoto et al.
[86] carried out the synthesis of zeolitic imidazolate framework (ZIF-8) nanoparticles in a
passive T-mixer. They observed the size of nanoparticles is dependent on flow rates for Re <
2000 whereas the size as well as shape of nanoparticles is independent of flow rates for Re >
2000. Santana et al. [87] carried out synthesis of biodiesel (transesterification of sunflower oil)
in a passive T-mixer with and without static elements. They noticed that the use of static
elements in T-mixer improved biodiesel synthesis. Yasukawa et al. [88] employed two T-
micromixers for mixing of substrate and catalyst solution and slug flow generation respectively.
Their designed system showed higher yields of ethyl pyruvate per unit time with lesser energy
consumption compared to conventional batch reaction systems. Montillet et al. [89] utilized
three different configurations of T-shaped micromixers and produced water in oil emulsions
with a mean size smaller than 10 pm. They found that the size and cross-section shape of

mixing channels has an important role to determine the feasibility of emulsion formation.

1.5.5 Geometry optimization in micromixing
In the field of micromixer optimization, researchers have proposed various

methodologies to enhance mixing performance. Shakhawat Hossain et al. [66] conducted a
study focusing on the analysis and optimization of a micromixer with a modified Tesla
structure. They selected design variables and defined the design space. Objective functions
were calculated through a three-dimensional Navier-Stokes analysis. To save computational
time, surrogate models were constructed based on these objective function values. These
surrogate models were then utilized to predict superior designs and determine the optimal
points. Another approach was presented by Kwang-Yong Kim et al. [53] who concentrated on

shape optimization of the micromixer. They employed a numerical optimization model along
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with the response surface method. Four design variables related to micromixer performance
were chosen. By utilizing a design of experiments (DOE) framework, a surrogate model was
created based on discrete numerical analysis. The objective function values were obtained by
performing a three-dimensional Navier-Stokes analysis. The RSA method was employed as an
optimization tool to improve the mixing performance. M Jain et al. [90] proposed a different
optimization methodology that involved utilizing Bezier curves to represent the groove shape.
The control points of these curves were optimized to identify the best shape for achieving
maximum mixing. The Optimization Toolbox in Matlab was used for the optimization process.
The study explored various Peclet numbers and groove arrangements. Mixing performance was
evaluated using the mixing index. The Bezier curve approach was found to effectively represent
a wide range of groove shapes using the same number of parameters. Optimal groove shapes
identified through the Bezier curve approach demonstrated superior mixing performance

compared to previously studied groove shapes such as diagonal and herringbone grooves.

These studies demonstrate the diverse methodologies employed in micromixer
optimization, including the analysis of mixing performance, shape optimization, and the use of
surrogate models to save computational time. By considering these approaches, researchers can
effectively enhance the performance of micromixers and contribute to the field of

microfluidics.

1.5.6 Shortcoming in the Literature
The literature review presented in the preceding sections provides an overview of

micromixers, including their function, types, implementation in different applications, and
various fabrication techniques. While there have been numerous reports on highly efficient
active micromixers and complex structured/three-dimensional passive micromixers, there are
still some shortcomings that need to be addressed. In particular, there is a need for the design
and development of simple structured passive micromixers that offer enhanced efficiency for
a wide range of applications.

i.  One major challenge with active mixers is their difficulty in scaling up for large-
scale production, as well as their high cost. Additionally, the fabrication process for
complex-structured mixers is often time-consuming and not suitable for applications
involving biological and chemical processing due to the associated large pressure
drops. On the other hand, the simpler planar structures described in the literature are
easier to manufacture but lack high mixing performance. There is limited literature

available on the design and development of simple structured passive micromixers
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that can provide comparable mixing quality to the three-dimensional/complex-
structured mixers.

The mixing performance of a simple structured passive T-micromixer is efficient
within a limited range of Reynolds numbers, specifically in the engulfment regime.
Experimental investigations have shown that a similar planar design, the T-T mixer,
exhibits better mixing characteristics at higher Reynolds numbers compared to the
conventional T-mixer. However, there are limited studies on this efficient planar
design, and there is a lack of research analyzing the flow and mixing phenomena of
the T-T mixer at various Reynolds numbers.

The inclusion of embedded barriers in the mixing channel of passive micromixers
has significantly improved their mixing performance. However, most studies in the
literature focus on obstacles placed in single contacting type passive mixers such as
T-mixers and Y-mixers. It has been reported that a passive T-T mixer (double
contacting type) holds promise as a superior mixing device compared to the
conventional T-mixer. Nevertheless, there is a dearth of studies on the effects of
obstacles in a double contacting type passive mixer like the T-T mixer. Furthermore,
existing studies are mainly limited to lower Reynolds numbers (Re < 100), where
the mixing mechanism relies more on diffusion and less on convection. It is equally
important to investigate the impact of obstacles in micromixers in the convective
mixing regime observed at higher Reynolds numbers (Re > 200).

Most research on passive micromixers has predominantly concentrated on geometric
modifications of the mixing channel to improve the mixing efficiency of
conventional designs. However, among the various simple passive mixer designs,
only a few studies have explored geometric modifications of the inlet channels,
which can influence the flow field and potentially enhance the efficiency of

conventional passive micromixers.

1.5.7 Objectives and scope of present research work
The primary focus of the present thesis is to optimize the geometry and characterize the

flow and mixing phenomenon in various simple structured passive T-type micromixers,
specifically targeting low Reynolds numbers ranging from 1 to 100. Detailed investigations
have been conducted on diverse geometric modifications of the conventional T-mixer, which
have consistently proven to be highly efficient designs. The dissertation addresses existing

limitations in the available literature through the following numerical investigations:
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I. This study aims to examine the flow behavior and mixing phenomenon in both Serpentine
Square and convergent-divergent passive T-mixers across a range of Reynolds numbers
(Re). The investigation analyzes the influence of Reynolds numbers on flow patterns and

mixing performance in these specific types of mixers.

ii. The focus of this study is to enhance the mixing performance in planar micromixers by
optimizing the geometry of a T-mixer using Bernstein polynomials. The objective is to
leverage Bernstein polynomials to improve the mixing capabilities of the T-mixer in planar

micromixers.

iii. This study aims to investigate the impact of cylindrical and prismatic obstacles on the
mixing phenomenon in a T-T mixer. The objective is to optimize the geometrical
parameters of these obstacles to improve the mixing performance at different Reynolds

numbers (Re).

iv. The objective of this research is to optimize the geometric parameters of In-Step T-Type
micromixers to enhance their mixing performance. Additionally, the study includes an
analysis of the pressure drop associated with these optimized micromixers. The primary
focus is to improve mixing efficiency while considering the pressure drop characteristics

of the micromixers.

1.5.7.1 Organization of thesis
The present dissertation is organized into seven chapters:

1. The first chapter provides a concise introduction to the evolution and significance of
miniaturized reaction systems, highlighting the role of micromixers in diverse biomedical,
biochemical, and chemical engineering applications. It explores the advantages and
disadvantages of different fabrication techniques in terms of cost, accessibility, and mass
production. The literature review encompasses a comprehensive range of passive micromixers,
discussing their operational principles, strengths, limitations, applications, and relevant studies.
Special attention is given to the flow and mixing phenomena in passive T-micromixers, forming
the foundation for the current research. Building upon insights from the literature survey,

various deficiencies have been identified and highlighted.
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2. The second chapter of the thesis introduces the equations that govern the fluid flow and
mass transfer in passive micromixers. Additionally, it presents the equation used to evaluate
the mixing quality, which is based on the relative variance of concentration. These equations
provide a fundamental understanding of the flow and mixing phenomenon in passive

micromixers, laying the groundwork for further analysis and investigation.

3. In chapter three, the research delves into the examination and comparison of the flow
behavior and mixing phenomenon in two passive micromixer types: Serpentine Square and
convergent-divergent T-mixers. The investigation encompasses a range of Reynolds numbers
(Re) for the analysis. The main objective is to gain insights into how varying Reynolds numbers

impact the flow patterns and mixing performance in these specific micromixers.

4. In chapter four, the focus of this study is to enhance the mixing performance in planar
micromixers by employing Bernstein polynomials to optimize the geometry of a T-mixer. The
main objective is to leverage the use of Bernstein polynomials to improve the mixing

capabilities of the T-mixer in planar micromixers.

5. The fifth chapter of this study aims to investigate the influence of cylindrical and
prismatic obstacles on the mixing phenomenon in a T-T mixer. The primary objective is to
optimize the geometrical parameters of these obstacles to improve the mixing performance

across a range of Reynolds numbers (Re).

6. Chapter six of this research focuses on optimizing the geometric parameters of In-Step
T-Type micromixers to enhance their mixing performance. The study also includes an analysis
of the pressure drop characteristics of these optimized micromixers. The primary objective is
to improve mixing efficiency while considering the impact of pressure drop effects on the
micromixers.

7. Chapter seven of the thesis provides a concise summary of the key findings and
conclusions derived from the research conducted throughout the thesis. It highlights the
significant outcomes of the study and their implications. Furthermore, the chapter discusses the
potential future directions and areas of exploration for further advancement in the field based
on the current research work. The aim is to identify avenues for future research and to stimulate

further progress and innovation in the subject area.
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2 GOVERNING EQUATIONS AND
NUMERICAL
SCHEMES TO EVALUATE MIXING

2 QUALITY
CHAPTER

In the present chapter, the equations governing the momentum transfer (Navier-Stokes)

and mass transfer (convection-diffusion) in the numerical study of various micromixers
described in the upcoming chapters are presented first. Secondly, the mathematical formulation
used for the evaluation of mixing performance of various micromixers at different Re is
presented. Later, the numerical schemes employed in the commercial code ANSYS FLUENT
15.0 and COMSOL Multiphysics which aid to solve the governing equations and obtain the

flow and concentration fields in the micromixer are also presented.

2.1 Mathematical Modeling
The fluid flow in the microchannel is considered to be incompressible and Newtonian.

The flow field is solved by the governing equations of continuity and Navier-Stokes as shown

in Egs. (1) and (2) respectively,

VV=0

Vv =—LtvpiwA
(1) P

)

where ‘J” denotes velocity vector, ‘p’denotes density, ‘P’ denotes pressure, and ‘v’ denotes
kinematic viscosity. The governing equation for mixing of samples in the microchannel is given

by Eq. (3) as shown below.

(V-V)c =DV
(3)

where ‘¢’ denotes concentration and ‘D’ denotes diffusion coefficient.
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2.2 Mixing quality evaluation
The relative variance of the concentration of species in a cross-section of the mixing

channel can be utilized to determine the amount of mixing that is taking place in the mixing
channel. Therefore, the mixing quality ‘e’ is evaluated by using the Eq. (4) at different cross

sections along the length of the mixing channel.

a=1- | (4)

Here, o, is the maximum variance of the mixture (0.5) and o, is the variance of the mixture

max

in the cross sectional plane, it is calculated as
2 1 — \2
ol ZHZ(C‘_CM) (5)

where, C,, is the mean value of concentration taken over n elements of the grid for a particular

cross section of mixing channel. The value of mixing quality ‘a’ becomes ‘zero’ for no mixing

and ‘unity’ for complete mixing.

2.3 Numerical Schemes
The numerical schemes as shown in Table 2.1 have been employed in ANSYS FLUENT

15.0 to solve governing equations pertaining to fluid flow and mixing phenomenon in the
micromixer. Second order upwind schemes are selected to solve the momentum and species
equations to obtain the solutions at higher order of accuracy. SIMPLEC scheme has been
employed for pressure-velocity coupling in order to improve the convergence of solution.

Table 2.1: The solution methods used in the numerical simulation

Pressure-velocity coupling SIMPLEC

Pressure Standard
Momentum Second order Upwind scheme
Species Second order Upwind scheme

In COMSOL Multiphysics, the fluid flow equations were solved using the Laminar Flow
physics interface model, while the mass fraction equations were solved using the Transport of

Concentrated Species (tcs) model. To account for mass transport, the Reacting Flow
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Multiphysics coupling feature was utilized, allowing the fluid flow to depend on the mixture
composition.

For the fluid flow problem, a P2+P1 discretization scheme was employed, while a quadratic
discretization scheme was used for the concentration field in the mass fraction equations. This
approach allowed for accurate and efficient simulation of the fluid flow and mass transport

interactions, considering the influence of mixture composition on the fluid dynamics.
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NUMERICAL EVALUATION OF LIQUID
MIXING IN A SERPENTINE CONVERGENT-
DIVERGENT PASSIVE MICROMIXER

CHAPTER 3

3.1 Introduction
Micromixers play an important role in pTAS (micro-Total Analysis Systems) or lab-

on-chips to carry out chemical, biomedical and biomedical analyses. Nowadays, microreactors
are widely utilized in the field of chemical processing for organic synthesis, reaction kinetic
studies and chemical production. The main advantages of micromixers over macro batch
reactors are rapid analysis, portability, low cost, spending fewer amounts of costly reagents and
high safety in case of explosive chemical reactions. Some of the important applications of
micromixers are protein folding studies, DNA arrays, cell analysis, organic synthesis and
chemical assays [91]-[95]. Micromixers can be categorized into two types 1) active and 2)
passive micromixers. Active mixers need an external energy source such as electrokinetic,
ultrasonic, piezoelectric or magnetohydrodynamic instabilities to induce mixing [96]-[98]. In
passive mixers, samples are only pressure driven but they do not require any external energy
source to induce mixing. The channels of passive mixer are designed in such a way that the
interfacial area between samples is reduced by splitting, recombining, stretching and folding
mechanisms to enhance mixing [58], [99], [100]. The passive type micromixers are mostly
employed in various applications due to their ease in fabrication, ease of integration into

complex micro systems and low cost of manufacturing.

In spite of the advantages of passive mixers over active mixers, the inherent laminar nature of
microfluidic flows and the absence of turbulence make mixing very difficult in passive mixers.
Many complex designs of passive mixers were proposed earlier to improve the mixing
performance of the passive device. Stroock et al. [62] experimentally investigated mixing in a
staggered herringbone mixer. The mixer consists of ridges placed on the bottom wall of mixer.
These ridges created transverse flow in the channel and thereby significant improvement in
mixing is obtained in Re range of 0 to 100. Hsiao et al. [101] experimentally and numerically

studied mixing in a T-mixer rectangular winglet pairs (RWPs) placed on the bottom wall of the
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mixer. They observed that strong vortices are created behind RWPs at high Re which lead to
better mixing performance. Chen et al. [102] carried out numerical analysis to study the mixing
behaviour of stacking type and folding type E-shaped micromixers. It is observed that chaotic
advection started in both mixers above a Re of 5 and thus mixing has enhanced significantly.
They found that the folding type E-shaped mixer performed better than stacking type mixer
due to the advection mechanism of continuous rotation along with 3D stretching. Cortes et al.
[60] carried out numerical investigations on mixing phenomenon in a 3-D T-Mixer. They found
that an earlier onset of vortex formation took place in 3-D T-Mixer with increase in Re as
compared to planar T-mixer. Studies on 3-D passive mixers [103], [104] have found similar

results.

It is observed that the complex designs of passive micromixers [62], [102], [105] and 3-D type
passive mixers improve the mixing efficiency at the cost of fabrication challenges and severe
pressure drops in the flow during their operation. Studies [44], [106] showed that a simple
planar design of serpentine square wave passive mixer performed better mixing with easier
fabrication of the device and minimum pressure drops during flow. In the present work to
further enhance the mixing of simple passive designs, a serpentine square wave with
convergent-divergent type passages in the mixing channel has been studied in the Re range of

0 to 100

3.2 Methodology

3.2.1 Numerical Modelling
The geometries of serpentine Square and Convergent-Divergent wave micromixers are created

in ANSYS Design Modeler. Figure 3.1 shows the 3D schematic of Square and Convergent-
Divergent wave micromixers. The dimensions of the geometries are Pitch, Pi = 400 um, Width,
W =100 um and L¢ = 3400 um. The depth of the channel for both mixers is taken as 100 pum.

The whole domain of Square and Convergent-Divergent wave micromixers is meshed with
hexahedral elements as shown in Fig. 3.2. This type of elements aligns very well with the flow
direction and results in improved accuracy. The hexahedral meshing also results in less number
of elements as compared to tetrahedral meshing for the same domain. This reduces the

computational effort.
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Fig 3.1: Schematics of (a) Square and (b) Convergent-Divergent wave micromixers
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Fig 3.2: Hexahedral mesh of (a) Square and (b) Convergent-Divergent wave micromixers

The commercial numerical tool, ANSYS Fluent, is used to solve the flow and mixing
phenomenon in the Square and Convergent-Divergent wave micromixers. Two liquid species
‘a' and ‘b', with same properties of liquid water at 20°C (density p = 998.2 kg/m?, dynamic
viscosity 1 = 0.001 Pas and diffusion coefficient D = 2 x 10° m?/s, were chosen to be mixed in
the micromixer for all the simulations. The concentration in terms of the mass fraction for the
boundary condition is set to one for species ‘a' and set to zero for species ‘b' at the left inlet and
vice versa at the right inlet. The pressure at the outlet of the mixer is set to atmospheric pressure.
The boundary conditions are provide in Table 3.1. Steady laminar flow model along with the
species transport model is used to solve the flow mixing problem. The pressure-velocity

coupling and the spatial discretization methods used for pressure, momentum, and species
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transport equations are tabulated in Table 3.2. The convergence criterion for the residuals is set

to 107 for continuity and 10° for momentum and species equations.

Table 3.1: Boundary conditions used in numerical simulations

Case | Velocity at left inlet (m/s) | Velocity at right inlet (m/s) | Reynolds number
I 0.02 0.02 2

I 0.05 0.05 5
i 0.1 0.1 10
v 0.2 0.2 20
\Y, 0.3 0.3 30
VI 0.4 0.4 40
Vil |05 0.5 50
VIIIl | 0.65 0.65 65
IX 0.75 0.75 75
X 1 1 100

Table 3.2: The solution methods of numerical simulation

Pressure-velocity coupling | SIMPLEC

Pressure Standard

Momentum Second order Upwind
Species Second order Upwind

3.2.2 Grid Independence Test
Grid independence test has been carried out to find the required mesh size for the accurate

analysis of fluid flow and mass transfer in the serpentine Convergent-Divergent wave
micromixer. Figure 3.3 shows the variation of axial velocity at the outlet centreline of
serpentine Convergent-Divergent wave mixer at a Re of 65. The minimum deviation in the
axial velocity is found between 5 and 4 micron size elements. Therefore, the grid with 5 micron

size element is selected for the current study.
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Fig 3.3: Velocity profiles at outlet centreline of Convergent-Divergent wave micromixer for

different mesh sizes

3.2.3 Validation
The governing equations of fluid flow and species transport for the T-mixer in the current study

have been solved numerically with similar conditions as that of Cortes-Quiroz et al. [60]. These
results are compared with the results of Cortes-Quiroz et al. [60] to check the accuracy of the
solution obtained from the present study. The mixing quality comparison between T-mixer of
present study and Cortes-Quiroz et al. [60] is shown in Fig. 3.4. It is observed that the present

results agree well with the existing literature.
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Quiroz et al. [60] at different Reynolds numbers

3.3 Results and discussion

3.3.1 Low Re flows
At low Re (< 10), the nature of flow in two mixers (Square and Convergent-Divergent wave)

is completely in laminar regime (Figs 3.5a and 3.5b) Mixing is governed only by diffusion and
proportional to residence time of samples in the mixer. Therefore, mixing is reduced as the Re
is increased from 0 to 10 (Fig 3.6). The geometries of both mixers could not enhance mixing

due to the dominant viscous forces of low Re range of 1 to 10 (Figs 3.7a and 3.7b).

Streamlines based on spec b mass fraction
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Fig 3.5: Streamlines at Re = 5 (a) Square wave (b) Convergent-Divergent wave micromixers
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Fig 3.6: Variation of mixing quality with Re of Square and Convergent-Divergent wave

micromixers.

0U||19:]5930 b mass fraction Outlet spec b mass fraction

43



(a) (b)

Fig 3.7: Outlet mass fraction contours at Re = 5 (a) Square wave (b) Convergent-Divergent
wave micromixers

3.3.2 High Re flows

As the Re is increased (> 10), it is observed that the process of stretching and folding have
initiated in the mixing channel of both mixers (Figs 3.8a and 3.8b). However it can be observed
that the degree of stretching and folding is higher for Convergent-Divergent wave mixer along
with recirculating secondary at bends (Fig 3.8b) as compared to Square wave mixer (Fig 3.8a).
The intermediate convergent-divergent passages in the horizontal sections of mixing channel
have created a greater scope for the stretching and folding of samples along with recirculation
at bends. Therefore the mixing is enhanced at high Re flows of 10 to 100 (Fig 3.9) with

Convergent-Divergent wave mixer (Fig 3.10b) as compared to Square wave mixer (Fig 3.10a).

Streamlines based on spec b mass fraction
1.0 =

Streamlines based on spec b mass fraction
| s 4 .

1.
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Fig 3.8: Streamlines at Re = 30 (a) Square wave (b) Convergent-Divergent wave micromixers
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Fig 3.10: Outlet mass fraction contours (Re = 30) at 1000 micron (a) Square wave (b)

Convergent-Divergent wave micromixers

3.4 Conclusions
To improve the mixing efficiency of planar type passive micromixer, the mixing phenomenon

in a serpentine mixer with Convergent-Divergent passages in the horizontal sections of mixing
channel has been investigated in the Re range of 0 to 100. It is observed that at low Re (0 to

10), the flow is completely laminar and the mixing relied purely on diffusion in both Square

45



wave and Convergent-Divergent mixers. Therefore, as Re is increased from 0 to 10, mixing
continuously decreased in both mixers due to reduction in the residence time. The action of
stretching and folding is initiated in both types of mixers when the Re is increased (> 10), and
therefore mixing continuously increased. However, it is found that the degree of stretching and
folding is intense in the Convergent-Divergent wave mixer as compared to Square wave mixer.
Also, the flow in the Convergent-Divergent wave mixer is associated with recirculation zones
in the bends which enhanced the mixing efficiency considerably. Therefore, it is concluded that
it is more beneficial to employ convergent-divergent passages in serpentine type mixers which

can further enhance its mixing capability.
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4 MIXING ENHANCEMENT OF PASSIVE
TYPE T-MIXER THROUGH SHAPE
OPTIMIZATION

CHAPTER 4

4.1 Introduction
Micromixers are an important component in microfluidic devices and microfluidic

systems. They have significant applications in biomedical and chemical analysis [91], [92],
[94], [95], [107]. Mixing has prime importance in microfluidics. At the same time, mixing is
very challenging in micro channels. At macroscale we exploit the velocity of the fluid so that
the flow can easily turn into turbulent mode by increasing the flow velocity so that turbulence
in the flow helps in mixing of the fluids at macroscale. At microscale however the turbulence
effects are not present, and flows are inherently laminar because of the small length scale of
the system. Micromixers can be primarily classified into two types. 1) Passive micromixers
and 2) Active micromixers. Active micromixers require external force to induce mixing such
as electrodynamic, magneto hydrodynamic, acoustic, and ultrasonic [96]-[98]. The pressure
driven passive micromixers require no external force to induce mixing. In passive micromixers,
diffusion and chaotic advection are dominant physical phenomenon. Passive micromixers can
increase mixing by stretching, folding, splitting and recombining mechanisms [58], [99], [100].
Different passive micromixers are designed by considering the mechanisms mentioned above

to enhance mixing efficiency.

Due to ease of design and fabrication, many passive micromixers have been developed to
improve mixing efficiency. Chen et al. [102] carried out a numerical study to investigate the
mixing behavior of stacking and folding type E-shaped micromixers. It was found that mixing
enhanced significantly due to chaotic advection. Above Re of 5, chaotic advection played a
major role in improving the mixing in stacking and folding type E-shaped micromixers. Strook

et al. [62] carried out an experimental study to investigate mixing performance in a staggered
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herringbone mixer. Ridges were placed on the bottom wall of the mixer. A transverse flow was
created in the channel due to the ridges. Moreover, transverse flow helped in improving the
mixing of the channel. Hsiao et al. [101] carried out both experimental and numerical study in
a T-mixer with rectangular winglet pairs (RWPs) placed on the bottom wall of the mixer. At
higher Re, strong vortices were created behind RWPs and thus, mixing efficiency improved
significantly. J. M. Ottino et al. [ 108] studied chaotic mixing in microchannels. It was observed
an increase in interfacial contact area by creating repeated stretching and folding of fluids in a
microchannel. Ekta et al. [109] carried out a numerical study to investigate the mixing
characteristics and pressure drop of a spiral micromixer by varying width and depth of the
micromixers. They found that for Re>50, the mixing efficiency doesn’t improve significantly.
Dundi et al. [110] developed passive type T-T mixer with cylindrical elements. And they
numerically proved that the developed mixer showed significant improvement in micro mixing
compared to basic T-mixer. Muhammad et al. [111] developed non-aligned input M-type
micromixers with different shaped obstacles. They found that the proposed four novel
micromixers showed improved mixing performance. Masoud et al. [112] studied the
confluence angle, flow rate and flow rate ratio effect on passive mixing. The effectiveness
increased with increase in flow rate ratio and decrease in angle. Mranal et al. [113] studied the
effect of heterogeneous charge patterns at the microchannel bottom on electro kinetic mixing
performance. They identified optimal heterogeneous charge pattern by formulating a binary
numerical optimization problem. Furthermore, other studies were able to create chaotic mixing
by different geometry modifications in microchannel shapes such as serpentine channels, zig-
zag channels, and curved microchannels [114]-[116]. Jain et al. [117] used a shape
optimization technique to optimize groove shape in a microchannel. In this study, the groove
shape has been represented parametrically using Bezier curves. The control points of the Bezier
curve were chosen as optimization parameters to identify the optimal groove shape which

maximizes mixing for a given set of operating conditions.

It was observed that different passive micromixers provide improved mixing efficiency [62],
[101], [102]. Other studies [46], [118] showed that simple planar designs like square, wave,
and serpentine micromixers which showed better mixing were easy to manufacture and had
minimum pressure drops during the flow. All micromixers mentioned previously were
developed by trial-and-error method. And there was a need to develop a systematic approach

to address this problem. This was achieved by employing the features of Bernstein
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polynomials. Sergei Natanovich Bernstein (1880—-1968) proposed the Bernstein basis in order
to offer a useful demonstration of Weierstras' theorem. Due to Bernstein polynomials' sluggish
convergence as function approximants, they were not commonly used until the development
of digital computers. The Bernstein polynomials were eventually used widely once it was
discovered that the coefficients of these polynomials could be easily changed to alter the shape
of the curves they described. In the 1960s, two French car engineers, Paul de Casteljau and
Pierre Etienne Bezier, were interested in putting this idea into action. Clay model sculpting
turned out to be a time-consuming and expensive procedure for creating intricate designs for
car bodies. De Casteljau and Bezier set out to create mathematical tools that would enable
designers to make and modify complex objects naturally. Bernstein polynomials, also called
Bezier curves, brought Bezier's name to people's attention. This is because de Casteljau
published most of his research when at work. Bernstein polynomials are based on current
research and modern technologies, and they have a number of useful properties that can be
used in many fields. Inspired by the successful application of the Bernstein polynomial based
optimization approach for numerous aerodynamic applications, this approach has been
employed for the outer wall profile of the T- mixer also [119]. In this approach, the shape
variation is governed by equation (8) such that the need for grid generation at every iteration
is eliminated. On the flipside, a minor drawback of restriction of the available shape owing to
the choice of deformation vectors exists. However, this could be solved by varying the order
of parameterization as well as control points’ displacement. The present article attempts to

perform optimization by choosing the former method.

In the present work, the basic T-mixer and the effect of channel shape on the mixing efficiency
of the T-mixer were studied. Shape optimization technique to enhance mixing efficiency by
altering the shape of T-mixer channel was used. The optimized T-mixer showed significant
improvement in mixing compared with basic T-mixer. Numerical analysis was conducted in
2D to reduce computational time and the complexity of setting up the shape optimization
problem. At low Re (Re<30), the extent of mixing evaluated using 3D and 2D models was

nearly same. This was due to the absence of secondary flows and flow vortices at low Re [120].

4.2 Methodology
The 2D planar type T-micromixer geometry was created using COMSOL Multiphysics 5.5

software, shown in figure 4.1a. The length of the microchannel (L) is 3000 um, width (W¢) is
200 pm, height (hc) is 800 pm and inlet channel width (Wj) is 100 pm.
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Fig. 4.1 Schematic diagram of the T-micromixer and its mesh (a) Schematic diagram of the

computational domain and (b) free triangular mesh of T-micromixer.

In this problem, two liquid species A and B were chosen for mixing in planar type T-
micromixer channel. Both species had the same properties as liquid water at 20°C, mentioned
in Table 4.1. Concentration gradient was created by providing the boundary conditions at the
inlet, so that mass fraction was set to unity for species ‘A’ and zero for species 'B' at inlet one
and vice versa at inlet two. Normal inflow velocity boundary condition (Re = 2 to 30) was
given at inlet one and inlet two along with mass fraction boundary conditions. At the outlet, the
pressure boundary condition was provided. It was set to atmospheric pressure. Except for inlet

and outlet, all other boundaries were applied with no-slip boundary conditions.

Table 4.1: Properties of the species materials

Properties Species A & Species
B

Type of material Liquid Water

Density, p [Kg/m* 998.2

Dynamic Viscosity, x [Pa. s] 0.001
Diffusion coefficient, D 2x107

[m?/s]
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Fluid flow equations were solved using Laminar flow physics interface model, while mass
fraction equations were solved using the Transport of concentrated species (tcs) model.
Reacting flow Multiphysics coupling feature was used to simulate mass transport where the
fluid flow depends on mixture composition. For solving the fluid flow problem, P2+P1
discretization scheme was used, and for concentration field, a quadratic discretization scheme

was used.

A free triangular mesh was used for the whole computational domain, as shown in figure
1b. Because this mesh is like a 'workhorse' for 2D Computational fluid dynamics problems, it
was easy to create this kind of mesh with high element quality[121]. However, this ease comes
with a cost. This free-unstructured triangular mesh gives greater numerical diffusion. The
triangular meshes must be extra fine to overcome the difficulty. In this study, extremely fine
mesh was used with a maximum element size of 5.36 um, and the number of elements was
63864. The details of mesh independence are mentioned in the following section. The different

meshes that were considered for the mesh independence test are given in Table 2.

4.2.1 Gridindependence study
To determine the optimum mesh size for planar type T-mixer analysis, a grid independence

study was performed. This study considers axial velocity and mixing quality distribution at the
outlet of planar type T-mixer for Re=5. Figure 4.2a depicts the axial velocity distribution at the
outlet while figure 4.2b depicts the mixing quality distribution at the outlet. Between meshes 6
and 7, the axial velocity has the smallest variation. In addition to axial velocity, the mixing
quality difference between mesh 6 and mesh 7 is also minimal. Hence, mesh 6 was considered

for the current study.

51



Average velocity (m/s)

Table 4.2: Grid independence test parameters

Mes Ma Mini Maxi Num Mixi
hes ximum | mum mum ber of | ng
elemen | element | element | element | quality,
t size size growth |s a
rate
Mes 176 5.6 1.4 1870 0.249
hl 4 7
Mes 69.6 3.2 1.25 2396 0.182
h2 6 6
Mes 36 1.6 3020 0.172
1.15
h3 8 6
Mes 224 0.32 1.1 3705 0.168
h 4 2 4
Mes 10.4 0.12 1.08 4197 0.167
h5 4 4
Mes 5.36 0.016 1.05 6386 0.166
h 6 4 9
Mes 5.00 0.016 1.05 7328 0.166
h7 0 8
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Fig. 4.2 Grid independence study and validation (a) Average axial velocity profiles at outlet
of T — micromixer for different meshes, (b) Mixing quality at outlet of T—micromixer for
different meshes and (c) Comparison of Mixing quality with various Reynolds number for T-

mixer of the present study and Dundi et al. [110].

4.2.2 Validation
The governing equations of the flow field and species transport of the T-mixer have been

solved in this study using conditions comparable to those used by Dundi et al. [110]. To validate
the accuracy of the current numerical scheme, the results obtained were compared to the results
of Dundi et al. [110]. Equations (4, 5) were used to assess mixing quality at the T-mixer outlet.
Figure 4.2c shows that the current study's findings are in close accord with those of Dundi et

al. [110].

4.2.3 Optimization approach
The effect of the outer wall’s shape of the T-micromixer on the mixing performance was

examined. Bernstein polynomial was used to deform the geometry. After deformation, mixing
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quality was evaluated for different Reynolds numbers from 2 to 30. The following equations
represent the Bernstein polynomial of n degree with n+1 control point.

P(t) =X oBiJni(t) 0<t<1 (6)

In the above equation, B; represents the control points of the Bezier curve, and J,, ;(t) is the

Bernstein basis polynomial mathematically defined as follows:

n!
il(n—i)!

Jni(®) = ti(1— )" (7)

In this study, the COMSOL Multiphysics 5.5 optimization module’s features were used to
deform the geometry. The two external walls of T-micromixer were represented by n™ order
Bernstein polynomial, which is available through the polynomial boundary feature. Inspired
by the successful application of the Bernstein polynomial based optimization approach for
numerous aerodynamic applications, the approach was employed for the outer wall profile of
the T- mixer also [119]. In this approach, the shape variation is governed by equation (8) such
that the need for grid generation at every iteration is eliminated. This representation helps in

deforming the geometry. It controls the deformation of interior nodes by a smoothing equation,

while the deformation of walls is given by:

d= Z? Bln(S)C, —dpmax ¢ < dmax, (8)

Bi represents the control points of Bezier curve. The initial value of B; could be anything
depending on the COMSOL parameter(s), which ranges from 0 < s < 1. For example, in a

linear curve, when S = 0.25, B;(S) is one quarter of the way from starting point to ending point.

"dmax" Represents the maximum displacement of Bernstein polynomial of n' order.
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RIS

Fig. 4.3 Geometry bounding box realization on the microchannel.
On the flipside, a

minor drawback of restriction of the available shape owing to the choice of deformation vectors
exists while using Bernstein polynomials. However, this could be overcome by varying the
order of parameterization (n) and/or control points’ displacement (dna). The present study

attempts to perform optimization by choosing the former method.

Maximum displacement was limited to 5% of the total length of the curve which was to be
altered. In this problem, upper and lower walls of micro channel were considered to alter the
channel shape. Both walls were of equal length of 2900pum and the maximum displacement of
each wall was 145um, which was 5% of total length of inlet/outlet boundary. The geometry
bounding box is a square box with a side length of 2d,... It is to be noted that the mass of the
species held in T-mixer at any point of time is not constrained and it varies with wall profile.
Initially, the polynomial order was fixed to second-order. Bernstein polynomials satisfy the
bounds of coefficients across the whole line. It means that each point on the line is confined to
move in a square box. The higher-order and higher maximum displacement lead to clashing of
boundaries and reduce the tendency for inverted elements. So, it is necessary to find a balance
between them for convergence of the solution. The optimization technique uses adjoint
sensitivity method [122], [123] to perform sensitivity analysis. Initially, shape optimization
was performed at Reynolds number (Re = 5). Here the flow rate was fixed, and the
maximization of mixing quality (o) was considered an objective function to perform shape

optimization.
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The COMSOL numerical solver initially solves the fluid flow and species conservation
equations for the rectangular domain and transfers the data to the optimization module. In the
optimization module, the objective function i.e., mixing quality for different data points in
control space is searched. If the stopping criteria is reached i.e., optimum value is obtained, the
corresponding outer wall profile is given as the output and the search procedure is terminated.
However, if the optimum profile is not found in the initial run Io, further iterations are
performed in the optimization module to search for the optimum geometric configuration
which exhibits maximum mixing quality. The flowchart depicted in figure 4.4 shows the

implementation of the optimization algorithm in the COMSOL based module.

COMSOL Multiphysics software solves
the governing equations (Flow and species
transport , eq. 1, 2, & 3) for the initial T-
mixer wall profile(I’). Compute the
mixing quality(«°) by using equation 4.
Pass (I’, a° ) to COMSOL OPTIMIZER

MODULE.
l a, o)
Optimizer module COMSOL solves finite
e (@)
determines if element method model
optimum ‘e’ has e for I'*! with new T-
been reached. If not mixer wall
searches the space profile(using control
of I for the best points of Bezier curve)
guess. and returns o .

Is af
optimum?

l Yes

Fig. 4.4 Flowchart showing steps for optimization problem implementation in COMSOL

Multiphysics.

4.3 Results and Discussion
The profile of the walls of the T- micromixer was modified using the adjoint based shape

optimization technique. Figure 4.5a shows the geometric model of T-mixer with the walls being
highlighted. Initially, the length of both walls was 2900 pm each. Numerical simulations were
carried out by varying the inlet velocity such that the Reynolds number varied from 2 to 30. As

the Reynolds numbers pertain to laminar flow regime throughout the channel as shown in

56



figure 5b, the mixing was observed to be diffusion dominant. Therefore, the residence times
played a pivotal role in effective mixing of the constituent species. The effect of Reynolds
number on the mixing quality depicted in figure 4.2¢ reinforces the dependence of mixing
quality on residence time. The increase in Reynolds number represents an increase in inlet
velocity. As the inlet velocity increases, the residence time available for the constituent species
inside the mixer decreases. This adversely affects diffusion and thus results in ineffective

mixing.

N

(a) (b)

Fig. 4.5 Streamlines and polynomial boundary representation (a) Polynomial boundary
representation of boundary walls of T-micromixer, and (b) Streamlines based on Spec B Mass

fraction at Re = 5.

4.3.1 Optimized T-micromixer
The optimized order of the Bernstein polynomial for improved mixing significantly depends

on the geometric bounding box size and its geometry. The side of the square bounding box
selected in the present study was 5 % of the total length of the straight channel T-micromixer
(2900 microns) i.e. 145 microns. Considering the intersection of the walls at higher orders, the
order of the polynomial was limited to “I12” in this study. Figure 4.6 shows different T-
micromixer configurations obtained by varying the order of the polynomial. Each wall profile

results in different mixing quality as well as pressure drop.
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Table 4.3 shows the effect of the order of the polynomial on the mixing quality as well as
pressure drop at Re = 5. It is observed that with increasing order of the polynomial, the mixing
quality monotonously increases accompanied by an increase in pressure drop. The channel
profile following the 12" order Bernstein polynomial was observed to exhibit the highest
mixing quality. It is observed from the table that a significant increase in the mixing quality i.e.
139.9 % was also accompanied by an increase in pressure drop. However, the relative increase
in the mixing quality as well as the pressure drop with increasing polynomial order decreased
at higher orders of the polynomial i.e. (n = 4 to 12). It is to be noted that the aforementioned
maximum mixing quality in case of 12 order polynomial was obtained by only a 1 % increase
in the length of curved boundary i.e. 2932.4 um. A similar kind of optimization procedure was
also performed at higher Reynolds numbers. However, the optimized wall profile obtained by
performing the aforementioned optimization procedure does not depend on the Reynolds

number of the flow.

(a) (b)

(c) (d)
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Fig. 4.6 Optimized shapes for different polynomial order (a) 2", (b) 4%, (c) 6™, (d) 8™, (e)

10™, (f) 12™ orders, (g) Overlapping images of all orders.

Table 4.3 Mixing quality and Pressure drop variation for different polynomial order at Re = 5

Polynomial Mixing quality, a Pressure drop,
order (Pa)

Linear 0.16692 18.113

2nd 0.29598 195.63

4t 0.34675 324.92

6h 0.35914 320.4

gt 0.38013 366.32

10t 0.39265 397.65

12t 0.4005 419.82

Figure 4.7 shows the effect of Reynolds number on the mixing quality and pressure drop at

various Reynolds number for the optimized 12" order T — micromixer. From figure 4.7a it is
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observed that the mixing quality decreases with an increase in Re. It is understood that with an
increase in Re, the sample’s residence time is reduced which resulted in reduced mixing quality
as discussed earlier. On the contrary, it is observed that with an increase in Re, the inlet pressure
requirement increases monotonously as expected. It is also observed that the major portion of
the pressure loss across the channel occurs in the throat region owing to the gradually reduced
cross section. This indicates that the minimum throat area and the channel profile significantly

impact pressure losses across the channel.
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Fig. 4.7 Variation of Mixing quality and pressure with Re of Optimized T-mixer (a)
Variation of Mixing quality with Re of Optimized T-mixer and (b) Pressure variation of

optimized T-micromixer along the axial length of the channel for different Re.

4.3.2 Comparison between Basic T-micromixer, Optimized T-micromixer, and Basic T-
mixer with width equals to the throat width of the optimized channel
In this section, the mixing performance of the optimized T-mixer was compared with the

basic T-mixer and thin T-mixer. The thin T-mixer refers to the configuration where the thickness
of the straight channel is equal to throat thickness of the optimized channel. The geometric
model of the aforementioned thin T-mixer is shown in figure.4. 8a. It is observed that the
mixing quality monotonously decreases with Re for all geometries. However, the rate at which
the mixing quality decreases significantly depends on the profile of the mixer walls. Though
all the mixer configurations exhibit similar mixing performance at very low Re, the effects are
amplified with increasing Re. The optimized T-mixer exhibits maximum mixing quality

followed by thin T-mixer and the basic T-mixer.
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From figure 4.8b and Table 4.4, an improvement of 100% to 300% in the mixing quality of
optimized T-mixer is observed compared to basic T-mixer. There is an increase in mixing
quality with decreasing channel thickness. At same values of Re at the inlet i.e. same flow rates
of the species, the decrease in the channel gap results in a decrease in the transverse distance
between the fluid streams, thereby reducing diffusion length. This reduction in diffusion length
at smaller channel gaps significantly improves rate of diffusion. However, the improvement of
the optimized T-mixer over the thin T-mixer is due to increased residence times owing to the
diverging section at the outlet. The residence time is calculated for both mixers at Re = 10. A
streamline along the center-line of the channel is considered and the time taken for a particle
to traverse this length is numerically calculated by considering the velocities on the discrete
nodes of the aforementioned streamline. The residence time calculated for optimized T-mixer
1s 0.136 sec and for thin T-mixer, it is 0.039 sec. The residence time of the Optimized T-mixer

is nearly 2.5 times that of the thin T-mixer.

Table 4.4 Mixing quality of Basic T-mixer and Optimized T-mixer

Reynolds Mixing quality Mixing quality of Increase
number, of Basic T-mixer Optimized T-mixer | percentage (%)

(Re) of mixing

quality

2 0.326 0.72 120

4 0.193 0.477 147.15

6 0.148 0.375 153.37

8 0.125 0.321 156.8

12 0.099 0.275 177.77

16 0.085 0.273 221.17

20 0.076 0.285 275

25 0.068 0.276 305.88

30 0.063 0.265 320.63
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Figure 4.8c shows the pressure drop variation for different configurations of the T-mixer
vis-a-vis Reynolds number. The pressure drop across a T-mixer is calculated by evaluating the
average pressures at the inlet and outlet and their corresponding difference. It is observed that
though the pressure drop across the channel monotonously increases with Re, the rate of
increase depends on the mixer configuration. The thin and optimized T-mixers exhibit
significantly higher-pressure drop compared to the basic T-mixer. It is due to deformed
boundaries of the T-mixer. Figure 4.8d shows a comparison of the longitudinal pressure
distribution of the basic T-mixer, Optimized T-mixer, and thin T-mixer at Re = 5. Basic T-mixer
has very low pressure drop when compared to Optimized T-mixer and thin T-mixer. The
pressure drop of an Optimized T-mixer is roughly identical to that of T-mixer with a width
equal to Optimized channel throat width. The difference in inlet pressure requirement between
thin T-mixer and Optimized T-mixer is relatively insignificant. The longitudinal distribution of
pressure along the centerline, however, depends on the channel profile. It is observed that in
locations upstream, pressure in the Optimized T-mixer is slightly higher than its value in thin
T-mixer. On the contrary, in location downstream, the thin T-mixer has higher pressure
compared to Optimized T-mixer. This is due to the converging and diverging profiles at the
inlet and outlet. Due to the converging and diverging sections, the pressure gradient is relatively
low at the inlet and outlet, as shown in the figure. These effects result in nearly the same values

of pressure drops.
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Fig. 4.8 Schematic of T-mixer(60pm), the mixing quality and Pressure drop variation with
Re of T — mixer, Optimized T — mixer, and T — mixer with width equals to the throat width

(60um) of the Optimized channel.

4.4 Summary and conclusions
An adjoint based shape optimization scheme was employed and the channel walls were

modified to form Bernstein polynomial profiles. The shape optimization scheme was run by
varying the order of Bernstein polynomial and Reynolds number. An upper limit on the
maximum order of the polynomial was imposed as “12” in order to prevent the intersection of
the channel walls. The optimized shape of T-mixer wall is independent of Reynolds number at
which the algorithm is run. The mixing quality monotonously decreases with Re owing to
reduced residence times. Also, the mixing quality monotonously increases with increasing
order of the Bernstein polynomial. This is attributed to reduced throat thickness. The pressure
drop across the T-mixer increases with an increasing order of Bernstein polynomial owing to
reduced throat thickness. A thin T-mixer with the channel width equal to the throat width of the

optimized T —mixer was also designed and the performance was evaluated. The mixing quality
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in case of the thin T-mixer was lower than the optimized T-mixer. This is attributed to the
converging-diverging profile in case of the latter. However, the effect of the wall profile on the

pressure drop is relatively insignificant.

Therefore, it may be concluded that the developed shape optimization procedure is beneficial
in providing a geometric configuration of the T-mixer with enhanced mixing performance
without losing the advantage of ease of fabrication. Various studies could be performed by
dividing the upper and lower walls into discrete line segments. It is to be noted that as the shape
of the mixer changes, there will be a change in the amount of mass that the mixer can hold.
There might be a possibility of change in the optimization result also. Therefore, future studies
could be performed by using the mass held in the mixer also as one of geometrical constraint
while designing the shape of T mixer. However, the application of this adjoint-based shape
optimization procedure is limited. If the solution space contains multiple minima or maxima,
it may fail to find a global minima or maxima. Hence, it is difficult to apply for non-differential

loss functions and non-convex problems.

5 OPTIMIZATION STUDY OF OBSTACLES
IN T-T MIXING CHANNEL AT LOW
REYNOLDS NUMBERS
CHAPTER 5

5.1 Introduction
Microfluidic systems, specifically micro-mixers, have become essential tools in various

biochemical and chemical studies, particularly in micro-Total Analysis Systems (TAS) or lab-
on-chips [124]. Micro-mixers offer several advantages over traditional macro batch reactors,

including higher mass transfer efficiency due to their large surface-to-volume ratio, compact
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design, portability, reduced reagent usage, and faster analysis times. They are also less
expensive and directly compatible with lab-on-chip platforms.

There are two types of micro-mixers: passive and active. Passive micro-mixers do not
require external energy sources and can achieve mixing in the channels through pressure-driven
flow. These devices are designed with channels that increase the surface area between fluid
samples while decreasing the diffusion path, allowing for efficient mixing [125]. Passive
micro-mixers are widely used due to their durability, operational stability, and ease of
integration into more complex systems.

On the other hand, active micro-mixers rely on external energy sources, such as
electrokinetic, ultrasonic vibrations, or magneto-hydrodynamic forces, to induce mixing
through perturbations in the fluid flow [126]. Active micro-mixers offer more precise control
over mixing parameters but may require additional equipment and energy sources for
operation.

Micro-mixers are crucial in various applications, including the separation and detection of
cells, chemical tests for analyte quantification, and studies of protein folding for understanding
disease pathogenesis [127]. The high mass transfer efficiency and small-scale design of micro-
mixers make them ideal for these applications, enabling rapid and efficient mixing of small
volumes of fluids for precise chemical and biological analyses.

Extensive research has been conducted on micromixers, specifically T-micro-mixers, by
various researchers, focusing on laminar flow regimes [128]-[130]. Studies have applied
various techniques, such as imaging techniques using contrasting agents, and focusing
techniques to reduce lamellae width and speed up mixing [130]. Other researchers have
investigated the use of vorticity to improve mixing quality, even at low Reynolds numbers [72].
Feasibility studies have been conducted on micro T-mixers as rapid mixing micromixers, and
the fast mixing is explained by the asymmetrical flow conditions at the inlets and the generation
of vortices and secondary flow at the junction [73]. The impacts of various parameters on
mixing performance, such as throttle size, mixing channel angle, flow rates, and aspect ratio,
have also been investigated [131]. Experimental techniques, such as micro-scale Laser-induced
fluorescence and Particle Image Velocimetry, have been used to study liquid-liquid mixing in
T-micromixers and develop concentration and velocity fields models to understand local mass
transport and hydrodynamics [75]. Numerical studies have also been conducted on pure water
and glycerol mixing in T-micromixers, revealing the impact of glycerol concentration on
mixing [62]. Furthermore, 3D T-mixer designs have been evaluated for convective

micromixers, showing significant enhancements in mixing performance, lower pressure loss,
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and similar levels of shear stress compared to typical T-mixers [60]. Micromixers with
staggered herringbone structures with obliquely inclined ridges at the channel walls have also
been created to study mixing phenomena experimentally, revealing chaotic motion and
effective mixing in a certain Reynolds number range [117].

Passive micromixers have also been explored to enhance mixing performance at different
Reynolds numbers. Designs such as three-dimensional mixer structures or complicated mixer
designs have been used to improve mixing at low Reynolds number flows [67], [132], [133].
Barriers in microchannels, such as pillar obstructions, have been investigated for their ability
to create secondary flows and enhance mixing [134], [135]. Other studies have utilized periodic
mixing units, such as staggered bars, in T-shaped geometries to improve mixing performance
[52]. Numerical simulations have also been conducted on micromixers with convergent-
divergent channel walls of sinusoidal variation, evaluating mixing performance and pressure
drop in different split-and-recombination arrangements [49]. The results show that the number
of split-and-recombination units and channel amplitude have significant impacts on mixing
performance and pressure drop. The throat-width was found to be a critical parameter affecting
mixing performance, while the diameter of the circular wall had minimal impact over the
chosen Reynolds number range. Additionally, studies have investigated the influence of
micromixer design, such as circular obstructions, on fluid mixing and reaction conversion in
microchannels [54]. Alternative placement of cylindrical obstacles was found to result in better
performance. However, it should be noted that obstacles in microchannels may have limitations
such as larger pressure drops and clogging effects, which may hinder their practical use.

The main objective of the present study is to optimize the geometry of obstacles in a T-T
mixer in order to achieve an efficient mixing configuration. The aim is to minimize the rise in
pressure drop caused by the presence of the obstacles while ensuring that clogging in the
mixing channel is not a significant issue. Previous research has examined circular and
triangular obstacles, so the current study focuses on optimizing the geometric parameters of

these obstacles to improve mixing performance and minimize pressure drops.

5.2 Numerical Modeling
For this study, a 3-dimensional T-T micro mixer with dimensions of 3000 um in length,

200 pm in width, and 800 um in height was chosen. The inlet channels have a width of 50 um,
and a no-slip boundary condition is applied near the wall, while a velocity inlet boundary
condition is imposed at the inlet. At the outlet of the channel, the pressure is set to atmospheric.

The two species being mixed, species a and species b, have thermo-physical properties that are
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the same as liquid water. Species a is given a mass fraction of 1 at two inlets, while species b
is given a mass fraction of 1 at the other two inlets, as shown in Figure 5.1. The Reynolds
number range studied indicates a laminar flow regime, so a laminar flow model was selected
to solve the continuity and momentum equations. The Transport of Concentrated Species (TCS)

model was used to solve the species conservation equations.

) spec'a’ _ | , _specd” .
Leftinlet 1 ——> | | €«— Right inlet 1
. spec'b _ ¢ O ( . spec‘a’
Leftinlet 2 ——> | | «— Right inlet 2
O
O
O

Fig. 5.1 T-T mixer with cylindrical obstacles and inlet conditions

5.2.1 Optimization methodology
Aimed at the optimizing the size and position of cylinder and prismatic obstacles in T-T

Micromixer, the Nelder-mead algorithm available on COMSOL Multiphysics platform is
chosen. In an N-dimensional solution space, N+1 vertices which form the simplest geometry
called a simplex are solved for the objective function value. From the solution set obatined, the
best, second best, and worst vertex values are selected and their center is also evaluated. The
worst veterx is is replaced by exploring different geometric configurations by performing
trivial geometric modifications such as reflection, expansion, contraction, and shrinkage. A
new simplex is thus selected iteratively unitl the optimal veterx is obtained and the stopping

criteria is met. Figure 5.2 gives a brief pictorial representation of the algorithm.

Initial variables

Retake the
[Constra ints satisfied ] ———— | initial value
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|
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Fig. 5.2 Flowchart showing steps for optimization problem implementation in COMSOL
Multiphysics.

The schematics of different geometries of T-T mixer with obstacles with geometric details
considered in the present study is shown in figure 5.3. The size and pitch of the obstacles are

selected as the optimization variables and mixing quality is selected as the objective function.

Fig. 5.3 Schematic showing dimensions of 3-D solid model used for numerical simulation of

mixing.

5.2.2 Grid independence and Validation
To optimize the computational time, effort, and accuracy of a simulation, a grid

independence study was conducted to determine the mesh configuration that would not require
further refinement. Meshes with element counts of 16397, 30119, 87304, 159794, and 424535
were evaluated for mixing quality at a Reynolds number of 8, and the results were plotted in
Figure 5.4. It was found that increasing the number of elements beyond 159794 had no
significant impact on the mixing quality, so this mesh configuration was chosen for the study.
The numerical scheme employed in this study was compared to data from previous research by
Dundi et al. [110], and the results are presented in Figure 5.5. The mixing quality metric used
in the grid independence study was also used to validate the numerical scheme, and it was
found that the model developed using COMSOL multi-physics provided reasonably accurate

predictions of mixing qualities for Reynolds numbers between 1 and 30.
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Fig. 5.4 Grid independence study
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Fig. 5.5 Comparison of mixing quality vs Reynolds number for the present and study from

the literature.

5.3 Results and Discussion

5.3.1 Mixing characteristics of T-T mixer with optimized and un-optimized cylindrical
obstacles

5.3.1.1 Mixing characteristics of T-T mixer with un-optimized cylindrical obstacles

The extent of mixing in a study is measured by a parameter called mixing quality, which is
defined using the variances of the concentrations of species[136]. The influence of the
Reynolds number on mixing quality is shown in Figure 5.6 for 0 <Re < 100. It is observed that
mixing quality exhibits a non-monotonic trend with an increase in Reynolds number, as
reported in previous studies[54]. The mixing quality initially decreases with an increase in Re
from 0 to 15 due to the dominance of diffusion at low Reynolds numbers. However, with further
increase in Re, the mixing quality increases, but beyond a certain Reynolds number (i.e., 90),

it starts to decrease. The residence time, diffusion, and convection effects are the factors
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affecting the mixing quality trend. The cylindrical obstacles used in the study only serve the
purpose of increasing the residence time as the phenomenon of splitting and recombination is
insignificant in this range of Re. It is worth noting that a mass fraction of 0 or 1 indicates no
mixing, while a mass fraction of 0.5 indicates complete mixing, as illustrated in Figure 5.7a,
where the streamlines of both species in the wake regions of the obstacles have mass fractions

close to 1.

For Reynolds numbers ranging from 15 to 50, an increase in the Reynolds number leads to a
significant improvement in mixing quality. This improvement is due to the splitting and
recombination effect of fluid streams from both sides of the obstacle, as reported in [54]. This
effect is evident in Figure 5.7b, where the fluid streams split at the front of the obstacle and
recombine in its wake region repeatedly, leading to increased mixing. The higher mixing
quality is reflected in the decreased mass fractions of both species between the obstacles.
However, at higher Reynolds numbers (90 < Re < 100), the mixing quality decreases with an
increase in Reynolds number. This is because the fluid streams do not have sufficient residence
time and length to recombine with other streams before reaching the outlet boundary, as shown
in Figure 5.7c. The final obstacle being too close to the outlet boundary hinders the

recombination of fluid streams, resulting in a minor decrease in the mixing quality.
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Fig. 5.6 Mixing quality vs Reynolds number for initial geometric configuration with cylindrical

obstacles.
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Fig. 5.7 Streamline distribution for initial geometric configuration color graded with the mass

fraction of species A for Reynolds number of a) 10, b) 30 and ¢) 100.

5.3.1.2 Mixing characteristics of T-T mixer with optimized cylindrical obstacles

The optimization algorithm has been run on cylindrical obstacle geometry in the T-T mixer at
Re = 15, and the mixing performance of the optimized geometry has been evaluated in the
Reynolds number range of 2 to 100. The ranges of the diameter and pitch for which the
optimization algorithm is run are 20 to 200 microns and 45 to 600 microns. It is observed that,
compared to the initial mixer configuration with cylindrical obstacles, the number of the
obstacles in the optimized configuration significantly decreased from 20 to 8.5. Also, the
diameter of the obstacle has increased from 10 microns to 100 microns while the pitch has
increased from 150 microns to 300 microns. Thereby, the mixing quality at the Reynolds
number of 15 increased from 0.43867 to 0.60988. The reason for the increase in the mixing
quality with the increased pitch and the size of the obstacle is studied by considering the

streamline distribution of the fluid streams as shown in figure 5.8.

Massfraction of species A
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Fig. 5.8 Streamlines distribution color graded with massfraction of species A for a) Initial
geometric configuration b) Optimized geometric configuration. Velocity contours of ¢) Initial

geometric configuration d) Optimized geometric configuration at Reynolds number of 15.
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Fig. 5.9 Mixing quality vs Reynolds number for optimized geometric configuration with

cylindrical obstacles.

Figure 5.8a and 5.8b shows the streamline distribution for the initial and the optimized
geometric configurations at Re = 15. It can be seen that compared to the initial geometric
configuration, the mass fractions of both the species in the wake regions of the obstacles are
small, indicating effective mixing i.e., a higher mixing quality. This could be attributed to the
dominance of the splitting and recombination pattern occurring at smaller Reynolds numbers
itself for the optimized geometry i.e. the geometry with higher cylindrical diameter. The
occurrence of this pattern at smaller Reynolds numbers itself is attributed to the large velocities
of the fluid streams in the region between the obstacle and the wall of the channel as shown in
figure 5.8c and 5.8d (velocity contours). These large velocities in these zones are attributed to

the decreased gap between the transverse extremity of the obstacle and the channel wall.
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Fig. 5.10 Streamlines distribution color graded with massfraction of species A for optimized

geometric configuration for Reynolds number of 30.

Further, the mixing characteristics of the optimized T-T mixer configuration with cylindrical
obstacles are studied and are presented in Figure 5.9. At a low Reynolds number of 2, the
mixing quality of the optimized configuration increases, indicating improved diffusion effects
in this range. As the Reynolds number increases, a similar trend to the initial cylindrical T-T
mixer configuration (Figure 5.6) is observed, but with two notable differences. Firstly, the slope
of the rapid increase in mixing quality is steeper in the optimized configuration, indicating a
shift in the dominance of convective effects at lower Reynolds numbers. Secondly, the
minimum of the mixing quality vs Reynolds number curve shifts left, indicating that significant
improvements in mixing quality can be achieved at lower Reynolds numbers in the optimized
configuration. A benchmark mixing quality of 0.8, which could not be achieved in the initial
mixer configuration over the studied Reynolds number range, can be achieved at a Reynolds
number of 30 in the optimized configuration. This is attributed to the formation of symmetrical
recirculation zones in the wake region of the obstacle, where fluid streams recombine,
increasing mixing quality. The formation of these recirculation zones at a Reynolds number of
30 is attributed to flow separation occurring on the obstacle wall, which is caused by the
increased diameter of the obstacle cylinder, increasing velocity in the gap between the cylinder
and channel walls. It should be noted that a nearly complete mixing of around 0.85 mixing
quality can be achieved at Reynolds numbers greater than 50. However, this significant increase

in mixing quality comes with a pressure drop penalty, as shown in Figure 5.11, where the
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pressure drop in the optimized configuration increases. The observed phenomena are

summarized in Table 2.
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Fig. 5.11 Pressure drop vs Reynolds number comparison for optimized and initial geometric

configurations.

Table 5.2: Comparison of few the Reynolds numbers for the occurrence of key flow and

mixing characteristics.

Number of | Symmetrical | More than | Near
Mixer type Cylindrical | Two Vortex | 80% mixing | complete
Obstacles Formation quality mixing
T-T Mixer with initial
o Not Not Not
cylindrical obstacle | 20 ‘ ‘ _
‘ witnessed witnessed witnessed
configuration
T-T Mixer with optimized
cylindrical obstacle | 8 V2 Re > 30 Re > 30 Re > 50
configuration
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5.3.1.3 Mixing characteristics of T-T mixer with un-optimized prismatic obstacles

Initially, the mixing characteristics in a T-T mixer with prismatic obstacles has been studied to
understand the geometric parameters which affect the mixing quality and are needed to be
optimized. The initial geometric configuration consists of 20 prisms of equilateral triangular
cross section of side 25 microns which are placed 150 microns from each other. Numerical
simulations have been performed for the Reynolds numbers ranging from 2 to 100. Figure
5.12a shows the effect of Re on the mixing quality of the T-T mixer with initial geometric
configuration. A trend similar to that of the configuration with cylindrical obstacles is observed.
Also, similar splitting and recombination patterns in the fluid streams could be seen in figure
5.12b. At higher Reynolds numbers, similar to the case of cylindrical obstacles, incomplete
recombination of the fluid streams occurs near the obstacle near the outlet, which results in a
minor decrease in the mixing quality. These trends indicate that the size and shape of the
triangular obstacle along with its transverse position and pitch significantly affect the flow filed
and thereby mixing quality. Therefore, the aforementioned parameters are considered as the
parameters to be optimized with a maximization being performed on the mixing quality. From
the earlier discussed trends and phenomenon, it could also be inferred that under un-optimized
conditions, shape of the obstacle has a minimal effect on the mixing characteristics in the

studied operational range.
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(b)

Fig. 5.12 (a) Mixing quality vs Reynolds number for initial geometric configuration with
prismatic obstacles. (b) Streamlines distribution color graded with mass fraction of species A

for initial geometric configuration with prismatic obstacles for Reynolds number of 15.

5.3.1.4 Mixing characteristics of T-T mixer with optimized triangular obstacles

The shape, size, pitch and the position of the prismatic obstacles are optimized by employing
the Nelder-mead algorithm. The thus obtained optimized configuration of the T-T mixer with
prismatic obstacles is shown in figure 5.13. It could be seen that, the cross section of the prism
has changed from an equilateral triangle to a scalene triangle which is significantly inclined
towards one wall of the channel. Figure 5.13a shows the effect of the Reynolds number on the
mixing quality in the optimized configuration of the T-T mixer with prismatic obstacles and
the initial configuration. It is observed that, though the overall trend is similar to that of the
initial geometry, the Reynolds numbers at which the different effects dominate are different.

An increase in the Reynolds number monotonously increases the mixing quality for Re > 5.

Figure 5.13b shows the streamline distribution in the optimized T-T mixer at Re = 50. It is
observed that, owing to the prism being asymmetric w.r.t., the centerline of the channel, only
one recirculation zone attached to the wall of the channel is formed. These recirculation zones
formed in the wake region of the obstacles induce significantly effective mixing of the fluid
streams. It is indicated by the mass fraction of the species approaching 0.5 in that region. From
figure 5.13a it is also observed that the mixing quality of the optimized configuration does not

decrease from Re = 90 to 100. This is due to the increased gap between the rear end of the
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obstacle and the channel outlet which gives the fluid streams enough length to recombine after
the splitting near the obstacle’s front end as shown in figure 5.13b. From figure 5.13a it is
observed that the mixing quality for the optimized configuration is greater than the initial
configuration throughout the operational range considered. The increase in the mixing quality
in the optimized configuration could be attributed to the asymmetrical recirculation zone. From
figure 5.13b it could be seen that in the optimized configuration, the gap between one transverse
extremity of the obstacle and the channel wall is significantly small. This results in an increase
in the velocity of the fluid stream passing through this gap. This high-velocity fluid stream
comes into contact with the fluid stream from the other side of the obstacle enhancing the
convective mixing. This is indicated by the smaller mass fractions (i.e., = 0.5) of the species in
the wake regions of the obstacle. On the contrary, in the case of the initial geometric
configuration, the recirculation zone is not formed in the wake region of the obstacle. This
decreases the residence time for the recombination of the fluid streams thereby resulting in
ineffective mixing. The ineffective mixing is evident from the greater mass fractions (i.e., = 1.0

or 0) of the species in the wake region of the obstacle.
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Fig. 5.13 (a) Comparison of the mixing quality vs Reynolds number distribution for initial
geometric and optimized geometric configurations. (b) Streamlines distribution color graded
with massfraction of species A for initial geometric configuration with prismatic obstacles for
Reynolds number of 90. (c) Streamlines distribution color graded with massfraction of species

A for optimized geometric configuration with prismatic obstacles for Reynolds number of 90.

Table 5.3: Comparison of few the Reynolds numbers for the occurrence of key flow and

mixing characteristics
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triangular obstacles

Number of More than | Near
Vortex
Mixer type triangular ) 80% mixing | complete
Formation
Obstacles quality mixing
T-T Mixer with
Not Not Not
unoptimized  triangular | 20
witnessed witnessed witnessed
obstacles
T-T Mixer with optimized
8 Y Re> 15 Re>"70 Re>90

5.3.2 Comparison of the optimized configurations with Cylindrical and prismatic

obstacles
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geometric configurations for cylindrical and prismatic obstacles.
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Figure 5.14 shows the comparison of the mixing qualities for the optimized configurations with
cylindrical and prismatic obstacles. It is observed that at low Reynolds numbers (< 15), the
prismatic configuration results in higher mixing quality. However, the smaller gradient in the
increase of the mixing quality with the increase in the Reynolds number in case of the prismatic
obstacles results for Re > 15 results in smaller mixing quality compared to the cylindrical
obstacle mixer. However, at higher Reynolds i.e., = 100, the increase in the Reynolds number
results in a minor decrease in the mixing quality in case of cylindrical obstacle unlike the
prismatic obstacle. These trends are explained by considering the species’ massfraction

contours at the channel outlet.

Figure 5.15a and b show the species mass fraction contours at Re = 15. From figure
5.15a it is observed that, as the cylindrical obstacle present symmetrically about the Centre line
of the channel, a symmetric mass fraction distribution profile is obtained. Also, larger amounts
of species leave the channel outlet un-mixed near both the channel walls. On the contrary, in
case of the prismatic obstacles, the asymmetry in terms of prism geometry and location results
in higher mass fractions of one species near the farther wall from the obstacle as shown in
figure 5.15b. Whereas, near the wall close to the obstacle, species mass fractions nearer to 0.5
could be seen. This indicates effective mixing near the wall close to the obstacle resulting in
higher overall mixing quality in the case of prismatic obstacles compared to the one with

cylindrical obstacles.

The higher mixing quality for cylindrical obstacle compared to the prismatic one for Re
> 18 is studied by considering the species mass fraction contours at Re = 30 as shown in figures
5.15¢c and 5.15d. The species mass fraction distribution for the cylindrical obstacle
configuration is observed to be symmetrical about the centerline of the outlet. Also, the
distribution of the species is observed to be more uniform in case of cylindrical obstacle
compared. This is attributed to the symmetrical recirculation zones formed near the wake
region of the obstacle which result in effective recombination of the fluid streams. On the
contrary, in case of prismatic obstacle though the species mass fraction near the wall close to
the obstacle is =~ 0.5 indicating better mixing, the mass fraction = 1.0 or 0 near the wall farther
from the obstacle indicates ineffective mixing. This is attributed to the fluid stream near the
farther wall leaving the channel un-disturbed as shown in figure 5.13b. Therefore, the
cylindrical obstacle performs better than the prismatic configuration in this region. The

decrease in the mixing quality in the case of cylindrical obstacles for Re > 90 is attributed to
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lack of residence time for the high velocity of the fluid stream on either side of obstacle to
recombine before the outlet. On the contrary, in the case of prismatic obstacles, owing to the
large recirculation zone being formed near to one side of the channel wall, the flow stream

diverts as shown in figure 5.15¢ and 5.15f thereby effectively recombining with the fluid stream

from the other extremity of the obstacle.

(a) (b)
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Fig. 5.15 Outlet massfraction contours for species A at Re = 15 for optimized geometric
configurations with (a) Cylindrical (b) Prismatic obstacles. Outlet massfraction contours for
species A at Re = 30 for optimized geometric configurations with ¢) Cylindrical d) Prismatic
obstacles. Streamlines distribution color graded with massfraction of species A for initial
geometric configuration with prismatic obstacles for Reynolds number of 15. Streamlines
distribution color graded with massfraction of species A for optimized geometric configuration

with e) cylindrical obstacles f) prismatic obstacles for Reynolds number of 90.

5.4 Summary and conclusions
In the current study, the optimization of obstacle geometry in T-T mixers using the Nelder-

Mead algorithm in COMSOL has been investigated for Reynolds numbers ranging from 2 to

100. The study has yielded several conclusions.

e Firstly, before optimization, any obstacle geometry or shape of a similar size has a
similar effect on mixing in T-T mixers within the Reynolds number range of 2 to

100.
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e Secondly, after optimization, both cylindrical and prismatic obstacles improved
mixing performance. However, optimized cylindrical obstacles produced better
mixing quality than optimized triangular obstacles in the Reynolds number range of

2 to 100.

e Thirdly, both optimized geometries resulted in vortex formation, which improved
mixing performance. However, the symmetrical vortex pair formed in the case of the
optimized cylindrical obstacle produced better mixing quality than the single large

intense vortex formed in the case of the optimized prismatic obstacle.

e Fourthly, the pressure drop in the optimized configurations was higher than that of
the un-optimized configurations. However, the rise in pressure drop was smaller in
the case of the optimized prismatic obstacles than in the case of the cylindrical

obstacles.

Finally, the study found that the optimized prismatic obstacles provided a smooth transition of
the mixing phenomenon from the diffusive regime to the convective regime as the Reynolds
number increased. Moreover, the optimized prismatic obstacles reduced the choking effect as
the Reynolds number approached a value of 100, whereas the choking effect was considerable

in the other three configurations.
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6 SIMPLE STRUCTURED AND HIGHLY

EFFECTIVE

6 PASSIVE T-TYPE MICROMIXERS WITH A
CHAPTER CIRCUMFERENTIAL IN-STEP IN MAIN CHANNEL

6.1 Introduction
Passive micromixers offer several advantages over active mixers for biomedical,

chemical, and biochemical applications on uTAS or lab-on-chips. They are easily integrated
into complex microsystems, have low manufacturing costs, and allow for straightforward
scaling-up in large-scale production. Passive mixers are particularly suitable for maintaining
isothermal conditions in chemical reaction kinetic studies, which can be challenging with active

mixers due to their complex architecture.

However, one limitation of passive mixers is their slower mixing compared to active mixers,
as they rely more on diffusion and less on chaotic advection or transverse directional flows. To
address this issue, researchers have proposed various designs with complex structures to induce
chaotic advection effects and transverse directional flows. Some examples include the
staggered herringbone mixer[62]-[64], three-dimensional split and recombine (SAR)
mixers[55]-[57], and mixing channels designed in the form of Tesla structures[65]-[67].
Although these designs improve mixing performance, they also come with challenges like
complex fabrication, integration issues, and large pressure drops during operation, making

them less suitable for some biological applications.

As a result, simple planar type passive mixers are preferred for many applications due to
their low cost, ease of fabrication and integration, and lower pressure drops. However, most
planar passive mixers have poor mixing efficiency. Some proposed designs in the literature
operate efficiently only within a limited range of Reynolds number [137], [138] or require

longer lengths for complete mixing, compromising the advantages of miniaturization.
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To improve the mixing performance of simple planar T-micromixers, researchers have
explored geometric modifications. For instance, a three-dimensional T-mixer, known as the T-
T mixer, has been proposed by splitting each inlet channel into two halves[60]. Other
modifications include the use of anti-symmetric barriers before the junction of inlet channels

to induce swirl in the sample flow[74].

In the present work, the focus is on modifying the geometries of simple structured T-mixer
by introducing a circumferential in-step in the channel. The main objective of the present study
1s to optimize the circumferential in-step in a T mixer in order to achieve an efficient mixing

configuration.

In summary, passive micromixers have distinct advantages over active mixers, and efforts
are being made to enhance their mixing efficiency through various design modifications. The
use of circumferential in-steps in channels shows promise in improving the mixing

performance of simple planar passive mixers.

6.2 Methodology
6.2.1 Numerical Modeling

The 2D planar type T-micromixer geometry with circumferential in-step was created
using COMSOL Multiphysics 5.5 software, shown in figure 6.1a. The length of the
microchannel (T..) is 3000 um. width (W.) is 200 um. height (H.) is 800 um and inlet channel

. . X2
width (Wl) 1 . DIsp
2 |
Inlet 1

v

He

Outlet

Lc

Inlet 2

(a)
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(b)

Fig. 6.1 Schematic diagram of the T-micromixer and its mesh (a) Schematic diagram of the

computational domain and (b) free triangular mesh of T-micromixer.

In this problem, two liquid species A and B were chosen for mixing in planar type T-micromixer
channel. Both species had the same properties as liquid water at 20°C, mentioned in Table 6.1.
Concentration gradient was created by providing the boundary conditions at the inlet, so that
mass fraction was set to unity for species ‘A’ and zero for species 'B' at inlet one and vice versa
at inlet two. Normal inflow velocity boundary condition (Re = 2 to 30) was given at inlet one
and inlet two along with mass fraction boundary conditions. At the outlet, the pressure
boundary condition was provided. It was set to atmospheric pressure. Except for inlet and

outlet, all other boundaries were applied with no-slip boundary conditions.

Table 6.1: Properties of the species materials

Properties Species A & Species B
Type of material Liquid Water
Density, p [Kg/m’! 998.2
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Dynamic Viscosity, u [Pa. s] 0.001

Diffusion coefficient, D [m?/s] | 2x10~

Fluid flow equations were solved using Laminar flow physics interface model, while
mass fraction equations were solved using the Transport of concentrated species (tcs) model.
Reacting flow Multiphysics coupling feature was used to simulate mass transport where the
fluid flow depends on mixture composition. For solving the fluid flow problem, P2+P1
discretization scheme was used, and for concentration field, a quadratic discretization scheme

was used.

A free triangular mesh was used for the whole computational domain, as shown in figure 6.1b.
Because this mesh is like a 'workhorse' for 2D Computational fluid dynamics problems, it was
easy to create this kind of mesh with high element quality[121]. However, this ease comes with
a cost. This free-unstructured triangular mesh gives greater numerical diffusion. The triangular
meshes must be extra fine to overcome the difficulty. In this study, extremely fine mesh was
used with a maximum element size of 5.36 pm, and the number of elements was 62878. The
details of mesh independence are mentioned in the following section. The different meshes that

were considered for the mesh independence test are given in Table 6.2.

6.2.2 Grid independence study

To determine the optimum mesh size for planar type T-mixer analysis, a grid independence
study was performed. This study considers axial velocity and mixing quality distribution at the
outlet of planar type T-mixer for Re=5. Figure 6.2a depicts the axial velocity distribution at the
outlet while figure 6.2b depicts the mixing quality distribution at the outlet. Between meshes 6
and 7, the axial velocity has the smallest variation. In addition to axial velocity, the mixing
quality difference between mesh 6 and mesh 7 is also minimal. Hence, mesh 6 was considered

for the current study.

Table 6.2: Grid independence test parameters

90



Meshes | Maxim | Minimu | Maximu | Numbe | Mixing
um m m r of | quality,
elemen | element | element | element | «

t size size growth |s
rate

Mesh 1 | 176 5.6 1.4 18704 0.2497

Mesh 2 | 69.6 3.2 1.25 23966 0.1826

Mesh 3 | 36 1.6 1.15 30208 0.1726

Mesh 4 | 22.4 0.32 1.1 37052 0.1684

Mesh 5 | 10.4 0.12 1.08 41974 0.1674

Mesh 6 | 5.36 0.016 1.05 63864 0.1669

Mesh 7 | 5.00 0.016 1.05 73280 0.1668

91




0.012{ 77 AVERAGE VELOCITY]|
_ : 025 0.2497
% 0.010 . ¥/} Mixing quality(c)
S 0.008 -| = 0.20
B Z 0.18264
L2 L Gl G | = 7
S ool T oy = /Z
E’, g_ 0.15 /
C o004 £
3 ® 01047 /
N 0002{ - = ?
/' Wl /
o000 Ll L A R 7
MESH 1MESH 2MESH 3MESH 4MESH 5MESH 6MESH 7 0.00 / 2
MESH ’ ME§H1ME§H 2ME§H 3ME$I1H 4am
MESH
(a)
(b)
0.35
J , —s— Present T-mixer
0.30
S: ] Dundi et al. T-mixer
= 0.25-
) l
=
0.20
()]
£ ] \
% 0.15- \
s |
0.10 N~
0.05
L T T

0 5 10 20 25 30
Reynoias number

Fig. 6.2 Grid independence study and validation (a) Average axial velocity profiles at outlet of
T — micromixer for different meshes, (b) Mixing quality at outlet of T-micromixer for different
meshes and (¢) Comparison of Mixing quality with various Reynolds number for T-mixer of

the present study and Dundi et al. [110].
6.2.3 Validation

The governing equations of the flow field and species transport of the T-mixer have
been solved in this study using conditions comparable to those used by Dundi et al. [110]. To

validate the accuracy of the current numerical scheme, the results obtained were compared to

the results of Dundi et al. [110]. Equations (4, 5) were used to assess mixing quality at the T-
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mixer outlet. Figure 6.2¢ shows that the current study's findings are in close accord with those

of Dundi et al. [110].

6.2.4 Optimization methodology

Aimed at the optimizing the geometrical parameters in T Micromixer with
circumferential in-step, the Nelder-mead algorithm available on COMSOL Multiphysics
platform is chosen. In an N-dimensional solution space, N+1 vertices which form the simplest
geometry called a simplex are solved for the objective function value. From the solution set
obatined, the best, second best, and worst vertex values are selected and their center is also
evaluated. The worst veterx is is replaced by exploring different geometric configurations by
performing trivial geometric modifications such as reflection, expansion, contraction, and
shrinkage. A new simplex is thus selected iteratively unitl the optimal veterx is obtained and

the stopping criteria is met. Figure 6.3 gives a brief pictorial representation of the algorithm.

Initial variables

Retake the
[Constra ints satisfied ] —o | initial value

o
l Yes
Objective function(Mixing quality
‘a’) calculation

|

Parameter
improvement

Optimal solution

Output (Objective function value and
optimization parametersvalues)

Fig. 6.3 Flowchart showing steps for optimization problem implementation in COMSOL

Multiphysics.

The schematics of different geometries of T mixer with circumferential in-step with geometric
details considered in the present study is shown in figure 6.1a. The size (X2, Y2) and pitch
(DISP) of the instep are selected as the optimization variables and mixing quality is selected as

the objective function.

93



6.3 Results and discussion

6.3.1 Optimizing the in-step configuration explicitly in the main channel:
Initially, the effect of the presence of an in-step in the main channel of the T-mixer is studied

by considering the T-mixer with in-steps. The depth (Y2) and width (X2) of the in-step
considered are 10 and 20 microns respectively, with the steps being 100 microns apart from
each other. From figure 6.4a, 6.4b, it was observed that the mixing quality upon the in-steps’
insertion into the main channel has increased nominally at smaller Re, while a maximum
increase of 111% being achieved at Re = 100. However, the presence of these in-steps have
also caused an increase in pressure drop across the T-mixer. Nevertheless, the % pressure drop
penalty is noticed to be nearly constant, and invariable of Re.

0.18 [ ——ll— Mixing quality of basic T- mixer 500 :_ ~——i— Pressure drop for basic T-mixer
@ Mixing quality of the in-step T- mixer || ——&—— Pressure drop for in-step Basic T-mixer
| ~—@— % increase in in-step T-mixer 100 I —@— %% increase in the pressure drop
0.16 o > 10F {1 ¢
2 .
= . —{34.4%
g 400 |- %
0.14 o — s 5
’ 1° 2 Exsof :
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S 0.12 £ 2300 13442
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Fig. 6.4 (a) Mixing quality vs Reynolds number for basic T-mixer, in-step T-mixer and

%increase in in-step T-mixer. (b) Pressure drop vs Reynolds number for basic T-mixer, in-
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step T-mixer and %increase in in-step T-mixer. (c) Mixing quality vs Reynolds number for
optimized configurations C1, C2, C3, C4.

In order to optimize the in-step depth, width and the pitch, an optimization algorithm is run
for maximizing the mixing quality. The limits of X2, Y2 and DISP are considered to be 10 to
100, 50 to 200 and 50 to 1000 respectively. The optimized in-step configuration is found to be
a function of the Reynolds number. It is observed that irrespective of Re, the optimum depth
of the in-step is 75 microns. While the optimized in-step depth is an invariable of Re, the
optimized width and pitch of the in-step depend significantly on Re. Figure 6.4c shows the
mixing quality variation with Reynolds number for the in-step induced T-mixer configurations,
optimized at different Reynolds numbers. It is observed that the T-mixer configuration (X2, Yz,
DISP) = (2e® m, 7.5e® m, 10e® m) (C1), the optimized configuration obtained when the
algorithm is run at Re = 20, yields the highest mixing quality in the range 5 < Re < 20. At the
Reynolds numbers of 40, the optimization algorithm finds the configuration (X2, Y2, DISP) =
(26 m, 7.5e°m, 26e™ m) (C2) to provide with the maximum mixing quality. The optimization
performed at the Reynolds number of 70 find the configuration (X2, Y2, DISP) = (8.5¢® m,
7.5e®° m, 45e° m) (C3) to result in the highest mixing quality. It can be seen from the figure
6.4c that this configuration exhibits the highest mixing quality throughout the range 25 <Re <
80. At Re = 80, 100, the algorithm finds the configuration (X2, Y2, DISP) = (10e™ m, 7.5e¢®m,
90e° m) (C4) to yield in the maximum mixing quality. However, this configuration is observed
to result in maximum mixing quality only in the range 90 < Re < 100. Also, it could be
understood that the gradient based optimization algorithm though successfully evaluates the
local maxima, the configurations thus obtained may or may not be the ones yielding global
maximums. Further studies need to be performed for a range of Reynolds number to identify
the optimized configuration throughout the operating ranges. Thus, a methodology of this kind,
where optimization is performed at various discrete Reynolds numbers should be considered.
The factors leading to the respective configurations in yielding maximum mixing quality in the
corresponding ranges of Reynolds numbers are discussed further.

The phenomenon of micro-scale mixing is noticed to occur in two modes, namely, diffusion
and convection. At smaller Reynolds numbers, where residence time is more, diffusion is the
dominating mode of mixing. Owing to this, an initial increase in the Reynolds number results
in a decrease in the mixing quality to a local minimum, as the residence time decreases. At
moderate to high Reynolds numbers, i.e., Reynolds number above the local minimum of the

mixing quality, convection is the dominating mode of mixing. This is due to the velocity
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gradients across the flow. These modes of mixing are significantly impacted by the flow
patterns in the micro-mixers. In case of the T-micro-mixers with in-steps, the flow pattern is
found to be influenced by the in-step width as well as the longitudinal distance between two
consecutive in-steps. The splitting and recombination of the streamlines is observed to be the
factor defining the mixing in case of the micro-mixers with in-steps. As mentioned earlier, the
height of the in-step for maximum mixing quality is observed to be the same irrespective of the
Reynolds number at which optimization is being performed.

(C1) (C2)

(C3) (C4)

Fig. 6.5 Streamlines distribution color graded with mass fraction of species A for

optimized configurations C1, C2, C3, C4 at Reynolds number of 10.

Figure 6.5 shows the flow pattern in the optimized configurations C1, C2, C3 and C4 at Re
=10 in terms of streamlines colour graded with the species mass fraction. At the lower Re =
10, in case of C1 the recirculation zone formed between two in-steps completely covers the
region between the in-steps. As a result, the splitting and recombination of the streamlines is
not observed in this configuration. Consequently, the interfacial length between the streamlines
of the two species is more, resulting in effective diffusion dominated mixing. On the contrary,
in case of the C2-4 configurations, it can be seen from the figures that splitting and

recombination of the streamlines occurs, reducing the interfacial length between the
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streamlines corresponding to the two species. Therefore, the diffusion dominated mixing

weakens, resulting a reduced mixing quality.

(C4)

(C3)
Fig. 6.6 Streamlines distribution color graded with mass fraction of species A for optimized
configurations C1, C2, C3, C4 at Reynolds number of 40.

From figure 6.6, it is found that the configuration C3 yields maximum mixing quality in the
range 25 < Re < 80. Therefore, Re = 40 is considered for further analysis. Figure shows the
flow pattern in the optimized configurations C1, C2, C3 and C4 at Re = 40 in terms of
streamlines colour graded with the species mass fraction. At Re = 40, as seen from figure, the
mixing occurs with both the modes i.e., diffusion and convection, equally contributing and
complimenting each other. It should be noted that, along the width of the step, recombination
occurs, as the velocity and thereby the gradients are high, convection mixing dominates. On
the other hand, in the region between two consecutive steps, as the velocity is less and residence
time is more, diffusion dominates. Therefore, an increase in the width of the in-step at a higher
Reynolds number positively impacts the mixing quality, as the length of the recombination
zone, i.e., convection dominated region increases. On the other hand, an increase in DISP, i.e.,
the distance between two consecutive steps increases, the number of recombination zones
decreases. This adversely affects the mixing quality as the number of regions for convection

dominated mixing decreases. Therefore, C2 and C3, with moderate number of recombination
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zones as well as the moderate length of each recombination zone, result in the highest mixing
quality. The C4 configuration, which has the lowest number of recombination zones, owing to
the maximum DISP results in the further smaller mixing quality. However, the C1
configuration, which has the maximum number of the recombination zones exhibits lowest
mixing quality as the recirculation zones formed fully occupies the area between two in-steps.
Thus, splitting and recombination does not effectively occur.

(C1) (C2)

(C3) (C4)

Fig. 6.7 Streamlines distribution color graded with mass fraction of species A for

optimized configurations C1, C2, C3, C4 at Reynolds number of 100.

From figure 6.7, it is found that the configuration C4 yields maximum mixing quality in the
range 90 < Re < 100. Therefore, Re = 100 is considered for further analysis. Figure shows the
flow pattern in the optimized configurations C1, C2, C3 and C4 at Re = 100 in terms of
streamlines colour graded with the species mass fraction. It can be observed from the figure
that at Re = 100, the region between the two-consecutive in-steps is completely covered with
the recirculation zone for C1-3. Therefore, splitting and recombination does not occur along
the width of the step. On the other hand, for C4, the region between two consecutive in-steps
is occupied a smaller recirculation zone on one side and larger one on the other side. The side
of these recirculation zones is also observed to be alternating. Therefore, at a higher Re, owing

to the increasing size of the recirculation zones being formed, in order to facilitate the
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phenomenon of splitting and recombination, a higher DISP accompanied by a higher X is

required for maximum mixing quality.

6.3.2 Pressure drop
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Fig. 6.8 Pressure drop vs Reynolds number for optimized configurations (C1, C2, C3, C4).

Figure 6.8 shows the pressure drop variation with Reynolds number for different
configurations. It is found that the C1 configuration, which has the highest number of in-steps
imposes the maximum pressure drop across the range of the Reynolds numbers considered. It
is followed by C3, C2 and C4. It is observed that, the pressure drop across the micro-mixer
decreases with the increase in DISP, i.e., decrease in the number of in-steps. It should also be
noted that from C1 to C4, apart from the DISP increasing, the width of the step also increases.
At smaller values of the step-width i.e., in case of C1 and C2, the pressure drop across each
step is significantly small (= 100 Pa). With an increase in the step width, the pressure drop
across each step also increases, i.e., = 300 Pa in case of C3 and C4. However, despite of the
configuration C3 having a smaller number of in-steps compared to C2, it has a slightly higher
pressure drop. This higher pressure drops in C3 compared to the C2 is attributed to the
increased width of the step by nearly 4 times (2e® m to 8.5e® m) while the displacement
increases by less than 100% (26e° mand 45e® m). However, for the C4 configuration, where
the DISP increases by 100% while the width of the step increased from 8.5e® m to 10e®m, a

significant decrease in the pressure drop is observed.
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6.3.3 Performance evaluation criteria
In case of micro-channel heat sinks, the hydraulic and heat transfer performance i.e., Nu and

the hydraulic load i.e., the pressure drop across the micro-channel are evaluated. It is observed
from the literature that the improvement in the heat transfer performance is many a times
achieved at the cost of an increase in the pressure drop across the channel. Therefore, a
parameter combining both the heat transfer improvement as well as the pressure drop penalty
was devised. A parameter called performance evaluation criteria, which is the ratio of the
increase in the Nusselt number to the increased in the friction factor is proposed []. Its value
near to 1 or greater than 1 are preferred. In this study, similar to the heat transfer related
performance evaluation criteria (PEC), a mixing related performance evaluation criteria is
proposed. It is the ratio of the enhancement in the mixing quality to the increase in the friction

factor. It is mathematically defined as,
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Performance evaluation criteria

Fig. 6.9 PEC vs Reynolds number comparison for optimized configurations (C1, C2, C3,
C4).

Figure 6.9 shows the PEC variation with Reynolds number for different configurations. It

can be seen that at lower Reynolds number, C1 exhibits highest PEC. This could be attributed
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to its significantly greater mixing quality, accompanied by only a slightly higher pressure drop.
At higher Reynolds numbers on the other hand, C4 configuration owing to its significantly
smaller pressure drop results in the highest PEC followed C3, C2 and C1. It can also be noticed
that the PEC for the C4 configuration at higher Reynolds numbers exceeds 1.1. However, the
C3 configuration despite of its higher pressure drops, results in a PEC > 0.95 at higher Reynolds
numbers. This indicates the improvement in the mixing quality C3 exhibits. It could be
concluded that the configurations C3 and C4, could be preferred over the range of Reynolds
numbers considered owing to the higher average mixing quality throughout the range of the
Reynolds numbers and PEC respectively.

6.4 Summary and conclusions
The effect of the in-step on the mixing characteristics and the pressure drop are studied. The

mixing quality was observed to significantly increase upon the insertion of in-step in the main
channel of the T-micro mixer. The geometric parameters of the in-step such as the width, height
and the pitch are optimized for maximum mixing quality using the gradient based Nelder-Mead
algorithm. The findings are summarized as follows: -

e The optimized width and the pitch are dependent on the Reynolds number at which the
algorithm is run, while its effect on the height of the in-step is insignificant.

e With an increase in the Reynolds number, the pitch and width of the in-step
configuration for maximum mixing quality increases.

e The highest mixing quality in case of the lowest width and pitch at smaller Reynolds
numbers (20) is attributed to the enhanced diffusion as a result of the recirculation zone
occupying the entire region between the two consecutive steps.

e At moderate Reynolds numbers (40-70), moderate values of pitch and width of the in-
step resulted in the highest mixing quality. This is due to the convection as well as
diffusion contributing considerably in terms of the larger length of the recombination
zones as well as the longer residence times in between two consecutive steps,
respectively.

e At higher Reynolds numbers (80-100), larger values of pitch as well as width are
preferred, as a larger pitch enables better splitting and a larger width facilitates longer

distance for recombination.
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The increase in pitch as well as width increases the pressure drop also, significantly.
Therefore, a mixing PEC is proposed to study the combined effect on the mixing as
well as the pressure drop penalty.

The configuration with largest pitch and width of the in-step was observed to result in
the highest PEC. However, considering the range over which the configuration with
moderate pitch and width exhibits highest mixing quality, and its moderately high PEC,

it could be preferred.
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7 7 CONCLUSION AND FUTURE SCOPE
CHAPTER

7.1  Conclusion
In this thesis, the mixing efficiency of planar type passive micromixers, particularly

serpentine mixers with square and Convergent-Divergent passages in the horizontal sections,

was thoroughly investigated in a wide range of Reynolds numbers (Re) from 0 to 100.

At low Re values (0 to 10), the flow was completely laminar, relying solely on diffusion for
mixing in both square wave and Convergent-Divergent mixers. Consequently, mixing
decreased with increasing Re due to reduced residence time. However, as Re increased beyond
10, the action of stretching and folding was initiated in both mixers, leading to an improvement
in mixing efficiency. Remarkably, the Convergent-Divergent wave mixer exhibited more
intense stretching and folding, and the presence of recirculation zones in the bends considerably
enhanced its mixing efficiency. Thus, it was concluded that incorporating convergent-divergent

passages in serpentine mixers can significantly enhance their mixing capabilities.

To optimize the mixing performance further, an adjoint-based shape optimization scheme was
employed using Bernstein polynomial profiles to modify the channel walls of a T-mixer. The
optimization showed that the shape of the T-mixer's wall was independent of the Reynolds
number at which the algorithm was run. However, the mixing quality decreased with increasing
Re due to reduced residence times. On the other hand, the mixing quality increased with the
order of the Bernstein polynomial, attributed to reduced throat thickness. While pressure drop
increased with the polynomial's order, the optimized T-mixer with converging-diverging

profiles still outperformed a thin T-mixer with uniform channel width.

The study also investigated the optimization of obstacle geometry in T-T mixers using the

Nelder-Mead algorithm in COMSOL for Reynolds numbers from 2 to 100. Before
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optimization, different obstacle geometries had a similar effect on mixing, but after
optimization, both cylindrical and prismatic obstacles improved mixing performance.
Optimized cylindrical obstacles proved to be more effective than triangular ones in the given
Reynolds number range, primarily due to the formation of a symmetrical vortex pair that

enhanced mixing.

Furthermore, the effect of an in-step on mixing characteristics and pressure drop was studied.
The insertion of an in-step in the main channel significantly increased mixing quality. The
optimized width and pitch of the in-step were dependent on the Reynolds number, with higher
Reynolds numbers requiring larger pitch and width to achieve maximum mixing quality.
Smaller width and pitch led to enhanced diffusion through recirculation zones at lower
Reynolds numbers. Moderate values of pitch and width resulted in the best mixing quality at
moderate Reynolds numbers due to a balanced contribution from convection and diffusion.
Larger pitch and width were preferred at higher Reynolds numbers, but this led to an increase
in pressure drop. A mixing performance enhancement criterion (PEC) was introduced to
consider both mixing efficiency and pressure drop. Overall, configurations with moderate pitch
and width exhibited the highest mixing quality and moderate PEC, making them favorable

choices.

In conclusion, this thesis provides valuable insights into improving mixing efficiency in
micromixers using various optimization techniques, demonstrating the potential of employing
convergent-divergent passages, optimizing obstacle geometries, and utilizing in-steps to

enhance mixing performance across different Reynolds number ranges.

7.2 Future Scope
The current study has provided valuable insights into improving mixing efficiency in

planar type passive micromixers, particularly focusing on serpentine mixers with Square and
Convergent-Divergent passages and the optimization of obstacle geometries in T-T mixers
using different algorithms. Based on the findings, there are several potential future directions

for further research:

Optimization Algorithms Comparison: Conduct a comparative study of different optimization
algorithms to identify the most efficient and robust approach for shape optimization in

micromixers. Compare the results obtained from the adjoint-based scheme and the Nelder-
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Mead algorithm with other optimization methods, such as genetic algorithms, particle swarm

optimization, or simulated annealing.

Effect of Multiple Geometrical Constraints: As suggested in the study, consider additional
geometrical constraints, such as the mass held in the mixer, while optimizing the shape of the
T-mixer. Investigate how incorporating these constraints affects the mixing performance and

pressure drop characteristics. This could lead to more realistic and practical designs.

Dynamic Flow Conditions: Extend the study to investigate the performance of the optimized
micromixers under dynamic flow conditions. Explore how mixing efficiency and pressure drop
are affected when the flow rates change or during pulsatile flow scenarios, which are more

representative of real-world applications.

Multi-Objective Optimization: Consider multi-objective optimization approaches to balance
conflicting design objectives, such as mixing quality, pressure drop, and fabrication

complexity. This will help in finding optimal compromises between these competing factors.

Alternative Geometries: Explore other innovative geometries for micromixers and obstacle
configurations to improve mixing efficiency. Investigate the potential of combining different

mixing enhancement techniques to achieve superior performance.
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