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ABSTRACT

NUMERICAL INVESTIGATION OF Y-SHAPED AND CSC
MICROMIXERS

Micromixers are one of the key parts in microfluidic devices. Therefore, passive
micromixers have become a popular research topic. In this thesis, parametric
optimization of a Y-shaped micromixer with mixing chamber is documented. Design
parameters are; alpha (o) for the angle between the two inlet angles, beta () for the
angle between the z axis and one of the inlet channels and theta (0) for the angle
between the other inlet channel, z-eccentricity (zecc) iS the distance between the
centerline of an inlet channel and origin of the mixing chamber along z-axis, X-
eccentricity (Xecc) is the distance between the intersection point of the two inlets and the
origin of the mixing chamber along x-axis, ratio of the inlet and outlet channel length
(L1/L>), ratio of the inlet and outlet channel diameter (D1/D.), ratio of the inlet channel
length and diameter (L»/D2) and ratio of mixing chamber volume to the total
volume(Vsp). o= 180° - 240° range and zecc= 20um corresponds to the optimal range.
Effect of each parameter on the system is discussed and the best performing 3 mixer
designs are further investigated. The optimized design yields 88.16% mixing efficiency
with 9244.4 Pa pressure drop when Reynolds number is 81. Furthermore, performance
of this design is compared with a reference design. The comparison shows that
optimized design decreases the pressure drop more than 50% for all Reynolds numbers
while having a higher mixing efficiency (up to 35%) with low Reynolds numbers
(0.054-3).

Keywords: Passive Micromixer, 3-D Micromixer, Mixing Chamber, Y-Shaped
Micromixer



OZET

Y-SEKILLI VE CSC MiKROKARISTIRICILARIN SAYISAL
INCELENMESI

Verimlilik {izerine artan odak nedeniyle mikroakis cihazlari tizerindeki ilgi artmaktadir.
Mikrokaristiricilar mikroakis cihazlarinin anahtar pargalarindan biridir. Bu nedenle
pasif mikrokaristiricilar popiiler bir arastirma konusu haline gelmistir. Bu tezde Y-
sekilli ve karistirma hazneli mikrokaristirict {izerinde parametrik bir ¢alisma
anlatilmaktadir. Bu mikrokaristirict i¢in tasarim parametreleri; iki giris kanali arasindaki
ac1 alfa (a), z ekseni ile giris kanallarindan biri arasindaki a1 beta (f) ve diger giris kanali ile z
ekseni arasindaki a¢1 teta (0), giris kanali merkez ¢izgisi ile karistirma kiiresinin merkez noktasi
arasindaki z ekseni tizerindeki mesafe z-eksantrikligi (Zecc), iki giris kanalinin kesisim noktasi ile
karistirma kiiresinin merkez noktas1 arasindaki x ekseni iizerindeki mesafe X- eksantrikligi
(Xecc), giris ve ¢ikis kanallarmin uzunluklarinin orani (Li/L»), giris ve ¢ikis kanallarinin

caplarinin orani (D1/Dy), giris kanalinin uzunlugunun ¢apina orani (L2/D,) ve karistirma kiiresi
hacminin toplam hacme orami (Vs). o agisinin 180° - 240° araliginda ve Zecc’nin 20pum
degerinde optimum olarak degerlendirilebilecegi goriildi. Ancak B agilari i¢in ya da Xecc
icin spesifik bir deger bulunamadi. Tiim tasarim parametrelerinin sisteme olan etkisi
tartisild1 ve en iyi karistirma verimine sahip 3 tasarim incelenmeye devam edildi. Sonug
olarak 1. tasarimin optimum tasarim i¢in iyi bir yakinsama olacag: diisiiniildii. Segilen
tasarim Reynolds sayis1 81 iken %88.16 karistirma verimini 9244.4 Pa basing diistimii
ile verebilmektedir. Sonrasinda bu tasarimin performansi c¢aligmanin saglamasi i¢in
kullanilan temel tasarimin performansi ile karsilagtirildi. Bu karsilagtirma ile segilen
tasarimin temel tasarima gore tiim Reynolds sayilarinda %50 basing diigiimii tasarrufu
yaptig1 ve diisiik Reynolds sayilarinda (0.054-3) %35’e kadar daha yiiksek karigtirma
verimi elde ettigi goriildii.

Anahtar Kelimeler: Pasif Mikrokaristirici, 3-B Mikrokaristiric1, Karistirma Hazneli
Mikrokaristirici, Y-Sekilli Mikrokaristirici
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CHAPTER 1

INTRODUCTION

1.1. Microfluidic Devices

With the miniaturization trend, interest over the microelectromechanical systems
(MEMS) and microfluidic devices enhanced ! 2. Lab-on-chip applications, micro total
analysis systems and micro reactors can be listed as some examples of the microfluidic
devices 2 3. Microfluidic chip can be described as a network of microchannels that is
connected to the microenvironment via several holes through the device. In figure 1.1
connections and a lab-on-chip device is presented. Lab-on-chip applications achieves to
integrate biological and chemical processes on a single micro device. These devices are
being used in polymetric particle synthesis such as drug delivery vehicles or
bioarchitecture models like liver-on-chip or cancer cell mimicking devices. Polymers or
glass can be used for manufacturing these devices; however, polymers are widely
preferred in the industry because of their cost efficiency, suitable optical transparency,

elasticity and preferrable chemical and mechanical properties 4°.
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Figure 1.1. Liver-on-chip application ®



Even though micro reactors were first introduced in early 90’s to the field,
recently they find increasing use on various fields such as; chemical industry, biological
industry, pharmaceutical industry, clinical diagnosis etc. Furthermore, they are applied
in fields such as; nanomaterial synthesis, clinical diagnostics, medical monitoring,
quality control, etc. 3. Song et al. ® in their review mentioned that by using lab-on-a-
chip systems in synthesis of nanoparticles, advantages like superior control over the
shape, size and structure of nanoparticles, ability to adjust nucleation growth rate can be
benefitted. They suggested that an increase in monodispercity by just downsizing from
bulk production to microliter volume can be seen. Also, microreactors are able to mass
produce using continuous flow processes and parallel connections of microreactors.
Further increase in monodispercity can be attained with efficient mixing inside the
microreactor, therefore most microreactors used in nanoparticle synthesis processes
possess micromixers, microchannels and microheaters 3. Chen et al. 7 designed a
microchip based on localized surface plasmon resonance (LSPR) to detect multiple
cytokine biomarkers. Cytokines are critically important in monitoring the health status
of the patient and enables doctors to create and adjust treatment strategies for diseases
like cancer, lupus, sepsis and graft-versus-host disease. Because of the importance of
quantifying cytokines in a human serum, real time or near real time monitoring would
be beneficial. The designed chip successfully quantified six different cytokine
biomarkers related with organ failure and bacterial infections with miniature serum
samples. Also, they succeeded to quantify cytokine biomarkers in less than 30 minutes
with this microchip instead of 8 hours that would normally take with conventional
methods 7. Glawdel et al. 8 produced a portable microfluidic system to test the toxicity
of water. The device involves an electroosmotic pump, concentration gradient generator
and fish cell line. System analyses the toxic chemicals attached to the fish cells to
measure the level of toxicity of the water &. Minghao et al. ° designed a fully automated
enzyme-linked immuno-sorbent assay (ELISA) system produced on a portable disc to
test blood for infectious diseases. The device is shown in figure 1.2. In the figure three
layered structure of the device is shown. Where the first layer has the purpose of
extracting the serum, in second layer diluent distribution is made and in the third layer
contains the preloaded liquid storage chamber, reaction chamber and detection chamber
where magnetic beads coated with capture antibody are used with enzyme coated with
detection antibody. The product tested for the antigen and the antibody of Hepatitis B
virus (HBV), HBsAg and Anti-HBs. System was preloaded with all the necessary



reagents and was able to complete the test in 30 mins opposed to 2 hours that would
take normally with having the same detection limit °.
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Figure 1.2. ELISA portable disc °

Suarez et al. 1° constructed a lab on a chip immunoassay-based antibiotic sensing
device to detect antibiotics in raw milk. The chip involved a polymer based microfluidic
cartridge and wavelength interrogated optical sensor. Device successfully identified
three antibiotic families with 95% accuracy in less than 10 minutes 1°. Walsh et al.
produced a microfluidic device to mimic tumors by recreating microenvironment
gradients of a tumor in order to uncover the heterogeneity of the microenvironment
which limits the effectiveness of the cancer treatment. They wused a
polydimethylsiloxane (PDMS) and glass device and presented that the cell mass
contained was demonstrative of a vivo tumor. They accurately measured diffusion
coefficient of doxorubicin and therapeutic bacteria accumulation with the use of

fluorescence microscopy. They suggested that their device is going to be crucial in



understanding cancer drug behavior inside solid tumors . As it can be seen from the
wide variety of application examples for microfluidic devices, focus on the microfluidic
devices is increasing in various industries and their potential for speed and efficiency

regarding both material and time save is being discovered.

1.2. Advantages of Microfluidic Devices

The growth in use of microfluidic devices can be explained by their advantages
over the conventional systems. Microfluidic attain more control over the processes by
their responsiveness to changing inlet conditions, with the use of their small volume.
They allow to keep a smaller inventory, with their ability to fast and accurate production
on demand 2 2. The reduced need for inventory provides risks related with storage of
chemicals such as, explosion, leakage of toxic products or risk of passing best before
dates to be lessened. Microfluidic devices have the ability to very accurately tweak the
reaction parameters such as reagent concentration, temperature and flow rates,
combined with the possibility to change or stop the process when the desired amount of
product is produced with a sensitivity of up to nanoliter volume, increases the control
over the final product greatly compared to conventional batch production 2 2 1t is
possible to connect thousands of microfluidic reactors to produce final products with the
nanoliter accuracy in large quantities 3 3. Microfluidic reactors have high surface to
volume ratio, offering high heat dissipation rates which creates more active sites. Using
micromixers inside microreactors can mix reagents on a short time scale and achieve
homogenous flow through the system. Microreactors operate under continuous flow
regime which gives the ability to add reagents downstream for multistep reactions,
combined with the capability to control the reactions by controlling flow parameters

results in having more flexibility in kinetic control of reactions 3.



1.3. Micromixers

Micromixers are critically important for microfluidic devices. These devices
require homogenous continuous flow for controllable, fast and accurate reactions. By
the virtue of the microscale dimensions of microfluidic systems, flows inside the
microchannels are inherently laminar. Absence of turbulence in laminar flow causes the
dominant mixing method to be diffusion for these applications. Mixing with diffusion is
a tedious process that requires long residence times and long channels in order to
provide the necessary residency time. This results in excess use of reagents, higher
pressure drop and decrease in system responsiveness 37415, Diffusion rate expression is

given, in equation 1 to understand the mixing mechanism of micromixers 2.
dc
D.A— (1)
Where Dc is the diffusion coefficient, A is the mass transfer area and dc/ dx 18

the concentration gradient. Since the diffusion coefficient is dependent on the reagent
and it is not a trivial task to adjust the concentration gradient, literature mainly focuses
on designs that enhance the mass transfer area between the different concentrations of
fluid 2. Micromixers are generally divided in two groups, active and passive

micromixers.

1.3.1. Active Micromixers

Active micromixers require external energy sources to disturb the symmetry of
laminar flow and enhance the mass transfer surface area. These external energy sources
used in these micromixers can be listed as; acoustic, magnetic, dielectrophoretic, heat
etc. 1 Luong et al. " produced a surface acoustic wave micromixer. They used water
and fluorescent die for visualization. While the fluids are pumped through the syringe
pump, surfacewave was generated and launched perpendicularly to the flow with two
interdigitized electrodes working at 13 MHz frequency. Their results suggested that
mixing efficiency is proportional to the square of the applied voltage and focusing type

achieved better mixing with equal voltages. Their proposed micromixer reached an 88%



mixing efficiency . Jeon et al. !8 studied the optimum configuration of electrodes for
magnetohydrodynamic mixing. The parameters: shape, configuration, voltage and the
micromixer height investigated. After the investigation of six different configurations of
electrodes, the best resulting configuration is further studied for micromixer height and
applied voltage. They showed that a mixing efficiency of 90% can be achieved with
their design and numerical methods are suitable for investigation of optimal
configuration for electrodes *8. Zhang et al. 1° fabricated a micromixer that use induced
charge electroosmosis. They used asymmetrical planar floating electrodes to generate
asymmetric microvortices inside the flow. Their design achieved a 94.7% mixing
efficiency with 400Hz frequency sinusoidal wave with 14V applied voltage °. Kunti et
al. ?° studied an alternating current electrothermal micromixer. They microgrooved the
channel floor and placed asymmetric electrode pairs. Also, an array of symmetric
electrodes was introduced to the channel top wall. When operational the asymmetric
electrodes induced the fluid flow and the symmetric electrodes generated lateral vortex
pairs. Combined with the waviness of the channel resulting from the microgooving, the
micromixer act as a semi active semi passive micromixer and achieved a 97.25%
mixing efficiency %. Even though the active micromixers generally offer higher mixing
efficiencies and superior control over the mixing, their need for external energy sources
results in complex designs, moving parts, cabling and larger space requirements.
Complexity of active micromixers let passive micromixers the preferred choice for the

microfluidic applications with their simplicity and compact nature 2L,

1.3.2. Passive Micromixers

Passive micromixers do not require an external energy source but use the energy
of the flow. Hence, they do not require any additional parts or cabling. Having these
advantages, passive micromixers are the preferred option in microfluidic applications.
In passive micromixers, the symmetry of the laminar flow is aimed to be broken so that
the total mass transfer area increases, or the diffusion length decreases. The flow
symmetry is disturbed by either adjusting the outlet channel geometry by adding baffles
or ridges to the outlet channel or setting the inlet channels so that they induce chaotic



advection by creating vortex like flow inside the outlet channel 22, The two main mixing
mechanisms that the passive micromixers benefit from are lamination and chaotic
advection. In lamination the mixing efficiency is enhanced by either squeezing the flow
inside the channel to reduce the overall diffusion length or by dividing the flow by
separating it into several channels and combining them later along the mixer to achieve
a lamellae with alternating different concentration fluids, so that the total mass transfer
area enlarges 2 . On the other hand, the chaotic advection mechanism can be
introduced to the system by inserting obstacles inside the outlet channel such as baffles,
ridges or gaps or by having design modifications on the inlet channels. In chaotic
advection, vortex like structures added inside the flow that generate transverse motion
by breaking, folding and stretching the flow. This motion breaks the flow into thin
layers which creates a laminated structure of alternating different concentration fluid
layers that improves of total mass transfer area 2 22, Additional to these mechanisms
Dean flow is also used in passive micromixers to induce transverse motion. Dean flow
is originated from the interaction of centrifugal and inertial forces with viscous forces
while a fluid flows through a curved channel. In micromixers due to low Reynolds
numbers usually two counter rotating vortices are generated in Dean flow which creates
a transverse motion %,

Passive micromixer example that uses lamination mechanism with separation of
channels method and Dean flow can be given by Sudarsan and Ugaz %. They designed a
split and recombine micromixer that benefits the Dean flow effect and expansion
vortices. They utilized curved channels to induce Dean flow. With the help of the Dean
flow vertically laminated flow inside the channel becomes horizontally laminated at
point (I1) in figure 1.3a. Once the flow is horizontally laminated due to Dean vortices,
they separated the flow into several channels. Further curvature of the channels created
vertically laminated structure. When the vertical laminated structure constructed the
separated channels are combined down in the micromixer, to connect individual
vertically laminated structure. In the end the diffusion distance between the two
different concentration fluids is greatly decreased. The process repeated along the
micromixer until the desired mixing efficiency achieved. Their mixer is presented in
figure 1.3. They reported 90% mixing efficiency at k = 9.1. Here k is the Dean Number
and represents the relative magnitude of the centrifugal and inertial forces to viscous

forces 2.



First recombination (iv)

Cross-sectional view K (Re) Top view

m 2.3 (7.8) i
X
e : s
6.8 (23.3) K
IR ™ 9.1 (31.0) K/

Figure 1.3. Sudarsan and Ugaz’s micromixer design a) one mixing unit with

representation of the flow inside the channels b) complete mixer 2.

Li and Chen 2* documented simplified version of their previously uncovered
reversed flow micromixer. They proposed 3 possible micromixer designs to mimic the
reversed flow characteristics of their initial design. They achieved to have over 80%
mixing efficiency with all their design alternatives and reduce the pressure drop over a
wide range (0.1-100) of Reynolds numbers 2. Chen and Zhao ?° numerically worked on
optimization of obstacle height and placement in a 3-D T micromixer. They uncovered
that blockage of obstacles creates constant changes in flow velocity which creates
chaotic advection. Their results revealed that the most important parameter affecting the
performance of a micromixer is the obstacle height, followed by shape, number and
symmetry of the obstacles. They designed a multi-unit micromixer and achieved 90%

mixing efficiency 2°. Kwak et al. 26

investigated the herringbone type micromixers.
They proposed a positive pattern herringbone application and compared their design
with the traditionally used negative pattern herringbone micromixers, under forward and
reverse flow conditions. Their results showed that the positive grooved herringbone
micromixer with forward flow shows the best mixing 6. Hoffmann et al. %’ designed a
simple T-type micromixer and presented the fact that T-type micromixer is able to

generate vortex structures even in laminar flow regimes very early in the literature.



They used micro-Laser-induced fluorescence to measure the mass transfer area and
mixing efficiency 2’. Tsai and Wu 28 fabricated a microchannel that has two C shaped
curved channels implemented with rectangular obstacles with a straight channel
connection. With this design they benefitted from both Dean flow effect and chaotic
advection originated from the baffles. They numerically studied the obstacle placement
and obstacle height. The best results achieved when the first obstacle is located on the
bottom wall of the micromixer at the entrance of the C shape channel and the second
obstacle is placed inside the C shaped curve on the top wall of the micromixer 60° apart
from the first obstacle 28, Cetkin and Miguel ! designed a Y-shape micromixer and
uncovered the effects of changing inlet channel angles, diameter and length ratios of
outlet and inlet channels with constant volume constraint on mixing efficiency and
pressure drop numerically. They investigated the effect of introducing a mixing
chamber in between the inlet channels and outlet channel and obstacles inserted inside
the outlet channel. They concluded that the introduced mixing chamber increases the
mixing efficiency as well as the pressure drop and might be a good option for limited
space applications because of its compactness compared to the simple Y- shaped mixer.
Even though the obstacles introduced enhance the mixing they increase the pressure
drop which makes their use unnecessary * . In their follow up study Cetkin and Miguel
29 investigated a 3-D design with mixing chamber to investigate the effect of additional
angles for inlet channels in 3-D space and introduced eccentricity on the inlet channels.
They also implemented obstacles inside the mixing chamber to further increase the
mixing inside. Their results revealed that introduced obstacles decreased the mixing
efficiency by blocking the swirling motion inside the chamber and increased the
pressure drop. They also concluded that a mixer should be designed in 3-D space to be

able to implement parameters such as eccentricity 2°.

1.4. Fabrication of Microfluidic Devices

Fabrication of the microfluidic devices can be grouped in four parts; first the
microchannels are fabricated using wafers and polymers, for example a common

polymer used in microchannel fabrication is polydimethylsiloxane (PDMS) *°. These



microchannels may have functional groups such as; micromixers, microsensors,

reaction channels or microseperators, etc. Secondly these microstructures are sealed

with appropriate bonding method like welding, gluing, etc. Then, produced microunits

are attached to form a microfluidic device. In the fourth and last part the microfluidic

device is integrated to the other laboratory equipment such as syringe pumps, energy

sources, chemical reservoirs, etc. A sample microreactor is presented in figure 1.4 that

is fabricated for production of droplet-based nanoparticles 2. The microreactor in figure

1.4 involves two micromixers. At the start, the reagents filled and mixed in the first

micromixer. Then the reaction occurs along the reactor. After the first reaction

completed the third reagent is introduced to the system and mixed

micromixer then the process continues at the reaction 2 section.

200 ym
——— ., reaction 1
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R3T mixing reaction 2

in the second

Figure 1.4. Micrograph of a microreactor for droplet-based nanoparticles 3
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Fabrication of microfluidic devices is still in development and many researchers
are currently working on this subject 3 7 13 ¥ Even though polydimethylsiloxane
(PDMS) is widely used in fabrication of microfluidic devices, mixers, channels, etc., it
fails to produce 3-D geometries and circular channels. Also, microchannel production
with PDMS requires multiple production steps such as etching, patterning, curing, etc.
1330 1t is known that circular channels do not exhibit flow stagnation opposed to
rectangular channels which is advantageous in cell immobilizing used in pharmacology
industry. With circular channels, light transmission efficiency is enhanced and with 3-D
geometries higher mixing efficiencies can be achieved 3%, These advantages motivate
the researchers to work on both methods to fabricate 3-D geometries and circular
channels using PDMS and investigate alternative microfabrication materials and
methods. Zeraatkar, Tullio and Percoco 2 proposed to use additive manufacturing for
fabrication of micromixers. They used fused filament fabrication (FFF) in their work for
its biocompatibility, transparency and low-cost advantages. They also suggested that
with fused filament method due to nature of the process, the produced micromixer
already has ridges that enhance the mixing. They concluded that the mixer fabricated by
3-D printing with fused filament fabrication showed good mixing, however for high
flow rates and channels wider than 0.6mm leakage is observed and the rough surface of
the product might be a disadvantage for applications that requires smooth surfaces 2.
Abdelgawad et al. *° proposed a method to produce circular microchannels with PDMS.
They filled the rectangular PDMS channels with liqguid PDMS and before it is cured air
passed through the channel to blow out the liquid PDMS resulting in liquid PDMS to
stick to the edges with surface tension and create a circular opening. Experimentations
with this method uncovered that circular microchannels with varying diameters and
sizes can be fabricated by adjusting the air velocity and the curing time . Song et al. 3
used metal wire removing process to create circular microchannels. In this method the
soldering wire is used to create a path for the microfluidic device, and then PDMS is
covered over the soldering wire. After the PDMS is cured the soldering wire is melted
away which leaves perfectly circular microchannels inside the PDMS mold. The
limitation with this process is the minimum diameter of microchannels, a minimum
diameter of 0.3mm is possible because of the available minimum soldering wire

diameter 32,
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1.5. Aim of Study

In this thesis, a parametric optimization study is conducted to uncover the effect
of parameters on pressure drop and mixing efficiency for a 3-D Y-shaped micromixer
design based on the work of Cetkin and Miguel’s work 2° with mixing chamber and
asymmetric inlet channels. Our aim is to while further optimizing the design, show its
effectiveness among the already existing micromixers in the literature. For this purpose,
the optimized micromixer design is compared with examples from literature with same
boundary conditions (diffusion coefficient, Reynolds number, etc.) and same volume.
The objective is to design the micromixer to either have the same mixing efficiency
with lower pressure drop or having a higher mixing efficiency with same pressure drop,

with the micromixer examples from the literature.
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CHAPTER 2

METHOD

Two distinct micromixers were studied on COMSOL Multiphysics 5.4 32 for
their pressure drop and mixing efficiency results. The first micromixer is Tsai and Wu’s
CSC micromixer 8. This micromixer is used for both validating the current study and
present the other micromixer’s developed performance. The other design is the Y-
shaped micromixer that originated from Cetkin and Miguel’s work 2 the length scale
parameters are parametrically analyzed in order to uncover their effect on finding the

maximum mixing efficiency and minimum pressure drop.

2.1. Simulation Parameters and Governing Equations

The simulation parameters and material properties are selected same as Tsai and
Wu’s work 2. Single phase liquid water is set as the working fluids with constant
properties and Rhodamine B is used as the soluble material inside the mixers. Working
fluid density, viscosity and soluble material diffusion coefficient are 997 kg/m3, 9.7 x
10~*kg/m.s and 3.6 x 10~1° m?/s, respectively. The Reynolds number is calculated as;
Re=tid, 9! (2

where & represents the mean outlet channel velocity, dn represents the hydraulic
diameter of the outlet channel and 9 represents the kinematic viscosity.

The velocity distribution of the fluid flow inside the micromixer was calculated
using conservation of mass (3) and momentum (4) equations. Steady state, laminar,
incompressible and isothermal flow, with no-slip and impermeable wall assumptions
were used in simulations. The simulations were conducted using quadratic discretization

and the convergence criterion for relative tolerance was set to 1073. Velocity
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distribution of the fluid flow inside the micromixer domain was calculated using
equations (3) and (4). The velocity field data acquired from this calculation used in the
convection-diffusion equation (5) to uncover the concentration distribution inside the

micromixer domain. The equations used in the simulations are;

Vu=0 (3)
p(u. VYu= —VP + uVu 4)
u. Vc =D, V¢ (5)

Where u is velocity, P is pressure, p is dynamic viscosity, p is density, D¢ is
diffusion coefficient and c is concentration.

For the calculation of mixing efficiency, method proposed in Cetkin and
Miguel’s work 2°, presented in equation (6), is used.

fm%wm
M=1- = — (6)

In this method, normalized concentration difference, [(c; — ¢)/¢]?, is integrated
over the interested cross-sectional area and divided to that cross-sectional area. Cetkin
and Miguel % suggested that this method is superior to minimize errors in documenting
mixing efficiency. Since the common mixing efficiency calculation methods use
random or uniformly distributed data points that may lead to falsely reported results.
The integration enables the distance between the data points become infinitesimally
small that achieves a sensitivity level cannot be reached by limited number of sampling
points. They also proved that this method yields more homogenous results, so this
method is used in the rest of the study except when validating the current work.

In validation of the current study, the mixing efficiency is calculated using
equation (7) and (8) that was used in Tsai and Wu’s work 2. The reason for using this
method is to eliminate possible differences in mixing efficiencies that may be originated
from different calculation methods. In Tsai and Wu’s work 2 more traditional sampling
point base approach was used. In this method the mole concentration fraction standard
deviation is calculated on a cross sectional surface with equation (7), the concentration
data is produced with uniformly distributed sampling points, then the result is inserted
in equation (8) for the calculation of mixing efficiency.

1 —
0% =130 (- 0 (7)

M=1-2 (8)

0o
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Pressure drop data for the micromixers were acquired from surface average
module inside the COMSOL Multiphysics 5.4 software 32. Average pressure values at
the inlets of the micromixer were calculated with this module and the outlet pressure
value is subtracted from the average inlet pressure value. The difference is documented

as total pressure drop across the micromixer.

2.2. Numerical Models

2.2.1. CSC Micromixer

For the validation of the study, Tsai and Wu’s CSC micromixer modeled on
COMSOL Multiphysics 5.4 software as described in their article 2232, The working fluid
is fed through the inlets with u velocity, which is calculated from the desired outlet
Reynolds number, with ¢=0 mol/m?® and c= 1 mol/m*® molar distributions at either inlet
as in figure 2.1. Pressure boundary condition is applied on the outlet as gauge pressure
equals to 1 atm. The micromixer has a constant channel height of 130 um. The inlet
channels have a width of (W;) 45 um and length of (L) is 650 um. For the rest of the
micromixer channel width (W) is set to be 130 um. The straight channel lengths
connecting the inlet, the two mixing units and the outlet are; 260 um, 390 um and 1950
um for the entrance region (Le), for the straight connecting channel in between the two
mixing units (L¢) and for straight outlet channel (Lo), respectively. The total calculated
volume of the micromixer is 6.58x 10~ m® The curvature angle for the curved
channels are set to 180° and these are called mixing units. The obstacles inside the
mixing units are placed as the first obstacle is on the inner surface of the mixing unit
while the second obstacle is placed on the outer surface of the mixing unit with a 60°
separation angle. Obstacle width (Wy) and thickness (t) are 97.5 um and 40 um

respectively. The CSC micromixer design is presented in figure 2.1.
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Figure 2.1. CSC micromixer design and dimension parameters.

2.2.2. Y-Shaped Micromixer with Mixing Chamber

A parametrical optimization study is conducted on the Y-shaped micromixer
with mixing chamber design that is originated from Cetkin and Miguel’s work 2°. The
reagents are fed through the inlet channels with u velocity which is calculated based on
desired Reynolds number in the outlet channel similar to the CSC micromixer section.
The concentration distribution values are set as ¢=0 mol/m?® at one and ¢= 1 mol/m? at
the other inlet. Pressure boundary condition is set on the outlet as gauge pressure equals
to 0 atm. Volume of the micromixer is set to 6.58x 101! m? as same as the CSC
micromixer. The boundary conditions, design and design parameters for the Y-shaped

micromixer with mixing chamber are presented in figure 2.2.
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Figure 2.2. a) design parameters b) boundary conditions of the Y-shaped micromixer
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In figure 2.2, beta () & theta (0) are the angles between the inlet channels and
the z axis on x-z plane. The 6 angle is constant at 90°. Alpha (a) is the angle between
the two inlet channels on x-y plane. Z eccentricity is the distance between the centerline
of an inlet channel and origin of the mixing chamber along z-axis, the distance between
the two inlet channels centerlines is 2z. X eccentricity is the distance between the
intersection point of the two inlets and the origin of the mixing chamber along x-axis.
D1, D2, L1 and L, are the diameter and length of the outlet and inlet channels
respectively. Ratios of the outlet duct diameter to inlet duct diameter (D1/D2), outlet
duct length to inlet duct length (Li/L2), inlet duct length to inlet duct diameter (L2/D2)

and mixing chamber volume to total volume (Vsp) are parametrically investigated.

2.3. Mesh Independency and Validation Study

Varying mesh settings were surveyed for mesh independency. These settings
created mesh element numbers from 21783 to 758668. Figure 2.3 presents the mixing
efficiency results with corresponding number of mesh elements. It is possible to
conclude from figure 2.3 that the mesh setting corresponding to 580607 mesh elements
is sufficient for mesh independency. The relative error between this setting and the
following denser mesh setting is in the order of 1%. In the rest of the study mesh setting

generated 580607 mesh elements is used.
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Figure 2.3. Change of mixing efficiency with different number of mesh elements for

mesh independency study

The mesh setting that yields 580607 number of mesh elements is, for the
domain: maximum element size 25.4 um, minimum element size 7.5um and maximum
element growth rate 1.14. Denser mesh applied on the surfaces with settings; maximum
element size 12.4 um, minimum element size 1.4 um and maximum element growth
rate 1.1 and 5 layer boundary layer mesh is applied on the surfaces with 1.2 boundary
layer stretching.

The selected mesh setting is applied to the CSC micromixer for validation.
Results from the conducted simulations with the said mesh setting and reported in the
Tsai and Wu’s article 28 are presented in figure 2.4 for comparison. Results of Tsai and
Wu’s article are extracted by using Web Plot Digitizer 3. In the graph, x-axis presents
the Reynolds number on logarithmic scale and y-axis presents the mixing efficiency.
Our simulated results and their reported results showed good agreement in trend and a

maximum of 4% difference in between the mixing efficiency results are observed.
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CHAPTER 3

RESULTS AND DISCUSSION

In this part, optimization steps of the Y-shaped micromixer with mixing
chamber that is first created in Cetkin and Miguel’s article 2° are presented. Results of
each step is given and discussed. Then performance comparison of the optimized design

with reference design from the literature is made.

3.1. Optimization of a and 8 Angles with X and Z Eccentricities

The four parameters are investigated. The Reynolds number is set to 81 in the
outlet channel and volume of the mixer is set to 6.58x 10~ m® same as the CSC
micromixer. The other design parameters 0, Li/L2, D1/D2, L2/D2 and Vs held constant at
90°, 3, 1.4, 10 and 0.2 respectively. o parameter is studied in 0° - 270° angles range with
30° angles increments, p angle is surveyed in 0° - 90° angles range with 30°
increments, Xecc design parameter is investigated in between -20um - 80um range with
20um steps and zecc design parameter is analyzed in between Oum - 40um range with
10um steps. Presenting all the data from the survey of these four parameters in a single
graph is not convenient because of the size of the data set. That is the reason that results
are presented in five graphs containing mixing efficiency results for the o and 3 angles

and Xecc parameters for each zecc setting in figure 3.1.
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(Figure 3.1 cont.)

In figure 3.1, x-axis shows the a angles, y-axis shows the mixing efficiency (M)
results, different colors represent the different  angle settings and different shapes
represent the different xecc settings. When the figure 3.1 interpreted, it can be said that
a angles in 180° to 240° range yield the highest mixing efficiencies. For the B angle it is
not possible to show an optimum value or range because when results of  angles
examined, for zecc= Oum B= 90° followed by p= 0° yield the best results, however for
the interval zecc= 10 - 30um, B= 60° achieved the best mixing efficiencies. When Zzec. set
to 40um, B= 30° yield the highest efficiency results followed by p= 60°. Even though
B= 60° configurations yield higher results when zec introduced, it is believed that it is
still not correct to suggest p= 60° is the best angle for this micromixer. For the Xecc
parameter a definite relation with the mixing efficiency could not be figured as well.
Highest values of mixing efficiency achieved with Xecc= 60um for zece= Oum, Xecc=
20um for Zece= 10-20um, Xece= Oum for zecc= 30-40um. It is possible to uncover a
relation between the zec.c parameter and the mixing efficiency. From figure 3.1 one can

see that with introducing zecc to the system a sharp increase in maximum mixing
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efficiency is occurring, however further increasing zecc after 20um the maximum mixing
efficiency values starts to decrease for all parameters. To sum up, it is possible to note
that there is a clear relation between maximum mixing efficiency and o angle and zecc
parameters. The optimum micromixer design should have o angle in 180° - 240° range
and zecc= 20um, however a conclusive result for § angles or Xecc cannot be figured. It is
thought that combinations of  angles and Xecc parameters may be affecting the swirling
motion or the chaotic advection inside the mixing chamber on multiple levels so that a
simple curve that relates these parameters with the mixing efficiency cannot be
constructed. For further investigation, it is decided to select the top three designs that
yield highest mixing efficiencies, since it is not possible to construct a purely optimum
micromixer with missing correlations for 3 angles or Xecc. The design parameters for
these designs are a= 210° B= 60° Xecc= 20um and zecc= 20um for the design having
the highest mixing efficiency (design 1), a= 240° B= 60° Xecc= Oum and Zecc= 30um
for the second highest mixing efficiency (design 2) and a= 240° B= 60° Xecc= 20um
and zecc= 20um for the third highest mixing efficiency (design 3).

In this section the pressure drop caused by the designs is also calculated. The
lowest and highest pressure drop calculated is found to be 4853.7 Pa and 5290 Pa. The
mixing efficiency result of the design showing the lowest pressure drop is 35.4 %. This
result is considerably lower than the maximum achieved mixing efficiency of 67.2 %.
This 67.2% mixing efficiency required only 5097.1 Pa pressure drop. So 4.8% reduction
on pressure drop causes 47.3 % loss in mixing efficiency. It is decided not to further
investigate this minimum pressure drop design since the reduction of the pressure drop
is insignificant compared to decrease in mixing efficiency.

Also, it should be noted that 10.8% of our cases resulted in non-convergence
(130 cases out of 1200). It is believed that this is not critically important and has little
effect on the outcome of this analysis. This situation may have been originated from
using the steady state laminar flow module on COMSOL Multiphysics 5.4 software
and the solution to not to converge when complete steady state could not achieve or

some local points to pass laminar region inside the swirling motion.
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3.2. Optimization of Vsp, Li/L2, D1/D2 and L./D2 Parameters

In this section Ve, Li/L2, D1/D2 and L2/D- are parametrically studied. The three
best design configurations from the previous section further investigated with the
following methodology. Vs ratios from 0.1 to 0.9 are surveyed with 0.1 increments
along with the other three design parameters. First, D1/D; ratio is investigated from 1.2
to 2.0 with increments of 0.2 then Li/L, parameter examined in between 2 to 6 with
increment of 1 using the best D1/D> ratio and at last the best configuration is searched

through Lo/D> parameters from 8 to 12 with increments of 2.

3.2.1. Parametric Work on Design 1

3.2.1.1. Investigation of optimal D1/D: ratio

The selected design 1 parametrically optimized. Vsp ratio is surveyed with
varying D1/D- ratios. Other parameters 6, Li/L> and L2/D> held constant at 90°, 3 and 10

respectively. The results presented in figure 3.2.
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Figure 3.2. Vsp versus mixing efficiency graph for different D1/D; ratios for design 1

In figure 3.2 it is visible that the highest mixing efficiency of 89.9% acquired
with 0.9 Vg and 1.8 Di/D; ratios. The 1.8 Di/D; ratio yield the highest mixing
efficiencies in general. The increasing mixing efficiency with increasing D1/D; ratio can
be explained by the increase in outlet duct diameter enables fluid to rotate more freely
inside the channel and results in enhanced mixing. The decrease in the mixing
efficiency with 2.0 D1/Dy ratio is related with the constant volume constraint, increasing
the outlet duct diameter results in shorter channel length which causes a reduction in the
residence time of the fluid and mixing efficiency of the design. To sum up, decreasing
benefits from increasing the outlet duct diameter and increasing disadvantage from the
reduction of outlet channel length resulted with an optimum point at 1.8 D1/D; ratio. In
the graph there is a steep slope in mixing efficiency for Vs, values from 0.1 to 0.3,
however the increase in the mixing efficiency slows down after further increasing Vsp.
When the figure 3.3 is examined, it is possible to figure that this behavior is caused by
insufficient mixing chamber volume. When the mixing chamber volume is not large
enough, it fails to create a strong vortex inside the flow and forces the fluid to the outlet
channel before sufficient mixing. As seen in figure 3.3 for Vg= 0.1 the fluid exits the

mixing chamber before being able to swirl in the chamber but in Vs= 0.3 the fluid is
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able to chaotically mix inside the mixing chamber before moving to the outlet channel.
The slight increase after the 0.3 Vs ratio can be explained by the fluid inside the mixing
chamber experiencing a chaotic rotating flow for an increased time but since it already

had enough volume the increase with increasing Vsp ratio is not as high as 0.1-0.3
region.

28



(b)

Figure 3.3. Concentration streamlines for a) Vsp= 0.1 b) Vsp= 0.3
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The design achieved the highest mixing efficiency using 0.9 Vs, and 1.8 D1/D>
ratios caused the highest pressure drop of 13842 Pa, however design utilizing 0.3 Vsp
and 1.8 D1/D> ratios acquired 81.7% mixing efficiency with 5465.6 Pa pressure drop.
This means 60.5% reduction in pressure drop can be achieved with sacrificing 9.1%
mixing efficiency however design with 0.7 Vs, and 1.8 D1/D: settings succeeded 88.0%
mixing efficiency requiring 8157.6 Pa pressure drop and presents a good tradeoff. It
should be noted that even though 0.9 Vs, ratio is yielding the highest mixing efficiency,
this design is not very realistic. It is believed that 0.7 Vs, ratio represents a good limit

for realistic design. In figure 3.4 0.9 Vsp and 0.7 Vsp is shown together for comparison.

(b)

Figure 3.4. Design 1 with Vs, parameter equal to a) 0.7 b) 0.9
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3.2.1.2. Investigation of optimal Li/L> ratio

Design 1 is further evaluated for varying Vsp versus Li/L> ratios with 1.8 D1/D>
applied. The other parameters 6, Li/L> and L2/D> held constant at 90°, 3 and 10
respectively. Results presented in figure 3.5.
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Figure 3.5. Vs, versus mixing efficiency graph for different L1/L ratios for design 1

Different Li/L ratios yield very close results. Even though it is possible to see
the increase in mixing efficiency with increasing Li/L> ratio, pressure drop increase
related with it is significant. When the data is examined, Li/L>=4 ratio yields very close
to the highest mixing efficiency values and achieves this mixing efficiency with
significantly lower pressure drops. For example, for 0.5 Vp design, with Li/L>=4 yields
87.0% mixing efficiency with 8223.1 Pa pressure drop where Li/L>=6 yields 88.0%
mixing efficiency with 12541 Pa pressure drop. This means a 1.2% gain for mixing

efficiency has a penalty of 34.4% for pressure drop. In the end it is decided to continue
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with Li/Lo= 4 parameter owing to its ability to achieve very close mixing efficiencies to

the highest results with lower pressure drops.

3.2.1.3. Investigation of optimal L/D: ratio
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Figure 3.6. Vsp versus mixing efficiency graph for different Lo/D; ratios for design 1

Figure 3.6 shows that mixing efficiency results are nearly indistinguishable
except for Vsp 0.1 and Vsp 0.4. This is because there is no mixing in the inlet channels
so, length and diameter change of the inlet channels do not affect the system behavior
considerably, however as L,/D. ratio decreases the inlet channel length decreases
resulting in a considerable decrease in pressure drop on the system. For example, for Vsp
equals to 0.6, different Lo/D. ratios yield 87.59%, 88.16% and 87.63% mixing
efficiencies with 6375.6 Pa, 9244.4 Pa and 12577 Pa pressure drops for Lo/D> equals to
12, 10 and 8 respectively. Even though lower L>/D> ratio achieves lower pressure drop

with almost no compromise, it is believed that further decreasing the L./D> ratio is not
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meaningful since inlet channels are depended on the application. On account of that it is
decided to continue with the initial L2/D,= 10 ratio in order not to falsely report a
decrease on the pressure drop values, and not to further investigate this parameter.

In the end for design 1 selected values for the D1/Dz, L1/L2 and Vp are 1.8, 4 and
0.6 respectively. Lo/D; ratio is equal to 10 from this point on for all designs. Vs 0.6 is
selected because it can achieve almost the highest mixing efficiency 88.16% opposed to
88.59% mixing efficiency using Vsp 0.9 with a more realistic design and considerably

lower pressure drop 9244.4 Pa opposed to 18314 Pa.

3.2.2. Parametric Work on Design 2

3.2.2.1. Investigation of optimal D1/D: ratio

The selected design 2 studied parametrically. Varying D1/D; ratios investigated
for varying Vs ratios. Other parameters 0, Li/L> and L2/D> held constant at 90°, 3 and

10 respectively. The results presented in figure 3.7.
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Figure 3.7. Vsp versus mixing efficiency graph for different D1/D; ratios for design 2

The optimal D1/D> ratio for this design is not obvious in figure 3.7. When
examined, even though they did not yield the highest mixing efficiency, D1/D, 1.4 and
1.6 are the settings that provide consistently better results. It is decided to continue with
the D1/D> 1.4 setting since D1/D> 1.6 has higher pressure drop levels compared to D1/D>
1.4 and does not have a significant advantage over it.

3.2.2.2. Investigation of optimal Li/L> ratio

The design 2 further investigated for varying Li/L ratios and Vs ratios. Other
parameters 6, D1/D> and L2/D- held constant at 90°, 1.4 and 10 respectively. The results

presented in figure 3.8.
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Figure 3.8. Vp versus mixing efficiency graph for different Li/L> ratios for design 2

When the figure 3.8 interpreted, it is possible to see that design 2 yielded its
highest mixing efficiency with Vs 0.6 and Li/L2 6 setting. Distinct increase in the
mixing efficiency with increasing Li/L ratio and the decrease in mixing efficiency after
Vsp 0.6 shows that design 2 is more depended on the outlet duct length than the design
1. This would mean that chaotic mixing in the mixing chamber of design 2 is not as
significant as of design 1 so that design 2 needs longer outlet duct length to complete
the mixing. Design 2 yields a maximum mixing efficiency of 81.19% with 16780 Pa
pressure drop. This would mean that even if the pressure drops of the designs are not
considered, design 2 is not capable of competing with design 1 and design 1 has very

clear advantage over the design 2.
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3.2.3. Parametric Work on Design 3

3.2.3.1. Investigation of optimal D1/D> ratio

The design 3 is parametrically optimized. Varying D1/D: ratios surveyed through
different Vs, ratios. Remaining parameters 0, Li/L»> and L2/D> held constant at 90°, 3

and 10 respectively. The results presented in figure 3.9.
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Figure 3.9. Vsp versus mixing efficiency graph for different D1/D; ratios for design 3

In figure 3.9 the highest mixing efficiency attained by using, D1/D, equal to 1.2
ratio with Vsp 0.9 ratio. However, considering unrealistic properties of Vs, 0.9 ratio and
high mixing efficiencies achieved by D:/D, 1.4 and 1.6 ratios, it is clear that choosing
D1/D2 1.4 or 1.6 ratio is more beneficial. D1/D2 1.4 and D1/D2 1.6 with Vs 0.7 setting
yield 85.17% and 83.42% mixing efficiencies and 8673.2 Pa and 8146 Pa pressure
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drops respectively. Since D1/D> 1.4 reaches higher mixing efficiencies with very close
pressure drops compared to D1/D> 1.6, it is decided to continue with this setting.

3.2.3.2. Investigation of optimal Li/L> ratio
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Figure 3.10. Vs versus mixing efficiency graph for different Li/L> ratios for design 3

Figure 3.10 shows that the highest mixing efficiency is acquired using Li/L>= 6
and Vsp= 0.7 configuration. For this setting the mixing efficiency is 87.83% and caused
16308 Pa pressure drop. The Li/Lo= 6 ratio mostly achieved highest mixing efficiencies
through this survey. The Li/L>= 5 ratio also achieved very close mixing efficiency
results with Li/L,= 6 ratio. When the pressure drop values are investigated no
significant difference could be observed. For example, for Li/L>= 6 and Vs,= 0.7
87.83% mixing efficiency with 16308 Pa pressure drop achieved where 87.11% mixing
efficiency with 15732 Pa pressure drop achieved with Li/Lo= 5 and Vsp= 0.7. There is

an only 3.53% difference present between the pressure drops of the two settings which
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is not significant. Because of the insignificant difference between the two highest
yielding setting, Li/L>= 6 is selected as optimum value for design 3 due to its higher
mixing efficiency.

When the optimum design 1 and design 3 is compared, their mixing efficiency
and pressure drop values are 88.16% versus 87.83% and 9244.4 Pa versus 16308 Pa.
Even though the mixing efficiency results of the two mixer setting are very close, there
is a 43.31% difference between the pressure drops. It is very clear that the design 1 is

more advantageous compared to design 2 and design 3.

3.3. Performance Investigation of the Optimized Design

Up to this point the Y-shaped micromixer design originated from Cetkin and
Miguel’s work 2 is optimized for its design parameters with constant 81 Reynolds
number. In order to uncover the performance of the optimized micromixer at different
Reynolds numbers the newly constructed design is simulated at 0.054, 023, 1, 3, 9 and
27 Reynolds numbers additional to the 81 Reynolds number. Mixing efficiency results
for these Reynolds numbers are 94%, 51%, 24%, 19%, 18%, 49%, and 88%
respectively. Contour plots of the outlet are given in the figure 3.11 for these Reynolds

numbers.
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Figure 3.11. Outlet contour plots of the optimized design for Reynolds numbers
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The mixing efficiency results and the contour plots show that the optimized
design is performing well with very low and high Reynolds numbers. For low and
intermediate Reynolds numbers performance of this mixer is not sufficient and this is

visible in contour plots b-f. This result is expected since the Y-shaped micromixer with
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mixing chamber that is optimized through this thesis is a chaotic mixer. Chaotic
micromixers require high momentum fluid to create turbulent flow like structures. The
low mixing efficiency results for Reynolds numbers 0.23-27 can be explained with this
mechanism. In this interval while fluid do not have the enough momentum to initiate
chaotic mixing, mean flow velocity inside the mixer is too high to enable mixing with
pure diffusion. It is visible in contour plot b for Reynolds number 0.23, fluids are
mixing with pure diffusion on the middle plane and no rotation exists inside the flow.
Contour plot e for Reynolds number 9 shows that main mixing mechanism is still pure
diffusion and flow is too fast to be able to mix with this mechanism, but flow shows
some rotation which suggest that increasing Reynolds number will increase the mixing
efficiency from this point. For Reynolds number 0.054 high mixing efficiency achieved
even with the absence of high momentum is simply resulted from the increase residence
time inside the micromixer. Increase in mixing efficiency after Reynolds 27 simply
suggest that the momentum of the working fluid is starting to be sufficient for chaotic
mixing. The rotation of the fluid for after 27 Reynolds number regime is also visible in

the contour plots given in figure 3.11.

3.4. Comparison of the Optimal Design with another Micromixer

In this part the optimized micromixer with the selected parameters (design 1) is
compared with Tsai and Wu’s CSC micromixer 28, Aim of this part is to show the
performance of the optimized micromixer by showing it can attain comparable mixing

with the other examples while having lower pressure drop values.

3.4.1. Detailed Comparison with the CSC Micromixer

Performance of the studied optimized micromixer is compared with the reported
performance of the CSC micromixer that was also used in validation. Mixing efficiency

and pressure drop values for the micromixers are presented in table 3.1. In the table



mixing efficiency and pressure drop results of the CSC micromixer and the studied
design with optimized parameters (design 1) is given side by side. The results for
mixing efficiencies and pressure drops of the CSC micromixer for different Reynolds
numbers are acquired using Web Plot Digitizer *. Relative differences of the mixing
efficiency and pressure drop values also given in the right-hand side of the table.

Relative differences calculated as in equation (8).

Xese—Xour

XCSC (8)

In equation (8) X represents the interested parameter and subscripts csc and our
represents the CSC micromixer and the optimized Y-shaped micromixer with mixing

chamber respectively.

Table 3.1. CSC micromixer versus optimized Y-shaped micromixer

CSC Micromixer % Optimized Design Variation %

Reynolds I\/I_i)ging Pressure I\/I_i)ging Pressure Merr Pq
Number | Efficiency | Drop (Pa) | Efficiency | Drop (Pa) ¢ fop
0.054 0.94 11.36 0.94 5.46 0 51.94
0.23 0.5 47.62 0.51 23.26 -2 51.15
1 0.2 210 0.24 101.15 -20 51.83
3 0.14 630.96 0.19 303.49 |-35.71429| 51.90
9 0.22 1944.86 0.18 911.87 | 18.18182 53.11
27 0.54 6984.47 0.49 2797.1 | 9.259259 59.95
81 0.93 33282.98 0.88 9244.4 | 5376344 | 72.22

The table 3.1 shows that more than 50% pressure drop reduction is possible with
using the optimized Y-shaped micromixer design instead of the CSC micromixer for all
Reynolds numbers. For Reynolds numbers lower than or equal to 3, the optimized
micromixer offers up to 35.58% higher mixing efficiency results with 51.90% power
save. For Reynolds numbers 9 27 and 81 optimized design could not reach the mixing
efficiency values attained by the CSC micromixer. The selected design 1 caused
17.28%, 8.90% and 5.21% reduction in mixing efficiencies for Reynolds numbers 9 27
and 81 respectively however, the 53.11%, 59.95% and 72.22% reduction in pressure
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drops for the same Reynolds numbers that is attained by using the optimized design
should be considered. This would mean that, it is theoretically possible to connect two
of the optimized micromixers to a system and achieve a lower pressure drop value than
using one CSC micromixer.

When the trend in table 3.1 shows that as the Reynolds numbers increase from 9
to 81 the difference in mixing efficiencies between the CSC micromixer 2 and our
optimized design decreases while the difference between the pressure drops of these
two designs increases. This would suggest the optimized design 1 may perform better
than CSC micromixer 2 when higher Reynolds numbers considered.

All in all, our design offers better mixing while achieving considerable pressure
drop reduction for low Reynolds numbers (0.054-3). In the transition region and at
beginning of the high Reynolds numbers CSC micromixer 2 surpasses our micromixer
when mixing efficiency is considered, however there is still a significant (more than
50%) decrease on pressure drop acquired by our optimized design. This is because, in
transition region the fluid does not have enough momentum to start the chaotic
advection or the swirling motion inside the mixing chamber however, it is not slow
enough to increase the residence time in the mixer to achieve mixing with pure
diffusion which causes poor mixing. The decreasing difference between the mixing
efficiencies and enhancing reduction on pressure drop with increasing Reynolds
numbers suggest that for high Reynolds number regime the optimized Y-shaped
micromixer design can surpass the CSC micromixer 28 on achieved mixing efficiency

results while obtaining over 70% pressure drop reduction through the mixer.
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CHAPTER 4

CONCLUSION

In this thesis general information about the application fields, purpose and
mixing mechanism of the micromixers is given. Some microfluidic applications are
surveyed to uncover the importance of micromixers for microfluidic devices. Working
principle, advantages and types of micromixers (active and passive) are presented with
examples from the literature. Fabrication processes and methods, for microfluidic
devices are explained and the importance of micromanufacturing 3-D structures for
these devices expressed.

A Y-shaped micromixer with mixing chamber that has 3-D geometrical
properties was investigated and parametrically optimized. 3-D geometry enabled us to
study the effects of x eccentricity, z eccentricity and provided a wider range for the
design of inlet channels. When the different settings for inlet angles and eccentricities
surveyed, it is found that o angles attain highest mixing efficiencies in 180° to 240°
range and zecc= 20um represents a good optimal value. However, for 3 angle and Xecc an
optimal value or a range could not be uncovered. Consequence of that, instead of setting
a new optimal design with individual optimal parameters the highest yielding top three
designs investigated through this thesis.

Later, the Y-shaped micromixer with mixing chamber is investigated for Vsp,
Li/L2, D1/D2 and Lo/D» parameters. It is found that a general trend for Vs, parameter
exists, as this parameter increases the mixing efficiency enhances, however after Vs, 0.7
the design does not considered very realistic. The simulations showed that optimum
values for parameters Li/L, and D1/D> are dependent on the other design parameters, so
the selected values for them are different for each design alternative. Lo/D. parameter
showed almost no effect on mixing efficiency. Although L2/D. had considerable effect
on pressure drop it is decided not to investigate this parameter as reducing pressure drop
by shortening the inlet channels is not realistic since the inlet channel length is

dependent on the application in real life.
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The parametric work uncovered that the design 1 (o= 210°, B= 60° Xecc= 20um
and Zecce= 20um) with Vg, Li/L2, Di/D2 and L2/D2 equal to 0.6, 4, 1.8 and 10
respectively, can be considered as the optimized design. Since it achieves nearly the
highest mixing efficiency of 88.16% with relatively low 9244.4 Pa pressure drop.

In the following, this selected optimized design is compared with the base design
(CSC micromixer 28). This comparison revealed that our micromixer design can attain
mixing efficiencies up to 35.58% higher than base design for low Reynolds numbers
(0.054-3). The optimized micromixer design can achieve over 50% reduction on
pressure drop for all Reynolds numbers where a maximum reduction 72.22% on
pressure drop is observed when Reynolds number is 81. When the trend in table 3.1
interpreted, it can be assumed that the optimized Y-shaped micromixer can obtain
higher mixing efficiencies while requiring considerably lower pressure drops compared
to CSC micromixer 2 for high Reynolds numbers after the transition regime. In
transition regime our micromixer fails to surpass the mixing efficiency values of CSC
micromixer 2. The reason for this situation is that the working fluid not having enough
momentum in this regime to start chaotic advection inside the mixing chamber.
However, it is important to note that the Y-shaped micromixer keeps achieving over
50% decrease in pressure drop.

All in all, in this work Y-shaped micromixer with mixing chamber
parametrically optimized for acquiring high mixing efficiencies with low pressure
drops. Results revealed that sufficient mixing can be attained with this micromixer
while succeeding significant decrease in pressure drop. This suggests that this
micromixer can be useful for systems that require very compact design and significantly
low pressure drops.

For the future studies, in this thesis experimental study could not be conducted,
this micromixer should be experimentally tested, compared to more micromixers in the
existing literature and a more planar design having the similar properties can be

examined for easier fabrication.
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