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Abstract

Experimental and Numerical Investigations of Novel Passive
Micromixers using u-1F

Yan Feng Fan

Micromixers are indispensable components in Lab-on-a-Chip and micro total
analysis systems (u-TAS). Typical micromixer applications include the mixing of
reagents prior to chemical or biological reactions, drug delivery, medical diagnostics
through biological sampling, and DNA sequencing or synthesié. The objective of the
present investigation is to develop novel passive microfluidic mixers, which integrate
mixing mechanisms of lamination and chaotic advection, through planar channel designs.
Lamination is incorporated through repeated separation and combination of the mixing
streams, while chaotic advection is implemented through serpentine mixing channels and
barriers in the flow. The design includes three innovative in-plane on-chip functional
micromixers, of channels ranging in width from 0.05 to 0.2 mm, a constant depth of 0.2
mm, and an overall mixer length of 5 mm. An experimental analysis was carried out to
evaluate the mixing performance of the designed mixers. The working fluid is distilled
water, with one stream mixed with commercial fluorescence dye. Micro Induced

Fluorescence (u-IF) is used to quantitatively measure instant whole-field concentration
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distribution in the channels. Images along the axial length of the micromixers were
recorded to quantify the mixing performance, over a Reynolds range of 1 to 100, a Péclet
range from 10° to 10°, at a Schmidt number in the vicinity of 10°. The mixing
performance shows patterns similar to the Taylor dispersion, which consists of both
diffusion and convection. Compared to the designs available in literature, the present
micromixers have achieved better mixing efficiency up to 95% with a pressure drop of 20
kPa in a mixing length of 5 mm at 1 < Re < 100. The experimental mixing performance is
compared with the simulated results, as well as existing experimental data for different
designs within the Working Reynolds range. The experimental results show a reasonably

good correlation with the simulated results.
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Symbols
A interface area, (m®)
B ratio between fluorescence intensity and concentration
C concentration, (ng/L)
C average concentration, (ug/L)
D diffusion coefficient, (mz/s)
Dy hydraulic diameter, (m)
D, Dean Number, D, = GW3 \/2—7/Ii
| uv R
G pressure gradient at the centerline of pipe, (Pa/m)
H height of channel, (mm)
I light intensity
L length of channel, (mm)
M mixing efficiency
m mass flow rate, (kg/s)
N total ﬁumber of sampling
P pressure drop, (Pa)
Pe Péclet Number, Pe= DiV

R channel radius of curvature, (m)
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pVD,

Re Reynolds Number, Re = P

\Y velocity, (m/s)

A\ width of channel, (mm)
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B coefficient of response surface model
I’ numerical diffusion

0 opening angle, (°)

u dynamic viscosity of fluid, (Pa-s)
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RSM Response Surface Methodology
SAR Split-and-Recombine
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Chapter 1

Introduction

A demand for the micro total analysis system, often called 4-TAS or Lab-on-a-Chip
(LOC), is growing rapidly, with which easy, fast, efficient and low cost analysis is
expected. Microfluidics is a multidisciplinary field consisted of physics, chemistry,
engineering and biotechnology, which studies the behaviour of fluids at the microscale.
The behaviour of fluids at the microscale can differ from that of 'macrofluidics’ since the
factors, such as surface tension and viscosity, become dominant compared to inertia.
Although the number of applications for microfluidics is currently limited, microfluidics
is considered as a highly bromising technology for performing rapid and inexpensive
chemical and biochemical analyses. Microfluidics is needed to understand the underlying
physical mechanics of the molecule or bulk fluid motions in micro/nano configurations
and to achieve efficient designs for LOC devices and u-TAS.

Rapid mixing is essential in many of the microfluidic systems used in biochemistry
analysis, drug delivery and sequencing or synthesis of nucleic acids. Biological processes
such as cell activation, enzyme reactions and protein folding often involve reactions that
require mixing of reactants for initiation. Mixing is also necessaryv in LOC platforms for

complex chemical reactions. The investigation of micromixers as an indispensable



component for the realization of microsystems is fundamental for understanding the |
transport phenomena at the microscale. Rapid and efficient mixing becomes a major
challenge facing the microfluidic field. In recent years, some research groups have
designed and tested many kinds of micromixers. Some have the potential to be applied in
food engineering, chemical or biological reactions such as DNA sequéncing or synthesis
and biological sampling (Chun et al., 2008). However, in practical applications of
microchannel flow, the majority of micro system flows are strongly laminar, due to the
high pressure drop in microchannels caused by relatively small channel dimensions.
Since only low Reynolds numbers are used, micromixers do not apply turbulent mixing
as do conventional mixers, and laminar mixing must be ¢fﬁciently applied. Compared to
turbulent flow, the mixing efficiency in micromixers is very low because the mixing
process mainly relies on molecular diffusion. In order to efficiently and effectively
complete mixing in practical applications, ideal micromixers which have the features of
short mixing length, high mixing efficiency and low pressure drop, are required to satisfy
future applications in the biochemistry field at the micro-scale.

In the development of micromixers, experimental mixing studies are a reliabl¢
method for analyzing the flow physics. Traditional measurement techniques at the
macroscale seem impossible to use at the microscale. New techniques will need to be
further relied upon to carry out more than adequate analysis. Micro Induced Fluorescence

(u-IF) has been developed and utilized in the research of micromixer mixing. Through the
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use of u-IF technique, a comprehensive experimental stﬁdy in microchannels is carried
out for the micro mixing characteristics. The state-of-the-art, non intrusive experimental
technique of u-IF acquires qualitative and quantitative concentration distribution data.
Computational Fluid Dynamics (CFD) has also been widely applied as an assistant
analysis tool to understand the flow characteristics. Concentratioﬁ and velocity
distributions could be obtained in order to estimate flow performance and optimize
MICromixers.

The current study includes four different micromixers. Both u-IF experiment and
numerical simulations are carried out to study the flow characteristics and mixing
performance. Chapter 2 presents an extensive literature review on micromixer
development, including active micromixers, 3D passive micromixers, 2D passive
micromixers, and the applications of fluorescence measurement techniques in the
micromixer development. Chapter 3 presents the Cross-Omega micromixer and
investigation methods, including mixing visualization, u-IF principle, test facilities,
experimental procedure, numerical simulation, and results. In this chapter, the numerical
simulation is validated as an efficient tool to assist the investigation and improvement of
micromixers. Chapter 4 presents the numerical investigation of the Interdigital-Circular
micromixer. Based on the investigation of the Cross-Omega micromixer, the
modification is made in order to increase the mixing efficiency. Systematic optimization

methodology is applied to do the optimization. Chapter 5 presents the numerical results
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of the Interdigital-obstacle micromixer and Interdigital-Circular-Obstacle micromixer,
which are developed to further increase the mixing efficiency and reduce the pressure

drop. Chapter 6 presents the conclusions and future work.



Chapter 2

Literature Review

This chapter provides a brief review of micromixers and experimental measurements
related to micromixing. The classification of micromixers is introduced based on mixing

principles. The objectives of this study are listed at the end of this chapter.

2.1 Microfluidic Mixers

Based on the mixing principles, micromixers are mainly classified into two
categories: active micromixers and passive micromixers. Active micromixers apply
external power to disturb the fluids and enhance mixing. However, passive micromixers
are dependent on complex channel structures to overlap and fold the fluids in order to

enlarge the interface and improve mixing.

2.1.1 Active Micromixers

Active mixers act on a disturbance imposed by an external field to achieve mixing
instead of using complex geometries and/or relatively long channels (Nguyen and Wu,
2005). These external fields inflict time-dependant perturbations on the flow field
(DeMello, 2006). Active disturbances may be imposed using moving parts (e.g., stirrer)
or no moving parts (i.e., electrokinetics), but in all cases, an external field is required for

their operation. Active micromixers can be categorized by the type of external



disturbance effects, such as pressure (Bottausci et al., 2007; Liu et al, 2008; Yang et al.,
2009), acoustic dynamics (Liu et al., 2002; Liu et al., 2003; Jang et al., 2007), magneto
dynamics (Agarwal et al., 2005; Lee et al., 2009; Yang et al., 2008), electro dynamics
(Huang et al., 2007, Chun et al., 2008; Luo, 2009) and thermal dynamics (Mao et al.,
2002; Tsai and Lin, 2002; Cao et al., 2008).

However, the amplitude and frequency of external power are critical to the mixing
efficiency in active micromixers. When the pulsing amplitude and frequency are larger
than the critical value, the mixing cannot be improved further. Also, the optimal
frequency and amplitude are related to flow rates, which cause complex-operation.
Furthermore, biological samples may become damaged in chemical and biological
applications due to the aéplication of external fields. Active mixers are often complicated
and require complex fabrication processes. In addition, since an external field imposed
the disturbance, external power sources are required, which leads to their difficult
integration in microsystems. Due to the factors mentioned above, it may be-a challenge to -
implement an active micromixer within a complete micro-system, such as a LOC
platform.

Passive micromixers do not have moving parts, but rely on the geometry of
microchannels, instead of an external power source, to enhance mixing. Passive
micromixers are therefore preferable for future applications due to easy fabrication, lower

cost, safe process, and easy-integration into microsystems. In passive micromixers
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designs, shortening the diffusion length could achieve rapid mixing since the diffusion
time is proportional to the square of the diffusive path:

t,~L/D | 2.1)
Enlarging the interfacial contact area also increases the mass flux:

m_ D oc (2.2)

A Ox

Lamination and chaotic advection are the main principles to realize the purpose of

rapid and complete mixing in passive micromixers. These two principles have been
introduced by Branebjerg et al. (1996) and Liu et al. (2000), respectively. The lamination
depends on the flow separation to enlarge the contact surface and reduce diffusion paths.
Chaotic advection relies on the geometry of the structure to stretch and fold the streams

in order to increase the interface between two species. A variety of passive micromixers

have emerged, including 3D micromixers and 2D micromixers.

2.1.2 3D Passive Micromixers

In order to generate chaotic advection, a series of 3D micromixers, which have
variable channel heights along the entire micromixer, have been applied and developed.
Some works have been done (Jen et al., 2003; Lee et al., 2005; Lee et al., 2006; Lee et al.,
2007; Xia et al., 2006; Cha et al., 2006; Mouza et al., 2008; Park et al., 2008; Fang and
Yang, 2009).

Liu et al. (2000) proposed a 3D serpentine microchannel with a “C-shape” repeating

unit as a means of implementing chaotic advection to passively enhance fluid mixing.



Two different channels, straight and square-wave, were developed and compared with the
serpentine channel. Experiments demonstrated the ability of flow in this channel to mix
faster and more uniformly than either pure molecular diffusion or flow in a
“square-wave” channel for Reynolds numbers from 6 to 70. Mixing rates in the
serpentine channel at higher Reynolds numbers were consistent with the occurrence of
chaotic advection. Visualization of the interface alcohol indicated that the mixing was
due to both diffusion and fluid stirring.

A similar micromixer was proposed by Lee et al. (2005), who designed a 3D
micromixer which was composed of two microchannel segments, the “main channel” and
the “flattened channel”, which had different sizes and were arranged perpendicularly. At
the iritersection of these segments, the fluid inside the micromixer was twisted, and then,
in the flattened channel, the diffusion length was greatly reduced, achieving high mixing
efﬁcienc;/. The fluid twisting that led to high mixing efficiency occurred due to different
aspect ratios.

Park et al. (2008) improved the serpentine laminating micromixer. The width
entering the recorﬁbination region was reduced in the F-shape mixing unit, which
increased the mixing efficiency to 90% at Re < 20.

Park et al. (2004) presented a 3D micromixer based on three processes: stretching
and fo]diﬁg, diffusion, and breakup. Stretching and folding the interface of two fluids by

rotation enabled enhanced mixing over the entire range of Reynolds numbers. However,

8



rotation was not effective at low Reynolds numbers. In order to improve the mixing at
low Reynolds numbers, a breakup method was presented. The blfeakup method not only
actively generated interface, but also enhanced the diffusion pfocess at the interface.

Chang and Cho (2005) presented four different types of static micromixers, including
mixers using straight channel flow, microblock-induced alternating whirl flow,
microchannel-induced lamination flow and combined alternating whirl-lamination flow.
The alternating whirl-lamination (AWL-type) mixer, composed of rotatibnally arranged
microblocks and dividing microchannels, was effective in reducing the mixing length
over wide flow rate ranges. Flow visualization verified that the AWL-type micromixer
showed mixing lengths of 2.8-5.8 mm for Re = 0.26-26.

To obtain chaotic mixing, micromixers with barriers and slanted grooves in
microchannels have been developed, as listed in Table 2.2. These micromixers depend on
the barriers and slanted grooves to produce helical motions. Therefore, hyperbolic
vortices are generated in microchannels.

Slanted grooves micromixers without barriers were designed and iﬁvestigated. This
method was first proposed by Stroock et al. (2002). The slanted grooved mixer (SGM)
and staggered herringbone mixer (SHM) were experimentally investigated 'using the
confocal technique. The sketching and folding of flow were observed at 2 x 10°<Pe<9

x 10°,



Hu et al. (2006) designed a novel micromixer with Y-type inlet and helical fluid
channel, along with herringbone grooves etched on the base of the fluid channel. The
mean mixing efficiency around the outlet can reach a value of 90%, even with fluid
Reynolds number close to unity. This kind of micromixers could only generate single
ellipse motion.

In order to create more complex flow patterns, barriers are placed in microchannels.
Two ellipse motions of flow occur, which enlarge the interface. Kim et al. (2004)
presented a chaotic passive micromixer called a barrier embedded micromixer (BEM).
Chaotic flow was induced by periodic perturbation of the velocity field due to
periodically inserted barriers along the top surface of the channel while a helical type of
flow was obtained by slanted grooves on the bottom surface.

Yang et al. (2007) proposed a novel design named circulation-disturbance
micromixer (CDM). The micromixer consisted of slanted grooves on the bottom and a
zigzag barrier on the top. In this micromixer, the fluid preduced a transverse motion -
perpendicular to the main field, and two modulated and hyperbolic vortices of disparate
size were induced. Similar research has been conducted by Tung and Yang (2008) and
Kang et al. (2008).

Although 3D micromixers are expected to have high mixing performance, fabrication
of 3D micromixers layer by layer is complex, and precision alignment between the two

layers is difficult.
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2.1.3 2D Passive Micromixers

As 3D micromixers are problematic, 2D micromixers have been widely developed
due to their ease of fabrication and integration. 2D micromixers have uniform depth
microchannels, which are etched in a single plate.

The T-shaped micromixer is the most simple and fundamental 2D micromixer, and
has been further investigated by Hoffmann et al. (2006), who reported three regimes of
flow: laminar flow, vortex flow and engulfment flow. The disturbed interface between
two species at the symmetric plane was found at Re > 160. The stretching and thinning of
liquid lamellae and the wrapping of two liquid lamellae yielded an enlarged interfacial
surface area and led to a considerable increase in the mixing quality. However, sole
T-shaped micromixers do not have the capacity to achieve good mixing with low
pressure drop.

In order to find out the optimal balance of mixing efficiency and pressure drop,
different principles, including split-and-recombine, converging/diverging, Dean Vortex

and lamination, are recommended and applied in many studies.
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2.1.3.1 Micromixers with Different Shaped Baffles

Some micromixers contain obstacles or pins placed in microchannels to disturb the
fluids. The interfacial area increases and the diffusion path decreases after the fluids pass
the obstacles. Different shapes of obstacles are positioned in microchannels. Lin et al.
(2007) inserted J-shaped baffles in the T-shaped microchannel to enhance mixing. The
mixing performance of the device was investigated by experiment and numerical
simulation. The flow located in the center of microchannel had a meander-like path that
induced lateral convection in the main channel, resulting in increased mixing. The
simulated and experimental results showed that the mixer with J-shaped baffles exhibited
better mixing performance than the mixer without baffles, and the percentage of mixing
was about 120% - 220% of those without baffles in the range of Reynolds numbers from
5 to 350. The mixing efficiency increased with increasing Reynolds number. After
fourteen baffles, the mixing efficiency can reach 64% at Re = 350.

Bhagat et al. (2007) presented a micromixer. with obstacles positioned within the .
microchanneE to break-uﬁ and recombine the flow. The main flow was divided into
many substreams after passing the obstacles, which induced a decreased diffusion path
and increased interface. Four different shapes of obstacles were designed and simulated:
circular, triangular, diamond and stepped diamond. The results showed that the

diamond-shaped obstacles had the best mixing performance. Different layouts of
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obstacles in microchannels were also investigated in order to opti.mize the design. When
the offset was 45 um, the mixing efficiency improved to 80% at 10 mm for Re = 0.1.

Passive micromixers with obstacles in microchannels have also been applied to (
particle flow mixing. The micromixer with rectangle obstacles used to enhance particle
dispersion was designed and tested numerically and experimentally by Bhagat and
Papautsky (2008). The conventional effectiveness for particle mixing was examined. The
lateral motion of particles was achieved and enhanced by introducing rectangular
obstacles. The results showed that the presented micromixer was able to complete ~ 90%
fluid mixing in 5 mm and ~ 90% particle dispersion in 3 mm for Re = 0.05.

Micromixers with obstacles within the microchannels have good mixing efficiency at
low Reynblds numbers (< 0.1) or high Reynolds numbers (= 300). The former could not
achieve rapid mixing and the latter results in high pressure drop. Furthermore, the
working fluids located near the side walls have very poor mixing efficiency. Although
they have simple structures, these micromixers could not satisty future applications.
2.1.3.2 Micromixers with Feed-channels

Recycle flows are developed and utilized to enhance mixing. The primary idea is to
produce a pressure difference by varying cross-section areas between the downstream
and upstream locations in microchannels. The pressure difference drives a part of fluid
flow back to the main flow through side channels and pushes the main flow so that
mixing is enhanced. Hung et al. (2005) proposed a micromixef, which adds feedback
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channels on both sides of the main flow channel. The convergent nozzle was used to
produce a pressure difference at two inlets of each side channel in order to create recycle
flow. After six recycling cells, the mixing efficiency can reach 96% with the pressure
drop of 3.5 KPa at Re = 30. Jeon et al. (2005) presented a novel recycle micromixer. The
geometry, required to perform a recycle flow and effective mixing, was determined by a
simulation based on computational fluid dynamics. Thé simulations were performed at -
Reynolds numbers of 7, 14 and 28 and channel depths of 100, 150 and 200 pm. The
mixing efficiency and the direction of recycle flow were significantly affected by both Re
and channel depth. The recycle flow was produced at Re > 7. The effect of recycle flow
on mixing was further improved at higher Reynolds numbers. Increasing channel depth
also increased mixing efficiency; the mixing efficiency increased to 97% at a depth of
150> um for Re = 42 after 5 units. Mixing visualization was done to verify the simulation
results. Micromixers utilizing recycling flow only operate at a Reynolds number larger
than a critical value in order to generate a pressure differer}se between the inlet and outlet

of the side-channels.

2.1.3.3 Micromixers with Vortices Enhancement

In order to enlarge the interface area between species, generating vortices in the
microchannels is an ideal method. Based on the vortices pattern, vortices generated in

microchannels could be classified into Dean vortices and expansion vortices.
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Dean vortices could be generated in curved channels for pressure-driven flow, which
was first explored by Dean. Dean vortices are considered as an effective flow
characteristic to enlarge the interface area at high Reynolds numbers. In these geometries,
curvature amplifies a lateral instability that drives a secondary cross-channel flow. The

Dean number characterizes this secondary flow, and defined as

3 |
p, =& |27 2.3)
uv VR

where G is the centerline pressure gradient driving the primary flow, R is the channel

radius of curvature, # is the channel width, g is the fluid dynamic viscosity, and v
is the kinematic viscosity. In a straight channel
(D, ~ 0), pressure-driven flow is unidirectional
and develops a parabolic profile with the fluid
moving down the center of the channel traveling
faster than the fluid traveling along the walls or

along the top and bottom. When the flow is

Sudarsan and Ugaz (2006) directed through a curved channel by pressure,
the fluid moving down the center experiences a higher centrifugal force than the
surrounding liquid. As a result, a pair of counter-rotating vortices forms that e¢jects fluid

from this high-speed core toward the outer wall. At higher values of D, , and depending

on the aspect ratio of the channel cross-section, additional vortices and time-dependent
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oscillations can be formed.

Howell et al. (2004) proposed a micromixer with a curved channel. The movement of
pigfnented fluid from the inner wall to the outer wall was observed. The vortices were
first seen at Reynolds numbers between 1 and 10 and became stronger as the flow
velocity was increased. Vortex formation was monitored in channels with depth/width
ratios of 0.5, 1.0, and 2.0. The lowest aspect ratio sfrongly suppressed vortex formation.
Increasing the aspect ratio above 1 appeared to provide improved mixing.

Schonfeld and Hardt (2004) numerically investigated helical flows in curved
channels and structured channels. Transverse flows in structuréd microchannels were
compared to secondary flow patterns in curved square channels. The corresponding
helical flows were analyzed for Dean numbers ranging from 1 to 900. Similar chaoﬁc
flow patterns can also be induced with a more simple geometry which relies on curved
channels. Based on the results a new type of micromixer was proposed that relied on the
transition of the secondary flow pattern from two to four vortices. -

Jiang et al. (2004) extended the work and _presented a four-element meander mixer
relying on alternately switching between different flow-patterns exhibiting four Dean
vortices. The experimental and numerical results showed that the mixing performance
found for D, above 140 was different from that at lower Dy; the periodic switching
between different vortex patterns led to efficient mixing, manifesting itself in an

exponential growth of interfacial area. The residence-time distributions in the mixing
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channel were also studied numerically, which indicated that hydrodynamic dispersion
was substantially reduced relative to a straight channel due to mass-transfer enhancement
originating from the transversal redistribution of matter in the chaotic flow.

In order to strengthen the Dean vortices in curvgd channels, Sudarsan and Ugaz
(2006) explored compact spiral-shaped flow geometries designed to achieve efficient
mixing. This mixer consists of a series of spiral shaped channels arrayed along the flow
path. Channels of different radii were connected to generate more durable Dean vortices.
Mixing studies were carried out at flow rates corresponding to Reynolds numbers ranging
from 0.02 to 18.6. Transverse Dean flows were induced that augmented diffusive
transport and promoted enhanced mixing in considerably shorter downstream distances as
compared to conventional planar straight channel designs. Mixing efficiency can be
further enhanced by incorporating expansion vortex effects via abrupt changes in
cross-sectional areas along the flow path.

In the same year, this group presented two new micromixers which combined the
effects of Dean vortices, lamination and diverging. The improved mixing was
accomplished by harnessing a synergistic combination of Dean vortices that arose in the
vertical plane of curved channels as a consequence of an interplay between inertial,
centrifugal, and viscous effects, and expansion vortices that arose in the horizontal plane

due to an abrupt increase in a conduit’s cross-sectional area.
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Besides the application of curved channels, zigzag and wave-like channels were also
utilized to generated Dean vortices. Mengeaud et al. (2002) used a zigzag structure to
produce secondary flow at high Reynolds numbers. As the Reynolds number increased,
the laminar recirculation at the corner increased. However, this work was constricted in
the 2D numerical simulation. Further work was done by Yang and Lin (2006). They
' investigated a zigiag micromixer by numerical simulation and flow visualization. Two
cases with and without variable densities were simulated. Double interfaces were formed
under conditions of flow in a micro planar serpentine channel at Re = 16. A similar
design was employed by Tafti et al. (2008) and Chen and Cho (2008), who applied
periqdic sine wave-like structures to enhance mixing efficiency.

Expansion vortices are generated based on the converging-diverging principle. When
the cross-section varies sharply from narrow to wide, the fluid expands in order to fill the
flowing regimes. The expansion of fluid creates vortices at the cormer of the
microchannelé and takes a stirring role to increasc the-mass-advection effect.

Shih and Chung (2008) designed a micromixer that applied the converging/diverging
principle. The Wc-yrking fluid w-as compressed after entering the gap with a shorter width.
The mixing efficiency was increased due to the reduced diffusion length and fluid
compression. Flow separation and vortices were observed in the mixing chamber, and
were caused by the diverging effect. Backflow motion within the mixing chamber

assisted the flow in stretching the interface between two species.
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Chung et al. (2008) presented a planar micromixer with three baffles. The presence
of three baffles caused the flow to separate, and éreated recirculation and back flow
within mixing chambers. Both numerical simulations and experiments were performed to
investigate the mixing process within the mixing chambers of the planar micromixer with
three baffles at varied baffle height. The fluid mixing was greatly influenced by the baffle
height and Re, related to the size of recirculation zone. Larger baffle heights or Re
produced larger recirculation zones and convective mixing. The micromixer with 350 pm
high baffles in 400 pm wide channels resulted in over 95% mixing at Re = 80 from the
simulation results. The experimental results confirmed the above simulation results

qualitatively.

2.1.3.4 Micromixers with Circular Chambers

Circular micromixers are a type of multi-lamination mixer, which utilizes
self-rotation of the sample fluids from multiple injection channels to produce
three-dimensional vortices in the circular mixing chamber at low Re, thereby enhancing
mixing performance.

Jin et al. (2006) investigated two fluid mixing in a swirl micromixer. The mixing
performance of the two fluids was evaluated by varying the Reynolds numbers and the
mass fractions of glycerol in water. The numerical results showed that the acceptable
uniformity of mixing at Re = 0.1 was primarily attributed to time-consuming molecular
diffusion, whereas the cost-effective mixing at Re > 500 was obtained because of the
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generation of the swirling flow. The increasing mass fraction of glycerol in water was
found to attenuate the mixing perfofmance. The preliminary microscopic visualization of
the two-fluid mixing at Re = 1300 demonstrated consistency with the numerical results.

Liu et al. (2008) presented the design and characterization of a new multi-inlet vortex
mixer (MIVM). The four-stream MIVM was simulated for the control of both the
supersaturation and the final solvent quality by varying stream velocities. The design
enabled the separation of reactive components prior to mixing and mixing of streams of
unequal volumetric flows. Adequate micromixing was obtained with a suitably defined
Reynolds number at Re > 1600.

The rotation mentioned above was produced at high Reynolds numbers. In order to
apply the circular chamber micromixers at a low range of Reynolds numbers, Lin et al.
(2005) proposed a 3D vortex micromixer for u-TAS applications which utilized
self-rotation effects to mix fluids in a circular chamber at low Reynolds numbers. The
two inlet channels were divided into eight individual channels tangent to a 3D circular -
chamber for the purpose of mixing. Numerical simulations and experimental flow
visualization were employed to predict the self-rotation phenomenon and to estimate the
mixing performance under various Reynolds number cond.itions. The results indicated
that the self-rotation effect was induced at Re > 2.32. The mixing performance can be as

high as 90% within a mixing chamber of 1 mm diameter at Re = 4.
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Later, Lin et al. (2007) improved their design and proposed a rapid circular
microfluidic mixer in which an unbalanced driving force was used to mix fluids in a
circular chamber at low Reynolds numbers. Each inlet port was separated into two
individual channels, which were then attached to opposite sides of the circular mixing
chamber. The unequal lengths of thes¢ inlet channels generated an unbalanced driving
force, which enhanced the.mixing effect in the mixing chamber. The numerical and
experimental results revealed that the mixing performance can reach 91% within a
mixing chamber of 1 mm diameter at Re = 3. Additionally, the results confirmed that the
unbalanced driving force produced a flow rotation in the circular mixer at low Reynolds

numbers, which significantly enhanced the mixing performance.

Table 2.5: Summary of passive micromixers with circular chambers

Cross-section | Inlet | Height | Diameter )
Reference . D (m’/s) Re M
atinlets (mm) | No. (mm) | of chamber
Lin et al. 7
0.1 x0.04 4-4 1 830 pum 1 x10 0.5-6 90%
(2005)
Jin et al. 10
2x2 1-1 12 60-mm 72x 107" | 0.1-1300 | 67%
(2006)
Lin et al. 3
0.104 x 0.084 | 2-2 1 815 um 1 x10 0.5-6 > 90%
(2007)
Liu et al.
110 x 150 2-2 1500 600 mm 800-5000
(2008) : '

2.1.3.5 Micromixers with Interdigital Lamination

The interdigital lamination structure is emerged and used to design passive

micromixers to increase the interface area and decrease the diffusion path. The principle
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is to divide the main flow into n substreams, which recombine to create the interdigital
flow pattern, causing diffusion to occur at a faster rate. Interdigital micromixers have
been designed and investigated experimentally (Koch et al., 1998; Bessoth et al., 1999;
Ehrfeld et al., 1999; Hardt and Schonfeld, 2003; Hessel et al., 2003; Lob et al., 2004;
Pennemann et al., 2005; Ducrée et al.,, 2006; Lee and Kwon, 2009) and theoretically
(Drese, 2004; Wu and Nguyen, 2-005; Cerbelli and Giona, 2008).

Based on the flow direction, the interdigital micromixers are classified into
counter-current flow interdigital micromixers and co-current flow interdigital
micromixers. Counter-current flow interdigital micromixers were numerically studied by
Serra et al. (2005) and used to apply chemical reactions by Ehrfeld et al. (1999) and
Fukuyama et al. (2002). However, many research groups focus on co-current flow
interdigital micromixers.

Koch et al. (1998) proposed two different micromixers with lateral and vertical
mixing based on the lamination principle. The first mixer separated the main flow inte
partial flows, which were laterally alternated in order to increase the boundary surface
between the liquids. The second mixer superposed two fluids by injection of one liquid
into the other. A Similar concept of lateral mixing was applied in the micromixer
presented by Bessoth et al. (1999). The two working fluids were divided into many
substreams before mixing. Then the substreams well combined to complete the

interdigital flow pattern in order to increase the interface and reduce the diffusion length
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compared to the T-shaped micromixer. The mixing regime was selected as a straight
channel. After 15ms, the mixing efficiency could reach 95%.

Bessoth et al. (1999) were the first to mention the effect of laminar width distribution
on mixing. They proposed that the relatively long time between a high percentage of
mixing being achieved and completion was due to the fact that the fluid laminae at the
edge of the channel were thicker than the ones in the center. Diffusion occurred in both
directions, apart from the outermost laminae, which can only mix with one neighbouring
layer. However, there was no progress on the modification based on the concept.

In order to improve the mixing performance of iﬁterdigital micromixers, Hessel et al.
(2003) and Hardt and Schonfeld (2003) individually experimentally and numerically
investigated four interdigital structure micromixers with different focusing regimes:
rectangular, triangle, slit-shaped and superfocus. The uniform lamellae were applied and
the lamellar number of each species was fixed at fifteen. The micromixer with the
superfocus regime achieved better mixing than the others, and was considered to be the
optimal design. Gas/liquid and liquid/ liquid mixing in this kind of micromixer have also
been investigated (Lob et al., 2004; Serra et al., 2005; Pennemann et al., 2005; Lob et al.,
2006). The optimization of the superfocus mixer was performed with an analytical model
in the creeping laminar flow regime by Drese (2004). Both the focusing section and the
mixing channel were analyzed to determine the influence of design dimensions of mixer

on the mixing quality. Each lamina had a constant width of 0.1lmm for both species, and
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»the opening angle was 50°. The width and length of the mixing channel were discussed
according to the height of the mixing channel and pressure drop. All analysis was based
on fixing the mixing quality at 99%. Increasing the pressure drop induced reduced mixing
quality in the focusing regime. When the height of the channel was beyond a critical
value at each pressure drop, the effect of channel height disappeared. This critical value
of channel height decreased with increasing pressure drop. Cerbelli and Giona (2008)
analyzed the dynamics of mixing that took place in the mixing channel downstream of
the interdigital apparatus with a rectangular focusing regime. The mixing length was
estimated through a mathematical model. Three different flow profiles at inlet (plug,
shear and Poiseuille flow), were appli¢d to determine the effect of the flow profile on
mixing length. The mixing length was significantly affected by the flow profile at a high
degree of lamination of the feed stream, and insignificantly by the lamellar thickness.
However, all studies mentioned above only focused on the focusing structure and
mixing length, and showed bad.mixing quality near -the inner wall. Based on the
 interdigital micromixer proposed by Hessel et al. (2003), Lee and Kwon (2009) presented
an improved interdigital micromixer, which consisted of interdigital injets and
recirculation zones in order to enhance the mixing ove;r a range of high Reynolds
numbers. The vortex was formed in the recirculation zone at Re > 100, and enhanced the

mixing by convection. Mixing was completed at Re = 800.
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2.1.3.6 Micromixers with Split-and-recombine

The split-and-.recombine (SAR) mixers have been widely used in recent micromixer
development. This kind of mixer creates sequential multi-lamination patterns, which are
different from the parallel approach of the interdigital feeds. In contrast to the commonly
applied interdigital multi-lamination approach used in micro-reaction technology, SAR
mixing relies on a multi-step procedure. The basic operations are: splitting of a bi- or
multi-layered stream perpendicular to the lamella orientation into sub-streams which are
then recombined. Usually, these basic steps are accomplished by one or more reshaping
steps. The lamination structure of flow occurs in the mixing regimes instead of the inlet
zones, as is the case with interdigital micromixers.

Branebjerg et al. (1996) theoretically studied a micromixer based on multistage
multi-layer lamination. Two micromixers were proposed, denoted as horizontal and
vertical lamination. The micromixer was designed.to work in the flow range 1 - 10 pl/min
with a Reynolds number less than unity and an undisturbed laminar flow pattern. Based
on the concept of Branebjerg et al. (1996), research was conducted by Schonfeld et al.
(2004) and Hardt et al. (2006).

Schonfeld et al. (2004) investigated an optimized split-and-recombine micromixer
with uniform ‘chaotic’ mixing, using computational fluid dynamics (CFD). The mixing

was performed for Reynolds numbers in the range of about 1 to about 100. A positive
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finite-time Lyapunov exponent, which was generic feature of multi-step SAR mixers,
was associated with chaotic advection.

Hardt et al. (2006) further investigated SAR mixers theoretically and experimentally.
The theoretical model relied on solving 1D diffusion equation in a frame of reference
moving with the flow, thus avoiding the usual numerical diffusion related to the
prediction of high-Péclet number mixing. In the high Péclet-number regimes, diffusive
mass transfer was mbre or less negligible up to a certain stage of lamella multiplication.
Diffusion then rapidly reduced the peaks of the concentration profile and led to a fully
mixed state.

In order to simplify the fabrication process, the split-and-recombine principle has
also been achieved in 2D micromixer developments in recent years. Some works have
been done based on this principle (Hong et al., 2004; Nguyen et al., 2008; Chung et al.,
2008; Hsich and Huang, 2008; Chung and Shih, 2007; Chung and Shih, 2003).

Hong et al. (2004) applied the Tesla structure to split and recombinc flows to
enhance the mixing. The total length was only 10 mm. It was dependent on the combined
effects of diffusion and convection. The pressure’ drop was less than 10 kPa at
approximately Re = 100, and the mixing efficiency can reach more than 90%. The main
fluid was divided into substreams which decreased the diffusion path. The impact of
substreams against each other at the position of recombination was also able to enhance

the mixing.
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Chung and Shih (2007) proposed and investigated a planar three-Thombus
micromixer with two constriction elements by simulations and experiments. Higher
constriction elements with low blockage ratios may significantly enhance fluid mixing by
combining principles of split-and-recombine, focusing/diverging, and recirculation. The
local high flow velocity induced by the hi‘gh constriction element provided both high
inertial forces and centrifugal forces for enhancing mixing efficiency under asymmetrical
flow. The smaller blockage ratio and higher Reynolds number resulted in higher mixing
efficiency. Chung and Shih (2008) improved their design and introduced a rhombic
micromixer with a converging-diverging nozzle at the outlet. The new design reduced the
large pressure drop created by the bloékage. In order to maintain a high mixing
performance, a converging-diverging nozzle was added at the outlet. As mixing
efficiency is dependent upon Reynolds numbers and geometrical parameters, the
parameters of number of rhombi, turning angle and absence or presence of the
- converging-diverging element were selected for optimization. A smaller turning angle,
higher Reynolds number and increasing number of rhombi resulted in better fluid mixing
due to the occurrence of increased recirculation, which was beneficial for both the

increased interfacial contact area between two species and the convective mixing.
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2.2 Summary and Motivation

Recently, there has been a large demand for the development of smart disposable
LOC for the application of clinical diagnostics and biochemical detection systems. The
implementation of LOC technology at the microscale requires the development of several
basic devices, such as micropumps, microvalves, micromixers, etc. Numerous researchers
have focused on-developing conventional micfopumps and microvalves in recent years.
In the development of a smart dispbsable LOC, smart micromixing on a chip has been
considered to be one of the most difficult tasks, since fluid mixing in a microchannel is
difficult due to its low Reynolds number. In order to realize the smart micromixing
module, innovative on-chip mixers should be first explored, achieving the fundamental
requirements of passive, disposable, and functional formats. Thus, new smart passive
fluidic micromixers will be investigated in this research.

Some researchers have been developing active micromixers in order to achieve the
requirements of LOC for micromixers: rapid mixing, high mixing efficiency, low
pressure drop, and easy-integration and operation. However, there have been several
challenging issues related to these micromixers, such as fabrication, system integration,
reliability, and complex control circuitry. Increasingly, researchers are looking at passive
microfluidic components, or smart materials/structures, to realize the same functions.
These passive microfluidic components or smart materials/structures should have smart

functionality without further complex control/actuation due to their special structures,
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working principles, or material characteristics. Three-dimensional micromixers have been
developed and show very good mixing performance. Current generation micromixing
techniques, however, have made useful contributions to the field of microfluidics. Many
of them require channel geometries that utilize complex fabrication techniques. Moreover,
the problem arises when two patterned surfaces need to be aligned, assembled, and
bonded with accurate precision. In cases where the bonding is irreversible, the
opportunity to realign in case of initial error is nonexistent and many of the fabrication
steps have to be repeated.

In order to accurately characterize the mixing process, numerical simulations and
experiments have been used to assist in understanding the mixing ‘performance in
microchannels by almost all researchers. In numerical simulation, commercial CFD
| software is applied, such as Ansys-CFX, CFD-ACE, and Fluent. Based on different grid
systems and different commercial codes, different results are obtained for the same
design. Furthermore, ND (numerical diffusion or artificial diffusion) reduces the accuracy.
Therefore, num_erical simulation alone seems to be an impossible tool to accurately
estimate the mixing efficiency of micromixers. Experiments must be conducted to verify
the accuracy of numerical simulations. However, different research groups employ
different experimental techniques to determine when the fluid streams become mixed.
These experiments carried out using techniques based on observing color changes at the
interface between streams of different dyes and reagents (e.g., phenolphthalein and
sodium hydroxide) that react to form a visible interfacial front between streams. In
addition to these “top view” measurement techniques, some groups have employed

confocal microscopy in order to image cross sectional slices of the flow field. The mixing
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efficiency is related to the height of focus plane. The situation becomes even more
complex when this variety of experimental characterization technique is further combined
with the use of different working fluids and different data analysis algorithms, as shown
in Tab. 2.8. For the same design, different experimental techniques and analysis
algorithms could produce different results for mixing efficiency. It also seems that a
single experiment could not obtain the convinced results.

The motivation behind this work is to overcome some of the limitations associated
with the above-mentioned micromixers and investigation methods. Considering all these
factors in bofh active and passive micromixers, there still exists the need to build mixers
that achieve passive micromixing in the shortest possible distances by using simplified
microchannels (ideally, planar 2-D smooth-walled) that can be easily constructed
(ideally, in a single lithography step). The purpose of this research is to design ideal
planar passive micromixers, which are able to achieve rapid mixing with high mixing
efficiency, and low pressure drop over a wide range of working Reynolds numbers, for
disposable LOC. Improved investigation methods will lead to more reliable and accurate

results.

2.3 Objectives

The mixing concept, design, fabrication, simulation, and characterization of the
proposed microfluidic devices will be discussed in this study. Both numerical simulations
and u-IF experiments are applied to investigate the mixing performance. The following
objectives are completed:
> A passive micromixer with T-shaped inlet, denoted as CO, is designed and

investigated by experiment and numerical simulation. This micromixer contains two
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units named “Cross-unit” and “Omega-unit”, which achieve mixing through the Dean
vortices and split-and-recombine principles. The corners are applied to change the
flow direction. Due to the uneven velocity distribution caused by pressure-driven, the
Dean vortices are generated to stir the fluids in order to increase the interface and
enhance the mass-advection.

> Based on the investigation of CO micromixer, the improvement is made to increase

‘the mixing efficiency and reduce the pressure drop. Interdigital-circular micromixer,

denoted as IC, which combines lamination and split-and-recombine principles, is
presented to achieve good mixing at a wide range of Reynolds numbers. Since the
numerical simulation is verified by the experiment in the investigation of the CO
micromixer, the IC micromixer is studied by numerical simulation.

» In order to improve the mixing in the IC micromixer, an interdigital-obstacle
micromixer is designed and investigated by numerical simulation. This micromixer
applies the obstacles to generate the meander-like mixing path in order to enhance the
mass-advection effect at low Reynolds numbers.

» The Micro Induced Fluorescence (u-IF) technique is applied as an experimental
.investigation tool to quantitatively measure the mixirig efficiency. It is a whole field
instant concentration measurement technique. Rhodamine 6G is selected as the media
to achieve the mixing measurement.

> Since the fluorescence intensity over the channel depth is received, the flow
characteristics perpendicular to the flow direction could not be obtained from the
experiment. Numerical simulation is utilized to assist in understanding the mixing

performance in microchannels. The results will be verified by experiment.
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Chapter 3

A Novel Planar Passive Micromixer

A novel planar passive micromixer is proposed and investigated by experiment and
numerical simulation. The micro Induced Fluorescence technique is applied for
quantitative concentration measurement. Mixing visualization is performed to observe the
mixing performance along the entire micromixer. Numerical simulation is also applied to
investigate the flow characteristics and mixing performance since the u-IF is limited in
term of obtaining enough mixing information. The numerical results are validated by the

experimental data.

3.1 Experimental Investigation of Mixing Quality

3.1.1 Cross-Omega Micromixer (CO)

It is known that a reduction in the diffusive path between two fluid streams along
with an increase in the interfacial contact area will enhance the mixing quality. Therefore,
the geometry dimensions and structure are very important for passive micromixers, as
they manipulate the flow without the use of external fields. Figure 3.1 shows the
schematic of the present scaled-up mixer with a T-shaped inlet. The structure can be
divided into two units named “cross” and “omega”. The compound of one cross unit and
one omega unit is called “cell”. Two cross units are connected with an omega unit.
Consecutive omega units have the same size and an angle difference of 180°. Dean
vortices, split-and-recombine in cross units, and focusing/diverging fluids in omega units
are considered to be the mixing mechanisms used to enhance the mixing in this design.

Two pressure-driven mixing species are pushed into the mixing channels. The main flow
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is split into two substreams at the entrance of the cross unit, which then recombine at the
exit. This induces an increased mixing length and reduced diffusion length between the
two species in each branch of the cross unit. In the omega unit, the diffusion path is
shortened because of the smaller width of the channel. The focusing/diverging occurs at
the entrance and exit of the omega unit, which increases the mixing efficiency.
Furthermore, variable widths of the omega unit also lead to the focusing/diverging effect.
The right angles in the cross units and the omega units change the direction of flow, and

Dean vortices may be generated due to the centrifugal force.

3.1.2 Fabrication of Test-section

To employ the u-IF technique, the test-sections must be optically accessible at the
bottom of microchannels in order to transmit the excited light. Test sections fabricated in
glass, PDMS, or transparent plastic which are entirely optically clear, possess the
advantages of increased illumination, ease of test section alignment with the microscope
objectives, and a readily observable test setup. In addition, a smooth inner wall surface
provides a good optical path for u-IF measurement and improves accuracy.

A scaled-up micromixer is manufactured in order to provide a rapid and effective
flow visualization experiment, and to reduce the cost. Since the test-section is scaled-up,
conventional machining methods are used in the fabrication. The thickness of the upper
and lower acrylic slabs are 3 mm and 6 mm, respectively. The channels have a constant
depth of 3 mm. The channels are milled in the bottom slab, after which the thin acrylic
slab is bonded to the top to close the channels. Flexible tubes are glued to the two ‘inlets
and the outlet. The inlets and outlet have dimensions of 4.5 mm and 3 mm in width,

respectively.

41



Inlet 1 ———> Blue species D, 3mm
------ » Red species | D, 21mm
Crossunit =777 > Mixed species ~ Omegaunit| H 3 mm
L. 18 mm
L, 15mm
Ly 15 mm
l— —_ L 61.25mm
I I W 4.5mm
' W] W2 W, 3 mm
W, 1.5 mm

_—__'; D, D, 4|-T| L D, --> Outlet
i

bt

—> VWV
v
A l | _
I
I L Lc J4 Lo < Lout >
| ) 7
! Yy
—» W le— Lx
L
-t -
Inlet 2
Symmetric plane

Center plane

Figure 3.1: Schematic of the present micromixer and 3D model with three cells,
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3.1.3 Geometric and Dynamic Similarity

For complete similarity between the scaled-up mixer (s) and the micromixer (m),

both geometric and dynamic similarity should be achieved. Geometric similarity is

BELEE

where W and H represent the width and height of channels, respectively.

satisfied when

Mass-diffusion and mass-convection are responsible for the majority of mixing.
Hence, velocity and concentration are significant parameters in micromixer investigations.
Two dimensionless parameters are applied to assess the dynamic similarity: the Reynolds
number and the Péclet number. The Reynolds number, defined as a ratio of inertia forcés
to viscous forces, is used to estimate the fluid characteristics in channels. The Peclet
number, defined as the ratio of convective mass transfer to diffusive mass transfer, is
utilized to assess the mixing process.

In order to maintain the same fluid characteristics, the following should be conserved

between the scaled-up mixer and the micromixer:

(Re),, = (Re), (3.2)
Equation (3.2) can be presented as
UD UD
(/7 H J _ (p H J (3.3)
Ho Ja s

If the physical properties of working fluids (density, viscosity and diffusion coefficient)
are the same in both the scaled-up mixer and micromixer, equation (3.3) can be

developed as:
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(UDy), = (UDy), (3.4)

Dividing by the diffusion coefficient on both sides gives
Ub,\ _(UD, )
5% e

Therefore, the Péclet number can be maintained if the Reynolds numbers are the same in

the scaled-up mixer and micromixer. Therefore, the scaled-up mixer can be considered to

correctly estimate the mixing process in the micromixer.

3.1.4 Quantitative Measurement: u-IF

Micro Induced Fluorescence (u-IF) is an optical technique used to measure instant
whole-field concentration/temperature distributions in micro liquid flows. It is a
relatively recent experimental technique, having been widely used in micro flow
concentration/temperature measurements in the past five years. This method allows for
practical qualitative and quantitative measurements in microchannels by acquiring
fluorescence signal emitted from fluorescence dye. The whole process includes five
stages: feeding, illuminating, recording, processing and analyzing flow fields. In the
following sections, the u-IF technique along with the measurement principle and
experimental flow loop are introduced. Also, the implementation of u-IF, the general
operating procedure and data post-processing are discussed in upcoming sections.
3.1.4.1 Induced Fluorescence Measurement Principle

The principle is mainly dependent on the fluorescent physical property. A
fluorophore is a molecule that is capable of fluorescing. In its ground state, the
fluorophore molecule is in a relatively low-energy, stable configuration, and it does not

fluoresce. When light from an external source hits a fluorophore molecule, the molecule
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absorbs the light energy. If the energy absorbed is sufficient, the molecule reaches a
higher-energy state, called an excited state. There are multiple excited states or energy
Jevels that the fluorophore can attain, depending on the wavelength and energy of the
external light source. Since the fluorophore is unstable at high-energy configurations, it
eventually adopts the lowest-energy excited state, which is semi-stable. The length of
time that the fluorophore is in excited states is called the excited lifetime, which lasts for
a very short time, ranging from 107" to 10 seconds. Next, the fluorophore rearranges -
from the semi-stable excited state back to the ground state, and the excess energy is
released and emitted as light. The emitted light is of lower energy, and thus longer
wavelength, than the absorbed light. This means that the color of the light that is emitted
is different from the color of the light that has been absorbed. Emission of light returns
the fluorophore to its ground state. The fluorophore can again absorb light energy, and
repeatedly undergo the same process. The absorption and emission process is shown in
Fig. 3.2a.

The number of excited fluorophore fnolecules is related to the wavelength of excited
light. For a particular dye, some fluorophore molecules become excited if a short
WaQelength of light is shined on a dye solution. However, the majority of the molecules
are not excited by this wavelength of light. With the increase in excitation wavelength,
more molecules are excited. A certain wavelength of excitation light exits at which the
proportion of excited mvolecules is maximal. At wavelengths longer than this value, the
fluorophore molecules still absorb energy and fluoresce, but again in smaller proportions.
Based on the relationship between the wavelength of excitation light and the proportion

of excited fluorophore molecules, a curve could be determined, as shown in Fig. 3.2b
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(solid line). Therefore, for each fluorescent dye, there is a specific wavelehgth “the
excitation maximum” that most effectively induces fluorescence. Just as fluorophore
molecules absorb a range df wavelengths, they also emit a range of wavelengths. There is
a spectrum of energy changes associated with these emission events. A molecule may
‘emit a different wavel.ength with each excitation event because of changes that can occur
during the excited lifetime, but each emission will be within the range. Although the
ﬂuorophore molecules all emit the same intensity of light, the wavelengths/the colors of
the emitted light are not homogeneous. Collectively, however, the population fluoresces
mdst intensely at a certain wavelength. Based on this distribution of emission
wavelengths, a curve could be given as the Fluorescence Emission Spectrum, as shown in
Fig. 3.2b (dotted line).

Because of the difference in wavelengths between excited light and fluorescence, the
excited light may be removed by a filter. Only fluorescence can pass through and be
collected by detector. Grey images are created for concentration analysis. Based on the
different grey levels, the concentration can be determined.

The analysis of IF is based on the Beer-Lambert law of absorption. Figure 3.3 shows
the light path of excited light and fluorescence. The excited light intensity reaching the

bottom of microchannel is assumed to be constant, and is denoted as /. After passing

through the fluids between the bottom and focus plane, a portion of excited light is

absorbed and the intensity is reduced to I(x,%). Fluorescence is emitted from the dye
after being illuminated by excited light, and the initial intensity is / '(x,h). When the

fluorescence arrives at the bottom of the channel, the intensity is lessened to 7,(x,0).
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Based on the Beer-Lambert law of absorption, the intensities of excited light and

fluorescence at different locations could be obtained as:

I(x,h) =1, expl - [ (2C(x,»)-7,)d) )
I'(x, k) = I(x,h) & C(x,h) $ V,, (3.7)
(5,00 =I'Ceh) expl = [[(£'Cx.») ~71,)dy) (38)

The fluorescence arriving at the bottom passes the objective lens system and is

received by CCD camera. The received intensity of fluorescence is given by
h
I, =k ky @ & Ce) Vy I expl—¢ [ Cey)dy—¢' [ Clx,p)dy-n,h=mih) (3.9)

where Ir is the intensity received by CCD, -IO “is the excited light intensity, ¢ 1is the
quantum efficiency defined as the ratio. between the emitted and the absorbed energy, &
is the extinction coefficient of the dye for incident light, k, and k, are the transmission
coefficients of the lens which can be considered as constant, C(x,%) is the local dye
concentration at y = h, 7, and 77, are the molecular extinction coefficient of the

ambient fluid for the excited light and fluorescence, respectively, and ¥, is the volume

illuminated by excited light. Here, /,, k,, k,, V,, n, and 7, are considered to be

constant. Due to the low concentration, the term exp[—& f C(x, y)dy—e’LhC (x, y)dy]

can be viewed as one. At weak extinction, ¢ and ¢ are constant. Through calibration,

these constants can be eliminated. The intensity received by CCD is therefore only

proportional to the concentration of dye:
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I, =BC(x,h) (3.10)

h
B=k k 9 &V, I, expl—¢ [ Cxy)dy—¢'[ COry)dy—nh-mih]  (.1D)

The coefficient B is approximately constant. The relationship between intensity
and local concentration may be viewed as linear. Through calibration, the coefficient B

can be eliminated. The local concentration is obtained through fluorescence intensity as:

| if_ — C(.X, y)
Cref

(3.12)
Iref

where [, is the reference fluorescence intensity; C,, is the reference concentration.

Both 7,, and C,, are obtained through the calibration curve.

The u-IF technique applies the same method as conventional IF concentration
measurements. The concentration is judged from the fluorescence intensity. However,
conventional IF illuminates a single measurement plane with a thickness of 1-3 mm, and
4-IF illuminates the entire volume of the test section. Illuminating the entire volume is
necessary at the microscale since the formation, alignment, and orientation of a very thin
light sheet would be extremely difficult. Due to this “volume illumination”, all
fluorescence dyes in the flow field are illuminated (not just those in the signal plane) and
will contribute to the resulting images. The fluorescence signals over the microchannel
depth will be received by the detector.
3.1.4.2 Experimental Facilities

The experimental flow loop with a schematic of the u-IF system used in the present
investigation is shown in Fig. 3.4. The flow loop consists of test-section and two syringe
pumps, which are used to independently supply the two working fluids. The x-IF system
was purchased from Dantec Dynamics, and includes image acquisition and
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post-processing. The primary components, associated with the u-1F system, are a mercury
lamp, an inverted epi-fluorescent microscope, a CCD camera, a Synchronization Unit,
and a Dell Precision Workstation equipped with specialized computer software
(FlowManager v4.50) to control flow field acquisition and processing.

Flow loop: includes the test-section and two syringe pumps. The syringe pump (New
Era Pump Systems model NE-1010) is programmed for the desired flowrates and syringe
diameter. Prior to operation; the working fluid is prepared by mixing the fluorescence dye
with distilled water at predetermined concentrations. Syringes with a capacity of 60 ml
are manufactured by BD Company. The maximum rate of pushing speed is 7635 ml/hr
and the minimum rate is 58.26 pl/hr. The dispensing accuracy is + 1%.

Fluorescence dye: Rhodamine 6G is used as a fluorescence media and can be
considered to be optimal since it has a small overlap between the absorption and-emission
spectra, low temperatufe sensitivity, and relatively high quantum efficiency in order to
provide a high signal to noise ratio. The currently used fluorescence dye, produced by
SIGMA-ALDRICH Company, has an optimal excitation/emission wavelength of 530/560
nm. The fluorescence intensity has a linear relationship with concentrations in a certain
" range. Beyond this range, the relationship between the concentration and fluorescence’
intensity is no longer linear. Hence, the predetermined concentrations of fluorescence dye
should be within the linear range. Also, the concentration of fluorescence dye is as large
as possible in order to obtain a strong fluorescence signal which may reduce the effect of
noise.

Excited light: 100W Hg lamp with a lamp house (Nikon LH-M100C-1), connected to

a power supply of Mercury-100W (CHIU TECHNICAL Corporation), supplies
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continuous light with 510-560 nm wavelength which is closed to the maximal excited
wavelength. Standard bulbs used by the microscope are USHIO USH-102DH. The
continuous light has lower energy than the pulsed laser, which could avoid the
photobleaching effect.

Inverted epi-fluorescence microscope: This microscope (Nikon Eclipse TE2000-S)
combines a series of mirrors to guide a light beam to illuminate the entire fluid volume.
The test section is securely fixed to the stage of the inverted microscope, below which the
objectives are located. The stage is a horizontal table, capable of fine movements in both
the streamwise and spanwise directions. The objectives (of magnification 2X, 4X, 10X,
20X, 40X, and 60X) are all mounted on a turret below the stage, for simplicity in
changing from one magnification to another. The “Bino” mode is applied to obtain the
fluorescence over the channel depth.

Filter cube: the light, which is ready to be received by CCD camera, consists of
excited light scattered from the solution, walls, and fluorescence. Here, excited light is
considered as a “noise source”. The filter cube (Chroma Technology) is configured for
excitation with green excited light (band pass at 535 nm, band width of 50 nm) and
fluorescence emission in the orange part of the spectrum (band pass at 610 nm, band
width of 75 nm). The filter cube also contains a dichoric mirror which ensures the
efficient transfer of excited light to the test section while providing transmission of the
fluorescence signal to detect, as well as reduce, noise.

Photo detector: HiSense MkII CCD camera (Hamamatsu Photonics) is mounted to
the side of the microscope. It is used to capture fluorescence signals with fast speed and

high resolution. The different grey levels of images in each pixel are caused by the
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variable fluorescence intensity. The size of the image taken by the CCD camera is 1344 x
1024 pixels. The microscope image is delivered to the camera through a camera adapter
(1X magnification). The camera operation is controlled by the computer.

Image post-processing: a Dell Precision Workstation, equipped with two 3.60 GHz
Intel Xeon processors, 4 GB of RAM, two 250 GB 7200 RPM hard disks, and a 128 MB
video card, is used to record images, analyze and generate the concentration distribution
map. A National Instruments NI-IMAQ PCI-1426 frame grabber card, which is used in

conjunction with the camera to record the images, is installed at the workstation.

3.1.4.3 Experimental Procedure
Working principle:

Two wérking fluids are used for u-IF experiment. One is pure DI-water, and the
other is a mixture of DI-water and fluorescence dye. The u-IF experiment is achieved
based on an inverted epi-fluorescence microscope, incorporating both coarse and fine
focus knobs. An epi-fluorescence filter cube is equipped inside. After passing through a
beam expander, continuous light at a wavelength of 532 nm, as excited light, illuminates
a volume of working fluids directed by the epi-fluorescence filter cube. The fluorescence
dye emits fluorescent ligﬁt at a wavelength of about 612 nm after excited by the excited
light. A portion of excited light, scattered and reflected by the mixture of dye and water,
and fluorescence emitted from dye pass through the filter cube. Only orange fluorescence

light with a 610 nm wavelength can be transmitted, while scattered excited light (noise) is

53



juswiradxg g1-7
10y eIOWRD) D)

aqnD 193114

aouaosaronyy-1dyg
/ S = - E—H dwe] Amo1

dumy o8unkg

dwing s8uLAg

T

“JUAWIAINSEIW [~ 10§ sani[1oe} [ejuswiiadxy ¢ d4n31y

wu Q9

i

UO1}035-1S9 |

MO +—

| e Tes

Hnun <
UONBZIUOIYOUAS

U9 2A193{q() 3d0dSOIDIN]

JIOAISSOY

P
A =

uonezifensi A SuIXIp
1o} exowe) DD

H_F\

uonezifensi A JuIXIN

uoneIad pue j0HUO0D

1omndwo)

[

I I

B i

54



filtered out. The CCD camera captures the fluorescence, records fluorescence intensity,
and transmits the images to the computer workstation equipped with FlowManager
software for post-processing, as shown in Fig. 3.4.

General Procedure:

The general operating procedure of the u-IF system is as follows: 1-Make six
solutions with different concentrations for the calibration before experiment; 2-Position
the test section on the microscope stage, with the approprié.te microscope objective, to
adequately visualize the location of interest; 3—Fix the focus plane at the center of the
microchannels through the use of coarse and fine knobs; 4-Turn off lights in the room
and switch on the mercury lamp. Wait until the lamp intensity becomes uniform and
stable; S—Individually introduce the six mixtures of water and dye with different
concentrations into the test section with a syringe pump; 6-Take ten images at each
concentration and calculate the average image using FlowManager software; 7-Select the
six average images individually obtained at each concentration to generate the calibration
curve; 8—Change the upper limit of concentration to acquire the linear calibration curve.
The selected upper limit of concentration will be used in the following experiment;
9—Connect the two syringe pumps with two inlets. One syringe is filled with distilled
water while the other is filled with the mixture with concentrations détermined ini the
previous step; 10-Set the diameters of syringe and volume rate; 11-With the syringe
pumps steadily operating in the pumping mode, record one hundred images in one setup;
12-Analyze resulting images and obtain concentration distributions for each setup based

on the calibration curve using FlowManager software.

55



Calibration:

Calibration is used to determine the linear range between fluorescence intensity and
concentration. Before u-IF measurements begin, six solutions with  different
concentrations are made to determine the proper concentration of fluorescence dye at
which the relationship between concentrétion and fluorescence intensity is approximately
linear. The concentrations of these solutions are 0 ug/L, 100 pg/L, 200 pg/L, 300 ug/L,
400 pg/L and 500 pg/L. During the calibration procedure, the outlet is blocked by one
syringe. The mixture of Dl-water and dye with different concentrations is individually
pushed from inlet 1 to inlet 2 by a syringe pump. By doing this, the photobleaching effect
can be avoided since the working fluid keeps flowing in the microchannel. Thé focus
plane is fixed at the center of microchannel near inlet 1. Ten images at each concentration
are taken and the average is calculated to create a calibration curve. Figure 3.5 shows
calibration curve between the concentration and fluorescence intensity. In the range of
concentrations from 0 to S00 pg/L, the relationship is almost linear. The concentrations of
the two working fluids at the inlets are selected as 500 pg/L and 0 pg/L in order to obtain
a relatively strong fluorescence signal.

Experiment:

During the experiment, the objective lens is maintained at the same position used in
the calibration in order to maintain same experimental conditions. The interval time
between two captured images is set to 0.05 s. One hundred images are taken at each
concentration and the average image is obtained. The situation is considered to be
steady-state. The objective lens with 2X magnification (Nikon Corp. Plan UW 2x/0.06) is

selected in order to obtain good mixing visualization and concentration measurements.
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Data processing:

The size of images captured by CCD is 1344 x 1024 pixels and the resolution is 3.41
um/pixel. The re-sampling process is done by 5 x 5 pixels in order to obtain local
intensity and eliminate random noise. The final size of images is 268 x 204 pixels and the
final resolution of images is 17.05 pm/pixel. Figure 3.6a shows the processed image
obtained from u-IF experiment at the inlet at Re = 20. The image is transferred from
greylevel into color based on the calibration shown in Fig. 3.5. The local planar
concentration distribution in the x-y plane is acquired. In order to obtain the
concentration distribution at the region of interest, the measured line is selected and the
concentration distribution at this line may be obtained, as shown in Fig. 3.6b. The local
concentration is normalized by the maximum concentration (500 pg/L). Hence, the

mixing efficiency at the exit of each cell and the outlet may be calculated by:

1 &(c -cY
M—l—\[ﬁg( = ] (3.13)

2. (3.14)

where N is the total number of pixels between two side walls at the measured line in

the experiment or the number of grids at the measured line in the simulation; C, is the

concentration at the i” pixel in the experiment or the value at the i” grid in the

simulation along the measured line; C is the average concentration at the measured line.

The value of mixing efficiency ranges from 0 (no mixing) to 1 (total mixing).
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3.1.4.4 Experimental Challenges

The first challenge is the fabrication of test-sections. Since u-IF technique is based
on optical measurements, the requirements include cost-effective fabrication, and
optically clear test sections which have the ability to function properly with the excited
light emission are extremely stringent. Flat and clear test-section surfaces which reduce
refractions and reflections of excited light are preferable since the light reflection at the
inner walls of the microchannels induces an overestimation of mixing, as shown in Fig.
3.6a.

Fluorescence dye has strong attaching force. After u-IF experiments, the inner
surface of the test-sections will be polluted by the fluorescent dye, which will influence
the next measurement. Furthermore, the overlapping of the fluorescence absorption and
emission spectrum causes error in concentration measurements.

In addition, the syringe pump employs a stepper motor and worm gear, as well as a
plunger-type syringe. The operating flow rates are not as accurate as expected due to the
friction of the plunger and the operation of the stepper motor. Furthermore, the two

syringe pumps disturb each other since the flow directions of two pumps are face-to-face.

3.1.5 Mixing Visualization

The same flow rate should be supplied to each of the two inlets so that the interfacial
surface of the two working fluids is located along the symmetric plane, and the fluid acts
as steady-state. Two syringe pumps (New Era Pump System NE-1010) are used to supply
species to the two inlets. Although both pumps are the same model, calibration is still
required to test if the two pumps are able to supply the same flow rate, so as to satisfy the

experimental requirements. Mixing visualization has been conducted to determine the
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range of Re at which both pumps supply the same flow rate. The body force can be
- neglected as the surface tension and viscous forces are dominant at the microscale. The
selection of the two working fluids is important since the body forces cannot be neglected
in the scaled-up micromixer, where viscous forces and inertial forces are dominant. Two
working fluids of a similar density have been selected to ensure that mixing diffusion
only occurs in the y-direction when the two species merge at the entrance of the T-shaped
inlet. Green and red food colors are selected as visual media. The images are taken by a
3CCD color video camera (SONY DXC-9000). The mixing process can be viewed

through color variation from the top surface.

3.1.6 Results and Discussion

Figure 3.7 shows the selected positions used to analyze the mixing process in the
experiment. Six bositions from x-1 to x-6 are selected to investigate the effect of the cell
number in u-IF. Corners 1-5 are chosen for illuminating the species distribution. The
three positions, P-1, P-2, and P-3, aré used to observe the flow path in the mixing
visualization. Figure 3.8 presents the pre-processed greylevel images of mixing, obtained
by CCD, at the inlet and outlet of the test-section along the symmetric plane at 1 < Re <
50 in order to qualitatively observe the mixing in the fluorescence experiment. Figure
3.8a captures images at the inleté. No mixing occurs at this position. This image could be
used as a reference to judge the mixing process of Fig. 3.8b-f, based on the greylevel
image. Mixing may be completed well at Re = 1, judging by the light intensity at the
outlet as shown in Fig. 3.8b, although the interface could not be clearly distinguished.
When Re reaches 5, the mixing efficiency decreases, as shown in Fig. 3.8c, and the

interface is clearly visible. Mixing efficiency keeps decreasing at Re = 10 as shown in Fig.
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3.8d. The greylevel difference between black and white is more apparent than at Re = 5.
This is a result of reduced residual time. The working fluids do not have adequate time to
mix well before they flow out of the test-section. The mixing efficiency improves,
however, at Re > 10 due to the change of mixing mechanisms from mass-diffusion to a
combination of mass-diffusion and mass-convection. The combined mixing mechanism
increases the mixing although the residual time is reduced as Re increases. The greylevel
difference tends to be smaller from Re = 20 to 50, as shown in Fig. 3.8¢ and 3.8f. In order
to quantitatively estimate the mixing, the post-processing of images obtained from the
fluorescence experiment is carried out by FlowManage V4.5. The details have been
introduced in data processing section.

The fluctuations of single or multi-syringe pumps have been proposed (Angele et al.,
2006; Vanapalli et al., 2007; Ribeiro et al., 2008). In the present study, one hundred
images are taken in five seconds at the entrance of the first cell at 1 < Re < 50. The
average image at each Re is calculated and the concentration distribution 1s obtained
through the calibration curve. Pump 1 is first connected to inlet 1, which is denoted as
Pump 1 Inlet 1. Pump 1 is then switched to connect with inlet 2, which is denoted as
Pumpl Inlet 2. At Re = 5, 10, 20 and 50, the concentration distributions of Pump 1_inlet
1 and Pump 1_inelt 2 are almost the same. The interface is located at the same position.
This concludes that the two pumps supply the same average flow rate within the tested
time. A difference occurs, however, at Re = 1. The two pumps are no longer able to
supply the same average flow rate within the tested time. In order to obtain measurements
at Re = 1, multiple repeated measurements are taken and the assessment of images

obtained from the experiments are performed at the exit of the first cell since

62



ug1sop 1uosaid ay) ul uonedNsIAUI JUIXIW JOJ PISN SUONISOJ :L°¢ 3In31]

®) ) @

1 nun eSaw ] 11UN $S01) ] 1Un SSOI)) X

.y L “

! ! . | R ¢-d ---
! !m._ X " i , " » - I_ " "
¢ 1PWo)) HRSY o mo mopg = ! w Mol
L — T .
m.l - m o - ﬁlhw_ _“ [] A [
bn ——
{ IWI0D 0 I : |
- ik
o ! A
A X 71owo) \4. L w cd
€ 1W0) \AL Ceuien M W Jo
(®) __
9-X SlIPD  ¢-x PIRD  +X eIPD  ¢-x CIRrD  Tx [1[eD 1-X
Iauu]

'
1
L
t

A
|
|

30

Ay

63



‘Juowradxe -7 wolj paureiqo sodew passadold-aid oy g ¢ 2an31y

0S =2y e jepno vy | (3)

1PpNO

07 =2y e Ppno 3y (9)

= 2Y Jopno oy, (q)

—

S

01 =2y e 19pno ayy (p)

[ =2y 1e 19Ul oy (B)

aueld 1u2)

64



the interface could be observed clearly. The images acquired from the multiple repeated
measurements, where the interface is located at the center plane, are selected and the
average image is obtained to investigate the mixing. Therefore, the mixing measurements
are taken over the valid range 5 < Re < 50 at the outlet, and 1 < Re < 50 at the exit of the
first cell, which is used for the validation of numerical simulation.

Figure 3.9 shows the mixing process at corner 1 and corner 2 obtained by
fluorescence measurement. At Re = 20, the mixed fluid is close to the outer wall at corner
1. When Re reaches 50, all mixed fluid is located at the corner, and unmixed fluid lies at
the inner side. Furthermore, the mixing of the species at the same comer 1s more
sufficient than at Re = 20. Also, the concentration distribution at Re = 50 is more obvious.
At corner 2, the mixed fluid moves to the inner side and the unmixed fluid is located at
the outer side at Re = 20 and 50. At Re = 20, almost no fluid is at the corner. However,
the comer is filled with the mixed species at Re = 50. In order to understand this
phenomenon, a simulation is conducted to assist in the analysis. Figure 3.10 shows the
streamlines in half of the first cell at Re = 50. The fluid located at the center of the
channel has the highest velocity, which produces maximum centrifugal force. This force
drives the fluid with green color towards the inner side after entering the cross unit, as
shown at P-2. The fluid with the blue color located at the inner side is compressed and
moves to the outer side along the top surface, as shown‘at P-2. The movement of the fluid
becomes stronger as Re increases. This phenomenon shows good correlation with the
experimental results shown in Fig. 3.9. The ﬂuid with blue color is located at the center
plane in the straight channel before entering the cross unit, such that this part of fluid is

mixed. It moves to corner 1 due to compression, and causes mixing of the species at
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corner 1, as shown in Fig. 3.9. When the blue color fluid moves from the inner side to the
outer side along the top surface, the overlap of fluids occurs, which increases the contact
area. Also, recirculation flow at the corners is generated and enhances mass-convection.
At Re = 50, the inertial force is much larger than the viscous force. A part of the fluid
separates from the main fluid, and a vortex is generated at the corner leading to
accelerated mixing. Figure 3.11 presents the mixing efficiency in the symmetric plane at
six positions from x-1 to x-6, as shown in Fig. 3.7. At x-1, the mixing efficiency
decreases as Re increases from 10 to 50 in the straight channel, as an increase in Re
results in a decreased diffusion time. The mixing efficiency increases faster at higher Re
in the first mixing cell as the effects of the fluid overlap and flow recirculation are
enhanced as Re increases. Among the tested Re, the mixing efficiency is highest at Re =
50. After five cells, the best mixing efficiency, 61%, appears at Re = 50, and the worst
mixing efficiency is 34% at Re = 10.

Figure 3.12 shows the mixing efficiency of several passive planar micromixers
presented in the past five years. The present micromixer has better mixing efficiency than
most designs for 5 < Re < 50. The mixing efficiency of the presented design, calculated at
‘the outlet, decréases as Re increases at Re < 10, since the residual time is reducebd. The
species do not have adequate time to achieve good mixing. The mixing efficiency
increases, however, as Re increases at Re > 10 due to the change in the mixing
mechanism. The mixing mechanism changes from mass-diffusion to the combined
mechanisms of mass-diffusion and mass-advection.

In order to investigate the mixing process in the entire mixer, mixing visualization is

applied. Figure 3.13 shows the mixing visualization where green and red food colors are
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applied. The mixing process is judged based on the color brightness. Complete mixing
corresponds to the black color. At Re = 1, the two species start to mix at the center plane
as shown at area-1. Mixing is enhanced due to the diverging effect at the entrance of the
first cross unit, as shown at area-2. At the exit of first cross unit, the colors at the upper
and lower parts at the exit of the first cell become darker than at area-1. After four cells,
the color becomes almost:black. The interface between the two speciés cannot be clearly
distinguished at the outlet. When Re reaches 10, the color variation is not obvious, which
represents insufficient mixing process along the entire flow domain. Since an increased
Re leads to a shortened residual time of working fluids in the channels, the working fluids
do not have enough diffusion time to obtain adequate mixing. The mixing efficiency
decreases at Re = 10, which corresponds to the results obtained from quantitative
measurements. Mixing is completed very well at Re = 60. After three cells, the interface
of the two working fluids is hardly observed. There are two areas which require attention.
At area-3, the interface is twisted near the outer wall. Vortices can be seen at this location.
At area-4, two species appear in each branch of the cross unit. In order to obtain clearer
images to estimate this phenomenon, the position of the entrance of the first cell is
focused on. At P1, nine pictures are taken within one second to see the variation of the
interface at Re = 50, as shown in Fig. 3.14. From this figure, one can observe the
oscillation of the interface from t = 0.1 s to 0.9 s. A similar phenomenon is also observed
at Re = 1, 5, 10 and 20. The mixing visualization results show that the oscillation occurs ‘
over the entire tested range of Re. The oscillation frequency and amplitude increase with
increasing Re. The two syringe pumps are no longer able to supply same pressure to the

two inlets. Oscillation of the interface leads to uneven species distributions in the cross
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units. The unstable oscillation is probably caused by the pump working principle. It has a
good agreement with the fluorescence measurements. Figure 3.15 shows the mixing
visualization of P-2 & P-3 at Re = 20 and 50. As seen in these two pictures, a portion of
the red species enters the green species domain, as shown at P-3, caused by the
oscillation. At P-2, the dark fluid, indicating complete mixing, is monitored to obtain the
ﬂow characteristics. At Re = 20, this part of the black species is forced to the outer wall
after entering the branch of the cross unit. This path could be observed clearly. This
phenomenon is also seen at Re = 50, however, the path becomes indistinct and a large
portion of the black fluid is created at the comner in the cross unit. The mixing

visualization is in accordance with fluorescence experimental results.

3.2 Numerical Investigation

3.2.1 Computational Models

Numerical simulations are applied to assist in comprehending how fluids behave in
microchannels. Since the structure of the present micromixer is symmetrical, a half model
of the first cell of CO-micromixer is built and meshed in order to reduce the calculation
timé. The grid system of CO micromixers is shown in Fig. 3.16. Numerical diffusion
plays a key role in simulation results, and was proposed by Hardt and Schonfeld (2003)
who investigated an analytical model of the concentration profile in multi-lamination
| flow. Numerical diffusion, caused by the finite differential method, dominates diffusive
mass transfer on computational grids instead of physical diffusion, especially. for
liquid-liquid mixing with characteristic diffusion constants on the order of 10° m?s. It is
related to the velocity, grid size, and the scheme. Numerical diffusion in second-order

upwind scheme may be expressed by:
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Figure 3.15: Mixing visualization of P-2 and P-3.
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=—= (3.19)

Grid independence is performed in order to minimize the effect of numerical
diffusion. As stated in Hardt and Schonfeld (2003), a higher scheme‘ applied in the -
simulation also could reduce the effect ;)f this parameter. Since numerical diffusion is
related to the grid size, a fine mesh would be applied to the entire flowing domain, not
only near the wall. Since the depth of the microchannels in the present design is constant,
a 2D drawing is imported into the pre-processing software. The unstructured grid scheme
is used to mesh the 2D model after defining the flow regime. The structure scheme is

applied in the z-direction depending on the extension of the 2D model.

3.2.2 Numerical Simulation

Fluent® 6.3 is used as a numerical simulation tool. Some assumptions are proposed
before doing numerical simulations. The flow is viewed as steady-state and
incompressible. No-slip boundary conditions exist at the inner walls. According to these
assumptions, the governing equations, based on the continuity equation and

Navier-Stokes equation, are represented as:

V.V =0, (3.16)
pV -VV =-VP+ V'V, (3.17)
V.VC=DV’C (3.18)

The Navier-Stokes equation and continuity equation can be solved to obtain velocity
in case of an incompressible fluid. The velocity is substituted into the convection-
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-diffusion equation to solve the concentration distribution. The species transport model is
selected to solve this case. Two species are defined in material options. One species is
defined as pure water, with density and viscosity set as 10° kg/m’ and 102 kg/ms,
respectively. A new species, named “dye”, is defined to mix with the pure water to
simulate the experimental environment. It has same values of density and viscosity as
water. The diffusion coefficient of this new species in water is fixed at 2.8x10"'% m?s for
the CO-micromixer and 1x10” m%s for the IC and IO micromixers. Because there is no
heat transfer, the energy equation is turned off. The operating pressure is fixed at 10° Pa.
For the boundafy conditions, “velocity-inlet” type is assigned to both inlets. The velocity
direction is normal to the boundary. The dye concentrations of water and dye are set as 0
and 1, respectively. Ideal mixing means the concentration of dye reaches 0.5. The outlet
boundary is set as “pressure-outlet”. The reference pressure is fixed at zero. The
“SIMPLEC” module is applied for the pressure-yelocity coupling analysis of two mixing
_flows in microchannels. The discretization is “third-order QUICK” for velocity and
species, and “second-order upwind” for pressure. The application of higher order could
minimize the numerical diffusion as proposed by Hardt and Schonfeld (2003). The
maximum number of iterations is set to 3000 and the convergence criterion is 10 for

continuity, velocity, and species in order to obtain converging results.
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3.2.3 Results and Discussion

Grid independence is performed to minimize numerical diffusion. Since the
numerical diffusion is related to the velocity, the grid independence is performed at the
maximum tested Re, which is selected as 50. Figure 3.17 shows the velocity and
concentration distributions at the intersection of the symmetric plane and the exit plane of
the first cell. The results show there is no obvious change in velocity and concentration as
the grid number is larger than 1.6 M. Hence, the grid system of 1.6 M is selected for the
further investigation.

Figures 3.18-20 show the concentration distribution based on experimental results
and simulation at corners 3-5 (see Fig. 3.7). These figures shov? good agreement between
experimental and simulation results. At corner 3, the interface is inclined to the left side
on the top surface due to the asymmetric structure at Re = 20. At Re = 50, a vortex can be
observed at the entrance of the omega unit. The concentration distribution becomes more
complex than at Re = 20. The interface area is increased and the mass-convection is
enhanced. At corner 4, the concentration increases from the left Side to the right side at
Re = 20. Fluids with high concentrations (> 0.5) are located on the right‘side and fluids
with low concentrations (< 0.5) are on the left side. However, the fluids with low
concentration move to the right side, and a “sandwiched” flow pattern is generated at Re
= 50. A part of fluids with low concentration is compressed to the right side through the

top of the microchannel. A Dean vortex is created at the corner. A similar phenomenon
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could be observed .at corner 5. The vortices generated at the corners are able to increase
the mass-convection at Re = 50 compared to Re = 20. In order to further understand the
flow patterns in the microchannels, numerical simulation results are used to display the
mixing process.

Figure 3.21 shows the comparison of experiment and simulation mixing efficiency at
the exit of first cell. Both results have good agreement at 1 < Re < 50, as shown in Fig.
3.12 (a). The mixing efficiency decreases at 1 < Re < 5 due to the reduction in diffusion
time. Due to the low Re, the» viscous force is dominant. The fluids are difficult to separate
from the main flow. Mass-diffusion dominates the mixing and the mass-convection has
secondary effects on mixing. The difference between experiment and simulation may be
caused by the light reflection near the wall in the experiment. The light reflection leads to
the appearance of good mixing near the wall, which overestimates the mixing efficiency,
as shown in Fig. 3.6(a). Second, since the test-section is scaled-up, traditional
manufacturing processes are applied. The wall is not smooth, which induces uneven light
intensity distribution. The difference between experiment and simulation is within 20% at
1 < Re < 50, as shown in Fig. 3.12(b). Figure 3.22 shows the iso-surface at Re = 5.
Judging from this figure, fluids with different concentrations flow in microchannels side
by side. No disturbance or recirculation flow is generated. Mixing is mainly dependent on
mass-diffusion. Figure 3.24 shows the concentration distribution and velocity vector at

eight cross-sections along the microchannels, as shown in Fig. 3.23. The interface

82



remains straight at C1 and C2, and a small portion of fluids goes up and down along the
center plane, which is caused by the parabolic velocity distribution. The maximum
velocity is located at the symmetric plane. After the two species encounter each other at
C1, the fluids with-higher momentum in the symmetric plane are compressed more than
others, which induces fluids to move up along the center plane. From CS to C8, the
interface fluctuates left and right when the fluids pass the corners. The fluctuation of
interface enhances the Taylor dispersion, which accelerates the mixing. At the side walls,
a small portion of fluids have z-velocity due to the centrifugal force. After the flow enters
the corner or changes the flow direction, the fluids with higher velocity generate larger
centrifugal forces, and move to the outer wall. Hence, the fluids in the symmetric plane
have highest centrifugal force. After arriving at the side wall, the fluids in the‘symmetric
plane are stopped by the side wall and compressed to move toward the z-direction. It is
worth noting that the average concentration in each branch of cross unit is no longer 0.5,
judging from the images obtained from C3 and C4. The fluids with high concentration (=
0.5) enter one branch and the fluids with low concentration (< 0.5) enter the other branch.
This induces low mixing efficiency in the cross unit, which could be considered to be a
shortage of the CO micromixer. Figure 3.25 shows the stream _lines at five corners shown
in Fig. 3.7. The stream lines are very smooth in the symmetric plane. Only at corners 4

and 5 are small vortices observed.
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The mixing efficiency increases at 5 < Re < 50 due to the change in mixing
mechanism. Along with increasing Re, the inertial force becomes dominant. The mixing
mechanism changes from mass-diffusion to a combination of mass-diffusion and
mass-convection.

Figure 3.26 shows the iso-surface at Re = 50. The overlap of fluids becomes more
serious compared to Re = 5, which increases the diffusion area. Figure 3.27 shows the
concentration distributions and velocity vectors at eight cross-sections. As observed from
the velocity vectors, a pair of vortices i.s generated at C1 for the same reason as described
at Re = 5. However, the movement of fluids becomes greater due to the larger velocity.
At C2, the mixed fluids at the top surface have a larger area than at the symmetric plane.
The fluids moving toward the top surface are separated from the top wall and sub-streams
move left and right. The fluids near the top wall are stretched, which lead to a larger area
of mixed fluids. At C3-C8, due to higher Re, the centrifugal force is larger than at Re = 5.
- Recirculation flows are created, which increase the effect of convéction on mixing. Also,
the interface between two species becomes very complex, and the diffusion area is
enlarged. Figure 3.28 shows the streamlines at corners 1-5 at Re = 50. The sub-fluids are
able to separate from the main fluid so that vortices could be observed at the corners,

which enhance mass-convection.
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3.3 Summary

Throughout this chapter, experimental and numerical investigations are applied to a
planar passive micromixer denoted as the CO micromixer. Qualitative and quantitative
measurements are performed in order to observe the mixing process and obtain the
mixing efficiency. The results show that the mixing efficiency decreases at 1 < Re < 10
and increases at 10 < Re < 50, which is considered to be caused by the change in mixing
mechanism. At low Re, the mixing is mainly dependant on mixing diffusion. As Re
increases, the diffusion time reduces, leading to inadequate mixing time. However,
mass-convection is a major part in the mixing at high Re. Numerical simulation results
are validated by the experimen;[ and the comparison shows very good agreement. Hence,
the numerical simulation could be trusted as an effective tool to assist in understanding
the flow mixing. The simulation results show that the Dean vortex is generated in the
channel at high Re, which enhances the mass-convection effect on mixiﬁg. The flow
overlapping and folding enlarge tﬁe interface to accelerate mixing. The measured mixing

efficiency ranges between 35% and 65% at 1 < Re < 50.
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Chapter 4

Interdigital-Circular Micromixer

Considering the low mixing efficiency, the rﬁodiﬁcation of the CO micromixer is
done in order to increase the mixing efficiency throughout this chapter. The interdigital
inlet is used to increase the interface area and decrease the diffusion path. Due to the high
pressure drop caused by the right comérs in the CO micromixer, the circular mixing
element is designed and applied, instead of the cross-omega element. The mixing
investigation is performed by numerical simulation as the CFD work was verified in the
previous chapter. The interdigital inlet and circular mixing element are systematically
optimized by Design of Experiment (DOE) methodology to seek the optimal design

dimensions.

4.1 Improvement

4.1.1 Summaries of the CO Micromixer

The CO micromixer uses the T-shaped inlet. The two working fluids are individually
pushed into the channels by two syringe purﬁps. The two -ﬂuids flow in opposite
directions, which induces the interaction of the fluids from two syringe pumps. The
fluctuation of the interface causes mixing instability.

The flow separation principle is used in the CO micromixer in order to extend the
mixing length and generate the vortices in the branches. However, the mixing efficiency
in each branch of the cross unit is very low due to the split-and-recombine principle. One

sub-stream with a higher concentration (> 0.5) enters one branch and the other with a
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lower concentration (< 0.5) enters the other branch. This induces uneven concentration
distribution, such that the average concentration of fluids in each branch is not equal to
0.5.

In the CO micromixer, the right corners are used to generate the vortices for
mass-convection enhancement. The pressure drop is also increased, which restricts
practical applications.

Considering the problems mentioned above, the interdigital structure inlet is applied
to achieve-a parallel supply of working fluids and the circular-section mixing element is

used, instead of cross-omega element, to decrease the pressure drop.

4.1.2 Interdigital-Circular Micromixer (IC)

Based on the investigation of the CO micromixer, improvements should be made on
two parts: inlet structure and mixing element. The T-shape inlet causes an oscillation of
the interface, which induces the uneven distribution in each branch after the main flow is
separated into two substreams. In the improved micromixer, the two working fluids are
supplied in parallel mode, which could reduce the interaction of the two pumps. Also, the
split-and-recombine principle is applied to the CO micromixer. The flow with high
concentration (> 0.5) enters one branch and the flow with low concentration (< 0.5)
enters the other branch after being separated, which induces low mixing efficiency in the
cross unit. The symmetrical interdigital inlet is applied to supply an average
concentration of 0.5 in each branch. Also, the multi-lamination flow profile reduces the
diffusion path, and each branch is filled with the flow of average concentration of 0.5.

Also, the pressure drop is large in the CO micromixer due to the right comers. The
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circular-sector mixing element is used to achieve the split-and-recombine principle so
that the pressure drop could be reduced.
‘Figure 4.1 shows the interdigital-Circular micromixer with 3 blue and 4 red species.

The focusing regime is selected as a rectangular structure. The total width of inlet D,

and the downstream straight channel width W are fixed at 0.9 mm and 0.2 mm,
respectively. The micromixer length, L is set at 5 mm. The tested Reynolds numbers
are calculated at the entrance of the downstream straight channel (Plane 1) in order to
maintain the same mass flow rate among different cases. U-shaped baffles are positioned

in the channel to divide the main flow into substreams. The symbol D, represents the

channel width of substreams, where odd values of a represent each channel width of
red species and even values of a represent each channel width of blue species. The

symbol D, represents the width of each branch of the U-shaped baffle. The closing

angle of the focusing chamber vy is fixed at 120°.

4.1.3 Numerical Simulation

Since the numerical simulation has been validated as a useful tool to predict the
mixing qu.ality and fluid characteristics in the previous section, CFD software is applied
to assist in the improvement and optimization. Grid independence is performed to
determine the proper grid size. Figure 4.2 shows the grid system and the concentration
and velocity distributions at the intersection of the outlet and the symmetric plane. Both
concentration and velocity distributions do not show large differences as the number of
grids surpasses 1.1 M. Therefore, the number of 1.1 M grids is selected for further

investigation.
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Figure 4.2: Grid system and grid independence of the quarter model.
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4.2 Optimization

4.2.1 Optimization of Interdigital Inlet

Five interdigital inlets with the straight downstream channel are designed and
simulated to study the effect of the number of interdigital substreams on the mixing
efficiency. Each species has uniform substream channel width. These five micromixers
are named by the number of blue substreams and the number of red substreams.
Considering the fabrication and cost, the minimum c;hannel width is set at 50 pm. The
total width of substreams of each species is fixed at 0.3 mm and the totai width of the
U-shaped baffles is also fixed at 0.3 mm. Hence, the maximum number of blue species
and red species are 5 and 6, respectively. The dimensions of these five interdigital inlets
are listed in Tab. 4.1. Figure 4.3 shows the mixing efficiency and pressure drop of the
five micromixers at 5 < Re < 60. The mixing efficiency increases with an increase in the
number of substreams over the éntire Re range due to the reduced diffusion path. The
pressure drop also increases as the lamellar width decreases, as .expected. The maximum
pressure drop at 5 < Re < 60 is less than 1.4 kPa in all five micromixers. Figure 4.4
displays the concentration distribution of five micromixers located at the downstream
entrance (Plane 1) and the outlet. Only a quarter of the cross-section is shown due to the
symmetric structure. A large part of the fluid tends to be green, which represents ideal
mixing. More fluid achieves ideal mixing as the lamellae width decreases, which is
caused by the reduced diffusion path between two adjacent species and the increased
interface area. At Re = 50, the interface is distorted near the top wall as a result of the
focusing effect. The fluid is compressed by centrifugal forces induced by the focusing

chamber before entering the downstream channel. It is worth noting that the fluid near the
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Figure 4.5: Mixing principle of the interdigital micromixer with
even and uneven channel width distribution.
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side wall is difficult to mix in all five micromixers. Figure 4.5 shows the mixing principle
of the interdigital micromixer. The diffusion path between the 1* red and 1% blue species
near the side wall is larger than >those in the middle if each species has uniform channel
width. When the fluid located at the center of the cross-section achieves ideal mixing, a
portion of fluid near the side wall is inadequately mixed.

The species near the side walls only diffuse in one direction, as shown as 1% red
species in Fig. 4.5a. However, other species diffuse in two directions, as shown as 1* blue,
2nd >red and 2™ blue species. If the even channel width is applied to each species, the
diffusion path of fluid near the side wall is larger than at other locations. Fluids near the
side walls are therefore difficult to mix since the diffusion path is larger than the fluids in
the middle of the channel. Uneven channel width is applied to the interdigital design in
order to enhance the mixing near the side walls. Enlarging the central lamellar width can
decrease the diffusion path of fluid near the side walls. The mixing principle of the
micromixer with uneven channel width is shown in Fig. 4.5b. The channel width of each
species is calculated as follows:

D=x, Dy=x+x,, Dy=x,+x;,..., D,=x,,+x,
2ixD, =0.3
D,+D,+Ds+--+D,=D,+D,+D;+--D,, =03
a=2i+1, =123
where i is the number of blue substreams. Considering the pressure drop and
manufacturing cost, the minimum channel width is set at 50 pm, such that an additional
limiting condition is:

D, > 50pm
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In this study, 3 blue and 4 red species are selected to investigate the effect of uneven
channel width, such that i is set at 3. Many solutions may be obtained from the above
equations. Three cases are proposed for further ‘invevstigation. The dimensions of these
three micromixers are listed in Tab. 4.2. Figure 4.6 shows the mixing efficiency and
pressure drop of six inferdigital micromixers. The micromixers with uneven lamellar
width are named as case numbers 1, 2 and 3, as shown in Tab. 4.2. The three improved
micromixers have almost the same pressure drop. Compared to the-micromixer of 3 blue
and 4 red species with even lamellar width, the three micromixers with uneven lamellar
width have better mixing efficiency and lower pressure drop. It is worth noting that case
2 and case 3 have even better mixing efficiency and lower pressure drop than the»
micromixer of 5 blue and 6 red species. However, the mixing efficiency of case 1 is
worse. Figure 4.7 shows the concentration distribution of three improved cases with
uneven lamellar width. At the outlet, the fluids located at the right side in case 1 at Re = 5
are light blue. When Re reaches 50, the fluids located at S-1 in case 1 shoWs Very poor
mixing due to the large center lamellar width. For the given mixing length, adequate
mixing may not be achieved. The poor mixing area moves from the side wall to the
center. The concentration distributions for case 2 and case 3 at Re = 5 and 50 show good
mixing judging from the color. Only small portions of the fluid show low mixing
efficiency. The interdigital micromixer with uneven channelb width can enhance the
mixing. Therefore, the uneven lameliar interdigital inlet is applied and case 2 is selected

as the inlet of the IC micromixer for future investigations.

4.2.2 Optimization of Circular-sector Mixing Element

In order to optimize the mixing element, the Taguchi method and Response Surface
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Problem setup
Objective functions & Design variables

v

(Design of experiment)
Selection of design points

(Taguchi method)
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(Numerical analysis)
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A 4
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Figure 4.8: Analysis flowchart used to achieve the systematic optimization.
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Methodology (RSM) are applied to determine the optimal design dimensions. The
optimization procedure is described in the flowchart, as shown in Fig. 4.8. The process
starts with the selection of design parameters, their range of variation, and the objective
function. Once the design parameters are selected, the Design of Experiment (DOE)
method is used to create the experimental table which corresponds to different geometries
representing the design space. These geometries will then néed to be evaluated by CFD in
order to compute the objective function. First, the flow field in all configurations is
computed and the most sensitive design parameters to the objective function are
determined by the Taguchi method. However, the Taguchi method is not able to
determine the optimal point. A new experimental table is built and Response Surface
Methodology can be used to determine the optimal point. The response surface enables
the user to evaluate the objective function without carrying out expensive CFD
evaluations of each configuration.

One of the key aspects affecting the success of the proposed design methodology is
the choice of design parameters and their ranges of variation. First, sensitivity analysis
needs to be performed in order to establish the fnost important design parameters to use
for the detailed study. Three parameters, open angle (0), displacement of obstacles (S),
and depth of microchannels (H), are selected, and three different levels are determined
and listed in Tab. 4.3. In the micromixer development, the mixing efficiency is the most
important parameter used to evaluate the micromixers. Hence, the mixing efficiency is
selected as the objective function. The definition of mixing efficiency has been given in

Eq. 3.13.
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An experiment table of nine designs is generated by using the Orthogonal Array (OA)
Ly of the Taguchi Method, as shown in Tab. 4.4. The flow in these nine cases is analyzed
by CFD at Re = 10 in the mixing channel to compute the objective function (mixing
efficiency). Taguchi’s Signal-to-Noise (S/N) is used to evaluate the influence of design
parameters on the mixing efficiency. To obtain the S/N ratios based on the simulation
results, the square of standard deviation of the concentration at the outlet of micromixer

model is calculated by,
18 2 _
ol ==Y (c,-c,) CRY
nig

where ¢, is the concentration distribution of one of the fluid species at the i cell of the
mesh at the outlet, c,_ is the concentration of complete mixing, and » is the number of

cells defined by the mesh at the outlet. The signal-to-noise () could be evaluated by:
S
=—=-10logo’ 4.2
= g (4.2)

Table 4.5 shows the S/N results of nine models. To evaluate the contribution that
each level of a design parameter has on the S/N ratio of the mixing efficiency, the mean
of the S/N ratios of the experiments in the OA Lg where the level of the design parameter
is present is calculated. For example, the second level bf parameter B (the 2™ parameter),
B2, is present in the 2"d, 5"‘, and 8™ experiments in OA Lo, so the mean of the S/N ratios
of these experiments is calculated. The results are displayed in Fig. 4.9 and Tab. 4.6,
where the positive slope of the curves indicates that increasing the corresponding
parameter value results in a higher mixing efficiency, and vice versa. The results show
that the open angle and displacement of obstacles are more sensitive than the depth of

microchannels to the mixing efficiency. Hence, the open angle and displacement of
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Table 4.3: Design parameters and levels used in the optimization

Parameters
Levels
A(0) B(S/W) C(H/W)
1 35° -0.25 0.5
2 40° 0 0.75
3 45° 0.25 1
Table 4.4: Orthogonal array Ly (design matrix)
Parameters
Cases
A B C
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
S 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

Table 4.5: The S/N and mixing efficiency of nine cases

Case c S/N Mixing efficiency ~ Pressure drop (Pa)
1 0.341 9.357 0.319 798
2 0.340 9.360 0.319 395
3 0.321 9.870 0.358 395
4 0.344 9.277 0.313 410
5 0.351 9.104 0.315 268
6 0.329 9.669 0.343 838
7 0.331 9.602 0.338 284
8 0.339 9.388 0.321 749
9 0.322 9.843 0.356 442
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Table 4.6: The average S/N of each of nine design parameters

Parameter Average of S/N (dB)
Al 9.529
A2 9.350
A3 9.611
B1 9.412
B2 9.284
B3 9.794
C1 9.471
C2 9.493
C3 9.525
991
B B3
9.8 —
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S f
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Figure 4.9: The average S/N of three design parameters at three levels.
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obstacles are svelected to be further investigated to determine the optimal point. The depth
of microchannels is set to 0.2 mm. |

The response surface methodology is an optimization method that is comprised of a
series of mathematical and statistical processes. It includes the construction of the
response surface by interpolating data and optimization of the objective function on the
response surface. In the present work, RSM is used to obtain the optimal point. The

optimization problem is defined as the maximization of an objective function, M(x),

lower

within x/" < x, <x™*, where x is a vector of design parameter and x and

x“* are the lower and upper bounds of each design parameter, respectively. Numerical

analyses at the prescribed design points are performed and the results are used to
construct a response surface. In this study, the response model is assumed to be a second

order polynomial that can be expressed as:

M (x)= B, +Z": B, +Z"; fat+Y Bxx, | (4.3)

i<
where n is the number of design parameters and x and [ indicate the design
parameter and the coefficient, respectively. Unknown coefficients of the polynomial are
obtained from a standard least-squares regression method by using calculated response at
design points.

The new variable levels are shown in Tab. 4.7. The natural variables (real design
parameters) are normalized into code variables by,

& —Value,

i,center

X, =
‘Value —Value.

i,max icenter

(4.4)

where ¢ is the natural variable, x is the coded variable, and Value, is the value of

enter
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Table 4.7: The design parameters used for response surface model

Design parameter lower center upper
Coded variable (x) -1 0 1
S/W (&) -0.25 0 0.25

Natural variables
0 (&) 35° 40° 45°

Table 4.8: The tested matrix and response of response surface model

Natural variables Coded variables Response
Case
¢ & X1 X2 y
10 -0.25 35° -1 -1 0.3222
11 -0.25 40° -1 0 0.3059
12 -0.25 45° -1 1 0.3379
13 0 35° 0 -1 0.3293
14 0 40° 0 0 0.3150
15 0 45° 0 1 0.3331
16 0.25 35° 1 -1 0.3580
17 0.25 40° 1 0 0.3554
18 0.25 45° 1 1 0.3592
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center point. Hence, the range of coded variables of each design parameter is -1 <x, < 1.

Based on the RSM, the response surface equation could be obtained as:
$=0.3161+0.0178x, +3.433x107 x, —3.62x107 x,x, + 0.01396x] +0.01451x; (4.5)

Variance and regression analyses are done to measure the uncertainty in the set of

coefficients of the polynomial function. From the results of analyses for the response
surface, the coefficient of multiple determinations, R?, is determined to be 94.7%, and

the adjusted coefficient of multiple determinations, Rfdj, is determined to be 92.9%.

Both coefficients are larger than 90%, such that the response values are considered to be
accurately predicted by the response surface model.

Figure 4.10 shows the response surface within the range of design parameters. A
lowest point could be observed. However, the maximum value is needed in the present
problem. The maximum value appears at the point of (0.25, 45°). The corresponding
response is 0.362, which is considered to be the optimal point. Hence, the final design
with the optimal interdigital inlet and mixing element is built and investigated by
numerical simulation.

Figure 4.11 shows the iso-surface of concentration in the optimal design with the
interdigital inlet of 1 blue and 2 red at Re = 1 and 50. In the circular sector, the fluids
flow side by side at Re = 1. The mixing mechanism is molecular diffusion only. Mixing is
mainly dependent on the interdigital structure which increases the contact area.
Furthermore, the channel width decreases along the mixing path, caused by the
displacement in circular sectors, which reduces the diffusion path and has a focusing
effect on the mixing. At Re = 50, the flow overlapping and folding characteristics could

be observed in the circular sectors. A part of the species is compressed from the mner
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Figure 4.10: Response surface of optimization.
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Figure 4.11: Iso-surface of concentrations.
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side to the outer side due to centrifugal forces. Mixing is enhanced in the circular sectors
due to the Dean vortices which twist fluid and increase the contact area. The mixing
mechanism becomes a combination of diffusion and convection.

Figure 4.12 shows the mixing efficiency along the mixing length at Re = 10. In Fig.
4.12(a), the displacement is kept at 0.25 and the open angles are set to 30°, 45° and 60°
for Case 3, Case 17 and Cése 18, respectively. The mixing efficiency increases as the
opening angle increases. This phenomenon is caused by mass-convection enhancement.
With increasing opening angle, the channel radius of curvature decreases, which leads to
enhanced Dean vortex. The stirring effect on the flow increases leading to the
mass-convection enhancement. Therefore, better mixing could be achieved in the
micromixers with larger opening angles. Figure 4.12(b) shows the mixing efficiency
under the condition that the opening angle is 60° and displacement is set at -0.25, 0, and
0.25 in Case 3, Case 15 and Case 18, respectively, at Re = 10. The difference between
Case 3 and Case 15 is not obvious, which shows that the mixing efficiency is not affected
by the displacement at S < 0. The apparent difference is shown in Case 18, indicating that
the mixing efficiency is influenced by the displacement at S > 0. Therefore, the opening

angle of 60° and the displacement of 0.25 are chosen as the optimal design dimensions.

4.3 Interdigital Micromixer with Circular-sector

Three mixing elements are applied in the final design. At high Re, the Dean vortex
could be generated in the circular-sector mixing elements, which is able to achieve better
mixing than the straight channel. Six cross-sections in the first cell, as shown in Fig. 4.13,
are selected to observe the concentration distributions. Figures 4.14-15 show the

concentration distributions at six cross-sections in the first mixing element at Re = 5
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Figure 4.14: Concentration distributions in the six cross-sections at Re = 5.
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Figure 4.15: Concentration distributions in the six cross-sections at Re = 50.
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and 50. At all six cross-sections, the interface of species is almost straight at Re = 5. The
flow is compressed and enters the narrow channel. Since the velocity is small, the Dean
vortex could not be generated and viscous forces are dominant. Compared with Re =5,
the flow distortion is observed and the interface of species is no longer straight at Re = 50.
As the velocity increases, the Dean vortex becomes stronger. The flow located in the
horizontal symmetric plane has larger velocirty since the pressure-driven flow has
parabolic velocity distribution, which induces the movement of center flow to the outer
wall due to the stronger centrifugal force. At C2 and C3, the flow located at the outer
wall is compressed by the flow from the center of the channel and moves up. Then, thé
flow originally located near the top surface is compressed to the inner wall. Hence, a
Dean vortex is created which causes the flow folding observed in the cross-sections of C2
and C3. At C4 and C5, The curvature of channel is changed and the direction of Dean
vortex changes to counter-clockwise, which causes the interface to become straight. The
mass-convection is enhanced to increase the mixing efficiency.

Figure 4.16 shows the mixing efficiency along the mixing length. The mixing
‘efficiency at 1 < Re < 100 could reach larger than 70% within one mixing element. After
three mixing elements, the present micromixer could obtain more than 85% mixing
efficiency. Figure 4.17 shows the mixing efficiency and pressure drop of the optimal
design. The mixing efficiency decreases at 1 < Re < 30, which is caused by the reduced

residual time as Re increases. The effect of the vortex is less than the effect of diffusion.
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Diffusion is the dominant mixing mechanism at 1 < Re < 30. At Re > 30, the effect of the
vortex becomes the dominant mechanism. Even if the diffusion time is reduced, the
contact area is increased and the flow stretching and folding are enhanced by the vortex.
The final mixing affected by both mechanisms increases. At Re > 80, the mixing
efficiency decreases again, which means the extremely reduced residual time leads to a
sharp decrease in mass-diffusion. The mass—diffusion becomes the dominant mixing
mechanism again. In summary, Re = 30 marks the transition from diffusion-dominance to
convection-dominance. The minimum mixing efficiency is approximately 79%. The IC
micromixer has the potential to achieve good mixing with low pressure drop within a

short mixing length.

4.4 Summary

Throughout this chapter, a modified planar passive micromixer, the IC micromixer,
is investigated by numerical simulation. The interdigital inlet and circular-sector mixing
element are applied. The simulation results show that the layout of the interdigital
substreams influences the mixing efficiency. Then uneven interdigital inlet is designed in
order to reduce the diffusion path near the side walls. The high mixing efficiency and low
pressure drop could be observed compared to the uniform substream channel width.
Hence, the uneven interdigital inlet is determined to be optimal and applied to the

micromixer. The DOE methodology is used to optimize the mixing element. The
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displacement and opening angle have a significant effect on the mixing. The combination
of the uneven interdigital inlet and the optimal mixing element is applied as the optimal
design. The results show that the mixing efficiency could be improved to more than 75%
at 1 < Re < 100 within the mixing length of 5 mm. The IC micromixer achieves better

mixing efficiency compared to the CO micromixer.
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Chapter 5

Interdigital-Obstacle Micromixer

Since the minimum mixing efficiency of the IC micromixer is approximate 79%, it
Acould not achieve good mixing over a wide range. An Interdigital-Obstacle micromixer is
designed and tested by numerical simulation. The circular-section obstacles are placed in
the straight channel and the interface of flow fluctuates among the gaps of obstacles,
which induces the enhancement of mass-convection. The optimization is also performed
in order to determine the best design dimensions. At the end of this chapter, the hybrid
micromixer, denoted as the ICO micromixer, is designed to combine the advantages of

the IC and IO micromixers.

5.1 Design of Interdigital-Obstacle Micromixer

The IC micromixer introduced in the previous section applies split-and-recombine
and Dean vortices principles to achieve high mixing quality. The lowest mixing
efficiency of 79% occurs at Re = 30. In order to acquire high mixing efficiency or
increase the lower limit of mixing efficiency, a new micromixer is proposed and is
denoted as “I0”, which represents the interdigital-obstacle micromixer. The
circular-sector obstacles are placed in the straight microchannel and the interdigital
structure is recommended as the inlet, as explained in the previous section. In order to
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clearly trace the interface, the T-shaped inlet is applied to investigate the effect of the
mixing element on the mixing. The schematic is shown in Fig. 5.1. The tested Reynolds
numbers are calculated at the entrance of the downstream channel. The two species flow
through the gap of adjacent obstacles and the meander-like interface could be caused by
the obstacles in order to enlarge the mixing length. The cross-section of two inlets is 0.3
mm x 0.2 mm. The total length of micromixer L is fixed at 5 mm. The length of the

microchannel containing obstacles, Ly, is fixed at 2 mm.

5.2 Numerical Simulatidn

The simulation method of the IO micromixer is the same as that used for the IC
micromixer. A half model is meshed due to the symmetric structure. Grid independence
is performed prior to the investigation. Figure 5.2 shows the velocity and concentration
distributions at the intersection of the symmetric plane and exit. The results show that
there is no obvious change with the grid number after 0.5 M grids. Hence, the grid

number of 0.5 M is selected for the further investigations.

5.3 Optimization of Mixing Element

Since the interdigital inlet has been investigated in the previous section, only the
mixing element is optimized in this section. The T-shaped is applied in order to observe
the mixing process clearly. The DOE methodology is applied and five design parameters
are selected to achieve the optimization. These five parameters are the offset (F), the
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displacement (K), the opening angle (8), the obstacle llength (B), and the depth of the
microchannel (H). The Taguchi method is applied to classify the sensitivities of design
parameters. The mixing efficiency is selected as the objective function. The ranges of
design parameters are listed in Tab. 5.1. Three levels are selected for each design
parameter and the orthogonal array Lis is built using the Taguchi method, as shown in
Tab. 5.2. The mixing efficiency and pressure drop for the eighteen cases are listed in Tab.
5.3, and the average S/N for each parameter is calculated, as shown in Tab. 5.4. Figure
5.3 shows the average S/N for each parameter at Re = 10. The offset and obstacle length
have the largest inﬂuenée on the mixing efficiency, and the opening angle and the depth
of the channel have the second most important effect on the mixing efficiency. However,
the displacement of obstacles has a small influence. Considering the effect of design
parameters on the mixing efficiency and the calculation task, three design parameters, the
offset, the obstacle length and the opening angle, are selected to achieve further
optimization. The displacement and the depth of the channel are selected as 0.5 and 0.75,
respectively. A new test matrix is built in Tab. 5.5. Since three design parameters are
selected in the present optimization, RSM methodology, called Box-Behnken, is applied
for the optimization of three paramefers. The response testing matrix and results are listed
in Tab. 5.6. According to the second order response model of three design parameters, the
response equation is represented as:

y =By Bix, + Boxy + Byxy + Brx X, + BiaX X5 + X% + B X!+ Boxi + Byxs (5.1)
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Table 5.1: Design parameters and levels used in optimization

Parameters
Levels
A(F/W) B(K/W) C(9) D(B/W) EH/W)

1 0.2 0.5 30° 0.25 0.5
2 0.15 0.75 45° 0.35 0.75

3. 0.1 1 60° 0.45 1

Table 5.2: Orthogonal array Lz (design matrix)
Parameters
Case

A B C D E
1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 2 1 1 2 2
5 2 2 2 3 3
6 2 3 3 1 1
7 3 1 2 1 3
8 3 2 3 2 1
9 3 3 1 3 2
10 1 1 3 3 2
11 1 2 1 1 3
12 1 3 2 2 1
13 2 1 2 3 1
14 2 2 3 1 2
15 2 3 1 2 3
16 3 1 3 2 3
17 3 2 1 3 1
18 3 3 2 1 2
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Table 5.3: The S/N and mixing efficiency of eighteen cases

Case o S/N Mixing efficiency Pressure drop (Pa)
1 0.442 7.082 0.115 761
2 0.415 7.637 0.154 474
3 0.384 8.323 0.187 402
4 0.441 7.114 0.115 521
5 0.393 8.110 0.166 517
6 0.438 7.175 0.125 722
7 0.445 7.036 0.108 333
8 0.430 7.333 0.140 1043
9 0.436 7.215 0.123 400
10 0.284 10.944 0.367 3660
11 0.433 7.267 0.123 230
12 0.432 7.281 0.135 744
13 0.438 7.175 0.124 1872
14 0.424 7.459 0.141 438
15 0.359 8.900 0.292 4396
16 0.450 6.937 0.132 666
17 0.444 7.043 0.111 849
18 0.441 7.105 0.115 345
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Table 5.4: The average S/N of each of the eighteen design parameters

Parameter Average S/N (dB)
Al ' 8.089
A2 7.656
A3 7.112
Bl 7.715
B2 7.475
B3 7.667
Cl1 7.437
C2 7.391
C3 8.029
D1 7.187
D2 7.534
D3 8.135
El 7.182
E2 7.912
E3 7.762
8.2 i 53
B Al
l c3
8 —
i : E2
m 78
Tz s Bi -
s 761
o I D2
g i B2 u
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724
A DI El
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Figure 5.3: The average S/N for each design parameter at Re = 10.

134



Table 5.5: The design parameters used for the response surface model

Design parameter lower  center  upper
Coded variable (x) -1 0 1
F/W (&) 0.1 0.15 0.2
Natural variables B/W'(é‘z) 0.25 0.35 0.45
0(&) 300 45° 60°

Table 5.6: The tested matrix and response of response surface model

c Natural variables Coded variables Response
o i & ¢ X X2 X3 y
19 0.1 0.25 45° -1 -1 0 0.1058
20 0.1 0.45 45° -1 1 0 0.1331
21 0.2 0.25 45° 1 -1 0 0.1300
22 0.2 0.45 45° 1 1 0 0.1923
23 0.1 0.35 30° -1 0 -1 0.1134
24 0.1 0.35 60° -1 0 1 0.1377
25 0.2 0.35 30° 1 0 -1 0.1279
26 0.2 0.35 60° 1 0 1 0.2485
27 0.15 0.25 30° 0 -1 -1 0.1133
28 0.15 0.25 60° 0 -1 1 0.1264
29 0.15 0.45 30° 0 1 -1 0.1096
30 0.15 0.45 60° 0 1 1 0.1991
31 0.15 0.35 45° 0 0 0 0.1163
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Table 5.7: Coefficients of response model

Coefficient Value
Bo 1.163E-01
B 2.607E-02
i) 1.982E-02
B 3.095E-02
B2 8.737E-03
I8 2.408E-02
i » 1.910E-02
B 2.190E-02
P 2.100E-03
B3 1.871E-02

-l

0.28
0.27
0.26
0.25
0.24
0.23
0.22
0.21
0.2

0.19
0.18
0.17
0.16
0.15
0.14
0.13
0.12
0.11
0.1

el LTI LPTTITTTTITED

Figure 5.4: Response box colored by the objective function value at Re = 10.
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Variance and regression analyses are done to measure the uncertainty in the set of
coefficients of the polynomial functi‘on. From the results of analyses for the response
surface, the coefficient of multiple detérminations, R?, is determined to be 97.8%, and
the adjusted coefficient of multiple determinations, Razdj, is determined to be 97.1%.
Both coefficients are larger than 90%. The response values are considered to be
accurately predicted by the response surface model. Figure 5.4 shows the response box
colored by the objective function. The results show that the optimal point (offset, obstacle
length, opening angle) is located at (0.2, 0.45, 60°), corresponding to (40 pm, 90 pm,
60°).

In order to investigate the effect of each design parameter on the mixing, two design
parameters are kept uniform and the third one is varied from the lower to upper limit. The
advection-diffusion equation is analyzed to assist in understanding the mixing process in
order to explain the mixing phenomenon. Under steady-state conditions, the
advection-diffusion equation contains six components: advection and diffusion in the x, y

and z directions. It follows that:

+V — 4V — = D(—+——+—) : (5.2)
¥ a z ) ay

where V., V,, and V. are the yelocity vectors in X, y and z directions, respectively, ¢

X

is the concentration, and D is the natural diffusion of the species. The advection items

ec eC  &C e o'c &Cc _oC .
are ¥.—+V —+V.— and the diffusion items are D—+D—+D in the x, y
&x Oy 0Oz ox oy oz’

137



and z directions respectively. When the velocity direction is perpendicular to the
diffusion direction (concentration gradient), the advection has no effect on mixing since
the advection item is equal to zero. At low Reynolds numbers, the flow creeps through
the obstacles. Since the velocity is very small, the terms of advection are small, which
represents a weak advection effect. The mixing performance is not affected by the
advection. Diffusion is the dominant mixing mechanism, and mixing is mainly dependent
on the mixing time and contact area between the two species. As the Reynolds number
increases, the effect of diffusion on mixing tends to decrease due to the reduced mixing
time. However, compared to the reduced effect of mass-diffusion on the mixing,
mass-advection becomés stronger since the velocity increases.

The opening angle is first investigated. The offset and obstacle length are kept at 40
um and 90 pm, respectively. The opening angle is selected to be 30°, 45° and 60°. Three
more cases are designed to do the analysis of parameters on the mixing. These three cases
are named Case 32 (40 pm, 90 um, 30°), Case 33 (30 pm, 90 pm, 45°) and Case 34 (40
pm, 50 um, 60°). Figures 5.5 and 5.6 show the contours of optimal design and Case 32 in
the symmetric plane, respectively. The opening angles are 60° and 30° in the optimal
design and Case 32, respectively. The mixing performance of the optimal design is
obviously bette'zr than that of Case 32. Since the mixing time (residual‘ time) i,S the same in
both casés, the difference is caused by the effect of mass-advection. In the optimal design,

the two species enter the domain among the obstacles. The meander-like path could be

138



00000

0@5000000

PN s T S A

T {1

| IR

00; 0]50250’% 0.45 Oﬁq 06507“083 0.95

(a) Concentration

<><><)<><><><3<><)

S eroreore

BRI A A R

O 004008012016 0.2 0.24 0.28 0.32

(b) x-velocity (m/s)

52 @o@@%@@%@@% '
Lol

e
| R

0.18 -0.14 0.1 006 00@ 002 0.06 0.1 0.14 018 022

R N

(c) y-velocity (m/s)

Figure 5.5: Contours of optimal design at Re = 10

139



0.05 0.150.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95

(a) Concentration

N N O s

0 007004006008 0.1 0.120.14 0.16 0.18

(b) x-velocity (m/s)

<3<)<><)<)©<)<)

EaL T i L L
-0.07 -0.05 -0.03 -0.01 0.01 0.03 0.05 0.07

(c) y-velocity (m/s)

Figure 5.6: Contours of Case 32 at Re = 10.

140



0.35

Optimal design (40,90,60°)
— — = = (Case22(40,90,45°)
—_——————— Case32 (40,90,30°)

0.3

0.25

o
)

0.15

Mixing efficiency

o
—_

lllllll!llllIIIIIIIIITIIIIIIII

0.05

O—IIIIllllllllll‘lllIIII]lllIIJIlI]Illll]lllll

0.3 05 . 07 0.9 1.1 1.3 1.5 1.7 1.9 2.1
X (mm)

Figure 5.7: The mixing efficiency along the mixing length at Re = 10 used to
investigate the effect of opening angle on mixing performance.
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observed, which generates the transverse motion. The species pass through the obstacles
in Case 32 more smoothly than in the optimal design because of the larger space among
the obstacles. Due to the larger opening angle, a larger y-velocity occurs at the location of
interface in the optimal design than Case 32. The larger effect of advection caused by the
y velocity in the optimal design leads to better mixing efficiency. Figure 5.7 shows the
mixing efficiency along the mixing length for three cases at Re = 10. The mixing
efficiency increases as the opening.angle increases since mass-advection is enhanced by
the larger opening angle.

Figure 5.8 shows the contours of concentration, x-velocity, and y-velocity in Case 34
at Re = 10. The offset and opening angle are the same as the optimal design. The obstacle
length is set at 50 pm. Similar phenomenon may be observed. The large space among the
obstacles leads to smaller transverse motion. Masé.—advection is reduced as the obstacle
length increases. Also, the large space results in a long diffusion path, which is propitious
to the mass-diffusion process. Figure 5.9 shows the mixing efficiency along the mixing
lengtfl at Re = 10. The mixing efficiency increases with decreasing obstacle length since
shorter obstacles create smaller transverse motion.

Figure 5.10 and 5.11 show the contours of Case 22 and 20, respectively. In these two
cases, the obstacle length and the opening angle are kept at 70 um and 45°, respectively.
The offset of both cases are set at 40 pm and 20 pm, respectively. Since the distance of

obstacles in Case 20 is very small, the flow characteristics are different from those
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observed in Case 22. In Case 22, the interface is located among the obstacles. The
meander-like path could be observed, which accelerates mass-advection. However, the
flow is cut into two portions due to the small space among the obstacles in Case 20. The
transverse motion of flow occurs near the side. Figure 5.12 shows the mixing efficiency
along the mixing length at Re = 10 for three cases to investigate the effect of offset on the
mixing. As the offset increases, the mixing efficiency increases since the mixing occurs
among the obstacles and transverse motion occurs at the same location, which enhances
mass-advection. Itv is worth noting that Case 20 has better mixing efficiency than Case 22
and Case 33 over the first eleven obstacles. Eight cross-sections are selected along the
mixing length to investigate the phenomenon, as shown in Fig. 5.13. Figure 5.14 shows
the concentration distributions of eight cross-sections for Case 20 at Re = 10. The
concentration gradient is shown on both the left and right sides. As shown in Fig. 5.11,
the y-velocity is small and could not generate efficient mass-convection. Since the
velocity near the top surface is smaller than at the center of channel (z = 0), the species
near the top surface have more adequate time to get mixed, which induces better mixing
near the top surface than at the center. Figure 5.15 shows the concentration distributions
in Case 22. The difference in the mixing process between two cases could be seen. In
Case 22, mixing mainly occurs among the gaps of obstacles. The large velocity at the
center of the channels leads to the efficient mass-advection, which accelerates the mixing

in the center. In summary, the mixing in Case 20 is mainly dependent on diffusion. Along
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with the mixing length, the concentration gradient becomes small, and the mixing speed
is reduced. However, mass-advection is the key mixing mechanism in Case 22, and
maintains fast mixing in the channel. In Case 20, before C5, diffusion causes more
efficient mixing than does advection since the species between the gaps of obstacles take
a longer time to mix than in Case 22 judging from Fig. 5.10(b) and 5.11(b). Hence, the -

mixing efficiency in Case 20 is higher than Case 22 before C5.

5.4 Optimal Design with Interdigital Inlet

The interdigital inlet is applied to the optimal obstacle design. The structure of the
interdigital structure remains the same as the one selected in the previous section, as
shown in Figure 5.16. The purpose of the interdigital-inlet application is to reduce the
diffusion path. The range of Reynolds numbers varies from 1 to 100. Figure 5.17 shows
the mixing efficiency along the mixing length in the final design. The mixing process
along the mixing length is almost the same at 5 < Re < 100 and differences are observed
at Re = 1. At x > 2.4 mm, the mixing efficiency is beyond 90% in the tested range of
Reynolds numbers. The mixing efficiency and pressure drop of the final design 1s shown
in Fig. 5.18. The mixing efficiency almost reaches beyond 95% at 1 < Re < 100. However,
the mixing efficiency decreases at 1 < Re < 5, increases at 5 < Re < 30, and decreases
again at 30 S Re < 100. This is caused by the change in mixing mechanism. At Re <5,

mixing is dependent on mass-diffusion. As Re increases, the mixing time is reduced and
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the flow does not have adequate time to achieve good mixing. After Re becomes largér
than 5, mass-advection takes the dominant role in mixing. Although the diffusion time is
shortened, the combined effects of mass-diffusion and mass-advection still produce
increasing mixing efficiency. At Re > 30, the diffusion time is extremely lessened.
Mass-diffusion is once again the main mixing mechanism, which induces decreased
mixing efficiency. The mixing efficiency of the IO micromixer is larger than 95%, which
is expected. However, the pressure drop is larger than 20 kPé at Re > 50. Hence, the 10

micromixer is suitable for applications at Re < 50.

5.5 Interdigital-Circular-Obstacle Micromixer

Considering the high pressure drop in the IO micromixer and low mixing efficiency
in the IC micromixer, a hybrid micromixer, denoted as ICO micromixer, is developéd.
Figure 5.19 shows the schematic of the ICO micromixer. It combines two IC mixing
elements and eight circular-section obstacles. The total mixing length is kept the same as
the IC and IO micromixers, and the depth of microchannel is fixed at 0.2 mm. Figure
5.20 shows the comparison of the three micromixers proposed in this study. The mixing
efficiency of the ICO micromixer is almost the same as the IO micromixer, but the
pressure drop is lower than the IO migromixer. Although the pressure drop of the ICO
micromixer is higher than the IC micromixer, better mixing efficiency could be observed

at 1 < Re < 100 for the ICO micromixer. Hence the ICO micromixer effectively reduces
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the pressure drop and maintains good mixing efficiency. Figure 5.21 shows the ratio of
mixing efficiency to pressure drop of three micromixers. This ratio represents the energy
utilization, which is the amount of mixing efficiency obtained with a pressure drop of one
Pascal. The energy utilization of the ICO micromixer is higher than the IO micromixer,
but lower than the IC micromixer. Taking into account three factors in micromixer
development, high mixing efficiency, low pressure drop and high energy utilizatioﬁ, the

ICO micromixer is considered as the best among the proposed three micromixers.

5.6 Summary

In order to increase the mixing efficiency up to 90%, a micromixer named the 10
micromixer is investigated by numerical simulation. Circular-sector obstacles are
positioned in the straight microchannel. The interdigital inlet is also applied to decrease
the diffusion path. The simulation results show that the fluctuation of the interface among
the gaps of obstacles could enhance the mixing. The DOE methodology is used to
optimize the mixing eclement. Five parameters are selected for optimization. The
sensitivities of parameters to the mixing efficiency are determined by the Taguchi method
and three most important parameters are chosen for further optimization through RSM.
The results show that the mixing efficiency reaches more than 95% in the range of Re
from 1 to 100. However, the maximum pressure drop is up to 50 kPa at Re = 100. In

order to obtain good mixing efficiency and low pressure drop, a combination of the IC
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and IO micromixers is designed. Compared to the IC and IO micromixers, the ICO

micromixer successfully maintains good mixing efficiency and reduces the pressure drop.
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Chapter 6

Conclusions and Future Directions

6.1 Conclusions

In this study, three micromixers, denoted as CO, IC and IO, were proposed and
investigated by experiment and numerical simulation in order to quantify the mixing
efficiency. The CO micromixer with cross-omega mixing element and T-shaped inlet was
tested first by u-IF and numerical simulation. To reduce the effect of numerical diffusion
(ND) on the mixing evaluation in CFD work, a very fine mesh was applied to the first
mixing cell. A very good match was obtained between CFD and experiment at 1 < Re <
50 in the first cell. The results showed that the mixing efficiency decreased at 1 < Re < 10
and increased at 10 < Re < 50. This was considered tohbe caused by the change in mixing
mechanism. Mass-diffusion was the dominant mixing mechanism at Re < 10. As Re
increased, the mixing time was reduced which led to a decrease in mixing efficiency. At
Re > 10, mass-advection became the key mixing mechanism which resulted in flow
overlapping and folding. The interface was enlarged so that mixing was enhanced.

Through the understanding of the CO micromixer, a modification was made in order
to improve the mixing efficiency and reduce the pressure drop. The IC micromixer was

designed and investigated by numerical simulation since the numerical simulation was
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verified to be a valid tool to estimate the mixing in the CO micromixer investigation. The
circular-section mixing element and interdigital structure inlet were used to decrease the
diffusion path and reduce the pressure drop. Optimization of the IC micromixer was
performed to obtain the optimal design dimensions using DOE methodology. The
Taguchi method and Response Surface Model were utilized to determine the dimensions
most sensitive to mixing and then the optimal design. In the optimal IC micromixer, the
mixing efficiency decreased at Re < 30, and increased at Re > 30, for the same reasons as
the CO micromixer. Flow rotation and overlap occurred at high Re, which induced the
increased interface and enhanced the effect of mass-advection. The minimum mixing
efficiency was determined as approximately 77% at Re = 30.

The 10 micromixer was developed based on the IC micromixer. The critical value of
Re in the IC micromixer was determined as 30 and the corresponding mixing efficiency
was lower than 90%. In order to obtain the mixing efficiency larger than 90% at 1 < Re <
100, circular-section obstacles were placed in the straight channel to distert the flow.
Optimization was also performed and the interdigital structure inlet was applied. The
- mixing efficiency reached higher than 95% at 1 < Re < 100. However, the pressure drop
was up to 47 kPa, which was too high to be applied in LOC or u#-TAS.

Based on the IC and IO micromixers, a hybrid micromixer, denoted as 1CO, was

developed in order to achieve good mixing efficiency and low pressure drop. This
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micromixer could achieve good mixing (> 95%) with relatively low pressure drop (< 20

kPa) at 1 < Re <100.

6.2 Contributions

The major contributions of this research work are the realization of three innovative
in-plane on-chip functional micromixers. A new cross-omega structure has been
proposed and demonstrated for the mixer using the Ansys-Fluent simulation package.
Also, the passive scaled-up microfluidic mixer has been successfully fabricated and
characterized using u-IF. The experimental results show a reasonably good correlation
with the simulated results. The mixing performance shows patterns similar to the Taylor
| dispersion, Wi’liCh consists of both diffusion and convection. The effect of geometry on
the mixing performance is also quite significant. DOE methodology is completed in the
investigation of the IC and IO micromixers. Compared with the designs found in
literature, the present designs could achieve better mixing efficiency, as shown in Fig.
6.1. Due to its in-plane feature, the passive microfluidic mixer can be easily integrated‘

into disposable LOC.

6.3 Challenges and Future Work

6.3.1 Challenges

Throughout the investigations of the present thesis, some challenges need to be

overcome in the future work. First, two syringe pumps are used to supply the working
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flows in this study. The available experimental range is limited due to the fluctuation of
interface caused by the working principle of syringe pumps. Second, since u-IF is an
optical measurement, the light reflection near the walls could not be avoided and
influences the measured signal near the walls. Third, the fabrication traces on the bottom

of channels lead to the uneven light intensity distributions.

6.3.2 Future Work

A continuation of the current study could include some of the following
improvements, and additions:

1. The numerical simulation was performed in the investigation of IC and 1O
micromixers. The u-IF experiment should be completed in order to further validate the
mixing quality obtained from CFD. The micro test-sections may be manufactured
ﬁsing polymer fabrication techniques (PMMA or PDMS), or glass etching. These
methods provide a clear optical path for flow observation and light emission, without
the fabrication traces. The u-PIV experiment conld be applied to measure the velocity
distributions in order to further understand the mixing performance, while combining
with concentration information.

2. With respect to the Induced Fluorescence technique, the current induced fluorescence
technique applied the “Bino” mode to obtain the fluorescence signals over the channel
depth. The results are adequate to evaluate the mixing efficiency. However, the
concentratién distributions in the transverse direction could not be obtained. The
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scanning confocal technique is preferable to achieve the task. Through the use of
scanning device integrated on the microscope, the concentration distributions along
the channel depth could be obtained, which is good for understanding the mixing.

. The present study only considered the constant diffusion coefficient. Since the
diffusion coefficient is an important factor in the development of micromixers, the
future work could extend to investigate the effect of variable diffusion coefficients on
the mixing in order to determine the typical applications of the present designs within
the given mixing length.

. The two working fluids are miscible in the present work. However, in biological or
chemical processes, the mixing of immiscible species is required, such as
organic/inorganic substance. Different working fluids, like blood and protein, could be
used to test the mixing quality of micromixers for immiscible species. Also, the
physical mixing is only considered in the current work. Scme applications of LOC
platforms require the chemical reaction, such as medical diagnostics and cell
activation. The chemical response time is independence on the mixing time. Hence, it
is necessary to investigate the ability of micromixers to the applicétions with chemical
reactions.

. Gas phase may be generated during the chemical reactions, Two-phase flow is urgent
to be investigated in the microchannels. The micro fluorescence technique could be

used to trace the bubble generation and growth. The fluorescence technique also can
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be used to measure the temperature of flows. It could extend to investigate the cooling

-performance of micro heat sink.
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