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ABSTRACT

In this paper, the type of obstacle micromixer model was designed and investigated
by numerical simulation to improve the mixing efficiency. Passive mixers with tail-
added obstacles structures were studied and compared with other conventional T
microstructures, and then their mixing performance was numerically evaluated. The
micro-T mixer with tail-added obstacles (UTTAO) exhibited a higher mixing
efficiency and reached 87.2%. In addition, the concentration range at the outlet was
also narrow, the mixing efficiency was increased by about 1.41 compared with the
normal micro-T mixer. The combination of grooves greatly enhances the mixing in
the flow path due to strong turbulence. The combination of multiple tracks in the
fluidic structure enhances the micromixer's performance by reducing mixing time.
In addition, the influence of the length and number of obstacles in the microchannel
has also been studied extensively. This study shows that increasing the number or
length of obstacles in the microchannel optimally improves the mixing efficiency
value. The results further demonstrated that going beyond the performance of the
micro-T mixer with obstacles, the pyTTAO is a potential structure for optimizing the
mixing quality of the micro-T mixer. This study is a significant turning point with

high efficiency and low cost in the future.
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1. INTRODUCTION

In the past decade, various instruments in the field of microfluidics have been
developed for the analysis of biological and chemical targets in the research areas of
biomedical diagnostics, food safety control, and environmental protection. Microfluidic
use in various applications has received increasing attention due to its compact size,
automatic operation, faster detection, fewer reagents, higher sensitivity, and integration
capability [1]-[6]. Studies typically integrate injection, mixing, reacting, washing,
separation, and detection onto a centimeter-level chip [7]. In the research field of
biological, chemical, or medical reaction processes, many reagents must be mixed before
a reaction can occur. The mixing process must be rapid and even so that the reaction can
develop fully, and the reaction dynamics can be studied. Among them, micromixers are
one of the most important components of micro-scale fluid devices, which significantly
affect the performance and sensitivity of fluid systems.

Micromixer is one of the most important components of a microfluidic device
where the mixing of fluids becomes critical, like in reagents such as small molecules,
large macromolecules, and particles. At the micro-scale, the mixing process often
depends on convection effects and achieves heat and mass transfer efficiency. Due to the
small dimensions and high surface-to-volume ratio, the micro-scale fluidic devices
present unique and very different physical mechanisms compared to the macroscopic
ones. In addition, the mixing efficiency is also significantly dependent on the molecular
diffusion mechanism, which is a slow process and may require microchannel stretching
to achieve the desired mixing quality [8]. Therefore, the mixing efficiency can be
considered a key parameter for a micromixer and one of the most fundamental
challenges.

Based on the principles used to perform the mixing process at the microscale,
micromixers are generally classified into two types: passive micromixers and active
micromixers. Active micromixers use actuators to improve mixing efficiency by stirring
liquid flow using external forms of energy supply such as electrokinetic time pulsed [5]-
[7], [9], magnetic field and heat, and pressure perturbation [10]. Active mixer
construction usually requires an external power source, such as an electric field,
magnetic field, and sound. In contrast, passive micromixers require no external power
input except the power to drive fluids and commonly used complex channel geometries
to enhance turbulent diffusion or convection. The active micromixers’ structure is
usually relatively simple and easier to control, but the requirements of external energy
sources make it harder for them to assimilate. Passive mixers are much easier integrated
into microfluidic devices, but they often require complex fabrication processes to create
the desired structure. The passive micromixer relies on its geometry to enhance the
mixing efficiency and has strong system stability, so it was widely used in microfluidic
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systems. Among them, the T-shaped passive micromixers structure is more
straightforward to manufacture than other passive micromixers because of its simple

geometry.

In this study, the micromixer with tail-added obstacles model is designed and
investigated by numerical simulation to improve mixing efficiency. The design of the
proposed mixing structure utilizes twisted microchip systems to increase the fluid
transfer inside the fluidic channel. The tail-added obstacles were intentionally added
along the microchannel to increase turbulent advancement and facilitate the mixing
process. Passive mixers with tail-added obstacles structures were studied and compared
with other conventional T microstructures. In addition, the tail length and the number
of tail-added obstacles which increase the mixing channel performance were also

studied, simulated, and calculated.

2. MIXING STRUCTURE

The basic design of a micro-T mixer is a passive micromixer with two inputs and
one output, as shown in Fig. 1 (a). The main channel was designed with a length of 800
um and a width of 100 um. The width of the inlet microchannels was equal to 50 um.
The micro-T mixer was added with 11 obstacles in the main channel, as shown in Fig. 1
(b), to improve the mixing efficiency compared to the normal channel. The obstacles
were tilted at an angle of 45 degrees to the vertical and designed to be 50v2 pm in length.
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Fig. 1. Mixing Geometry of two fluids in a micro-T mixer (a) without and (b) with obstacles
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In this study, we propose a micro-T mixer with tail-added obstacles (WTTAO),
which was designed similarly to the conventional micro-T mixer with obstacles and
added tails. Each tail was designed with a length of 20 um, as shown in Fig. 2.

3. SIMULATION
3.1 Model Parameters and Physics

In this work, the numerical simulation was performed in COMSOL Multiphysics
5.6 software. The mass transport and fluid flow equations are simulated with suitable
boundary conditions. The finite element method was used to solve those equations.

The T-mixer model was designed with two inputs fed by different concentrations
of 1 M and 0 M, respectively. Blood and water, two low-diffusivity liquids, were used
and analyzed in the simulation. The properties of the fluids are shown in Table 1.

Table 1. Fluid and physical properties are used in the simulation model [11].

Properties Value Unit
Blood density 1060 kg/m3
Blood viscosity 4 mPa-s
Water density 1000 kg/m?
Water viscosity 1 mPa-s
Diffusivity 7.55 x 10711 m?/s
Velocity 3x107* mls

The diffusivity of blood and water, D is calculated using the Stokes-Einstein

Equation [12]:
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D= KT m?/s @
6mnR,

Where K is the Boltzmann constant (1.38 x 10723J/K), T is the temperature (K), R, is the
radius of the molecule of solute (m), n is the viscosity of the solvent (Pa.s). The
diffusivity, D, is calculated as 7.55 x 10711 m?/s.

The inlet of the channel was fed a liquid flow with a velocity of 3 x 10™* m/s
while the outlet of the channel was set at a pressure of 0 Pa. At the microchannel wall,
the boundary condition was no slip for fluid velocity and impermeability of ions. The
corresponding equations are:

u=0 (2)
n.]i =0 (3)
Where u is the velocity (m/s), ] is the flux density of species .

The other physical properties used in the simulation are shown in Table I. A set
of physical interfaces in the microfluidic channel was designed to examine the
simulation model. In 2D modeling, physical models such as laminar flow and transport
of diluted species were applied.

3.2 Governing Equation

In this study, the velocity and pressure of liquid flow in the channel were
simulated with laminar channel conditions. Specifically, in this case, the Navier - Stokes
equation is solved for an uncompressed stream in the time domain [13]:

ou 4)
p (E + u. Vu) =-Vp+V.ubu

V.u=0 (5)

Where u is the local velocity (m/s), p is the pressure (Pa), u is the liquid viscosity (Pa.s),
and —Vp is the pressure gradient.

For co-laminar flow, diffusion is dominant in mixing and is defined as the
process by which a molecule propagates in a channel from an area of higher
concentration to an area of lower concentration. The description of diffusion is governed
by Fick's Law [14]:

Ni = —Dl-Vcl- (6)
dc;
a_tl = DiVZCi (7)

2

Where N;, D; and ¢; is the molar flux (mol.m~2.s™1), diffusion coefficient (m?.s™1) and

the concentration (mol. m~3), respectively.
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3.3. Performance Evaluation Parameters

The simulation results allow us to obtain detailed calculation results of the
concentration of the liquid at each different point. Therefore, to evaluate the mixing
quality of each different geometry, we averaged the concentration values at different
points along the slice at the outlet, corresponding to the equation:

(8)

Where MI is the mixing index, N is the total number of points to sample, ¢; is the
concentration of the liquid at point j (mol), and ¢ is the average concentration of the liquid
at the outlet (mol).

With the calculation MI =0, i.e., no mixing occurs, while MI = 1 means the mixing
result is perfect. However, it is challenging for the mixing index to reach 100% in
practice. Therefore, the mixing quality is considered perfect when the mixing index is
greater than 0.8 [15].

4. RESULTS AND DISCUSSING
4.1 Velocity distribution

For all three different geometries, the fluidic channel structure greatly influenced
the flow field in the channel. In this study, the flow colliding with obstacles in the
channel dramatically changed the velocity field. Fig. 4 shows the velocity distribution in
the different micro-T mixer structures. The results show that the fluid particles moved
parallel in the channel wall for a regular micro-T mixer and reached the maximum value
at the center channel, as shown in Fig. 4 (a).

80



TAP CHI KHOA HOC VA CONG NGHE, Truong Pai hoc Khoa hoc, DH Hué
Tap 23, S5 1 (2023)

Surface: Velocity magnitude (m/s) o
pm T T T
x107®
4
300 = >
40
250 -
35
200 - 1 30
150 ’ 1 25
100 4 20
sob 15
10
0 L\
5
(a) e i i i i i i : o] 0
a 0 100 200 300 400 500 600 700 Hpm
Surface: Velocity magnitude (m/s) o
Hm T T T
%107

350

300

200

1 12
150 4
va v v vavava |l

100 |

8

50 6

o 4

sol 2
(b) -100 b L " L L " L L L 0

0o 100 200 300 400 500 600 700 Hm
Surface: Velocity magnitude (m/s) >
Hm T T T
x10™*
300 20
18
250

16

2001 4 14
150 4 12
10

—_
2
~—
o

L 1 ' L s ' s L
100 200 300 400 500 600 700 Hm

Fig.4. Velocity distribution of micro-T mixer (a) without, (b) with obstacles, and (c) with tail—-
added obstacles.

For the other two structures, the obstacles created vortices around them.
Therefore, the velocity flow will be blocked and change direction. It is predicted that the
additional effect of adding tails to the obstacles will cause the horizontal velocity
component to change more. This made the fluid flow in the channel facilitate mixing and
achieved better mixing quality. The velocity field results depicted in Fig. 4 (b) — (c) show
that the micro-T mixer added tail obstacles create a giant vortex around and significantly
change the horizontal velocity. These acquired results also indicate that the mixing
quality of the passive microfluidic mixing channel depends mainly on the channel

geometry.
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4.2 The comparison between passive micro-T mixers

The normal micro-T mixer had no obstacle in the channel, and the fluid flow in
the channel was laminar. Therefore, the diffusion of two liquids inside the channel was
the only mixing mechanism. At the outlet of the normal micro-T mixer, the mixing of the
two liquids was not uniform, as shown in Fig. 5 (a).
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Fig.4. Concentration profiles of micro-T mixer (a) without, (b) with obstacles, and (c) with tail-
added obstacles.

Regarding the micro-T mixer with obstacles (TMWO), as discussed in the
previous section, the fluid was mixed uniformly at the outlet of the channel, as shown
in fig. 5 (b). This improvement is due to the convective effects associated with the
transversal flows generated by the asymmetric obstacles. Fig. 5 (c) shows the distribution
of fluidic concentration in the channel of the yTTAO structure. In this construction,
obstacles have been added with the tails, which causes the contact surface to be enlarged
and enhances mixing efficiency.
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Figure 5 shows the concentration and mixing index at the outlet of three different
mixing geometries. For a normal micro-T mixer, the concentration value at the outlet
was changed from 0 to 1 M, and the mixing index reached 61.8%. For a micro-T mixer
with obstacles, by adding obstacles, the mixing efficiency was increased significantly to
about 78.1%. At the same time, the concentration range at the outlet was also narrower,
and thus mixing quality was increased by 1.26 times compared with a normal micro-T
mixer. For a micro-T mixer with tail-added obstacles, the mixing index was 87.2%, which
exhibits 1.41 times higher than a normal micro-T mixer. The results further demonstrated
that going beyond the performance of the micro-T mixer with obstacles, the uTTAO is a
potential structure for optimizing the mixing quality of the micro-T mixer.

4.3 Impact of the length of the tail on mixing efficiency

In this work, the impact of tail length, ranging from 20 pm to 45 um, on the
channel's mixing quality was investigated. With an increase in the length of the tails, the
direction of fluid movement hung more strongly, enhancing the turbulent convection in
the microchannel. The rise in the tail length causes a greater change in the horizontal
velocity component, resulting in the mixing efficiency enhancement. Figure 7 shows the
significant dependence of the mixing index at the outlet on the tail length. Regarding the
tail length of 45 pm, the mixing quality was achieved at 95.3%, while the figure was only
87.2% with a tail length of 20 um. It can be concluded that the tail length increases, and
so does the mixing index.
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4.4 Impact of the number of tail-added obstacles on mixing efficiency
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Fig.8. The dependence of the mixing index at the outlet on the number of tail-added obstacles.

In addition, the influence of the number of the tail-added obstacles on the mixing
index was also evaluated in this study. Figure 8 demonstrates the significant dependence
of the mixing index at the outlet on the number of tail-added obstacles. Regarding the
channel with only a tail-added obstacle, the mixing index reached only 63.5%. In
contrast, for a channel with a tail-added obstacles count of 11, the mixing index increased
1.37 times and reached 87.2%. At this point, the mixing efficiency took place in the near-
perfect channel. This result can be explained because when the number of the tail-added
obstacles was increased, the vortex created by the tail-added obstacles in the channel
was also increased, causing the fluid flow through the channel to be bumped and
blocked at more locations, which resulted in improved mixing quality. Therefore,
increasing the number of tail-added obstacles is one of the straightforward methods to

optimize the mixing efficiency of the mixing channel.
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5. CONCLUSION

In this study, a micro-T mixer structure with tail-added was proposed and
numerically evaluated to improve the mixing efficiency of the conventional micromixer.
The obstacles created a turbulent mixing inside the channel by causing flow
consolidation. Despite the complexity of the proposed structure, going beyond the
performance of the micro-T mixer with obstacles, the proposed uTTAO rose the mixing
efficiency by 1.41 times compared to conventional T-shaped mixers without obstacles.
The dependences of the mixing performance on the size of the tail-added obstacles and
the number of obstacles were also studied and evaluated. This research work verifies the
effectiveness and feasibility of the proposed WTTAO structure in biological analysis
applications where efficient analyte mixing is essential.
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Trong bai bao nay, mo hinh bg vi trdén dang chir T ¢d ciu trtc twong can duoc thiét
ké va khao sat bang phuong phap tinh toan s§ nham khao sat nang cao hiéu qua
tron. Mo hinh tron thu dong cuia cdu trac teong can thong thuong duoc dé xuat bo
sung thém phan dudi tuong da duwgc nghién cttu va so sanh véi cdc b vi tron chir T

thong thuong khac. Hiéu sudt tron cta cac cdu truc duwoc danh gia thong qua viéc
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tinh todn st dung phan mém mo phong. Bo tron chit T vi mo véi cac teong can gan
dudi (LTTAO) dé xuat cho thay hiéu qua tréon cao hon va dat muic 87,2%. Ngoai ra,
khoang gia tri nong d6 theo mat cit 18i ra ciing duoc thu hep, hiéu sudt tron tang
khoang 1,41 so v6i bd tron chit T thong thuwong. Su két hop cua cac tuwong can giup
cai thién dang ké hiéu qua tron do su nhiéu loan ctia dong chay. Bén canh d¢, viéc
két hop cua nhiéu chudng ngai vat trong cdu truc vi long giup nang cao hiéu suat
ctua bd tron va giam thoi gian tron. Ngoai ra, anh huong cua do dai va s6 luong
twong can trong vi kénh dén hiéu suét tron cting da duoc trién khai tinh toan va
phan tich, danh gia trong nghién cttu nay. Két qua cho thay viéc tang s6 luong hodc
dd dai ctia tuong can trong vi kénh sé cai thién va tdi wu hiéu qua tron. Nghién ctru
cling chi ra rang cau trac uTTAO dé xuat 1a mot c&u trdc tiém nang va co thé tro
thanh nén tang d€ t6i wvu hda hiéu sudt trdn cta bo vi trdon dang chit T, diéu nay co
y nghia rat quan trong cho viéc phat trién cac bd vi trdn c6 hiéu suat tron cao va chi

phi thap trong tuong lai.

Tt khoa: Grooves, md hinh trén, tron thu dong, dang chix T.
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Nguyén Hoang Nam sinh ngay 5/8/1979 tai Ha N6i. Ong t&t nghiép ctr
nhan va thac sy nganh Vat ly nam 2004 tai truong Pai hoc Eotvos
Lorand, Budapest, Hungary. Ong nhan hoc vi tién si nganh Vat Iy ndm
2008 tai Pai hoc Osaka, Nhat Ban va duwgc phong hoc ham phé gido sw
nam 2017. Hién nay, 6ng cong tac tai khoa Vat ly va Trung tam Nano va
Nang luong, Truong Dai hoc Khoa hoc Tu nhién, Pai hoc Qudc gia Ha
Noi.

Linh vwec nghién citu: Vat liéu nano va cam bién, thiét bi dién tir y sinh.

Nguyén Chung Tién sinh ngay 3/11/1974 tai Ha N6i. Ong tot nghiép
trinh d6 Pai hoc chuyén nganh Ky thuat mat ma nam 1996 va thac si
Cong nghé thong tin tai Vién Tin Hoc Phap ngtt vao nam 2001. Ong nhéan
hoc vi tién si Cong nghé thong tin nam 2008. Hién nay, 6ng cong tac tai

Hoc vién Ky thuat mat ma vé linh vuc bao mat va an toan thong tin.

Linh vwc nghién ciru: An toan thong tin, vat ly ttng dung trong an toan

thong tin.

Nguyén Thi Thanh Van sinh ngay 04/12/1982 tai Ha Noi. Ba t6t nghiép
ctr nhan nganh Vat ly ndm 2004 va thac si chuyén nganh Vat ly Chat rin
tai Trueong Dai hoc Khoa hoc Ty nhién - Dai hoc Qudc Gia Ha Noi nam
2006. Ba nhan hoc vi tién si nam 2013 tai Truong Dai hoc Khoa hoc Ty
nhién — Dai hoc Qudc Gia Ha No6i. Hién nay, ba cong tac tai Hoc vién Ky
thuat Mat ma - Ban Co yéu Chinh phu.

Linh vwc nghién ciru: Vat liéu, iing dung vat liéu trong mat ma.
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