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NOMENCLATURE

dynamic viscosity
density

velocity of fluid
pressure

diffusion coefficient
concentration
Reynolds number
structure length
structure width

structure light
inlet length
inlet width
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1. I NTRODUCTI ON

Lab on Chip LoC) is a device thatombinesone or
more laboratory functionsnto a singleintegrated
chip Kegcili et al 2020. The use of this device is

mixing efficiency

geometry width

geometry length

total number of sampling points
mass fraction of sampling at point
mean of the mass fraction
diameter hydraulic

Koch fractal depth

Koch fractal width

Koch fractal length

Koch fractal angle

distance between fractal

growing because it is widely used in various fields
including microchemical analysisL{ et al. 2021),

chemical synthesisThiermannet al 2017, clinical
diagnosis Fatimah et al 2020, and others The
micromixer is one part of the LoC based on a

mechanical micreection thais used to mix liquid
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volumes on the microliter or nanoliter scg&hen others By adjusting obstacles of various shapes, the
and Zhan@018). This represerstan important topic ~ micromixer can achieve better mixing at lower Re
to study because the development characteristics ofSarma and Patowari 20l&Zhanget al (2019)
themicromixer chips are mutfunction Hamaet al studied the fractal principle to change the barrier
2018, miniatursation (Pawinanto et al 2020, structure by increasing the fractal barrier effect,
portable Rohmaret al 2020, andsmall dimensions  which is predicted to increase the mixing efficiency.
from millimetre to micromére (Lv and Chen 2021 In this casethe researchaimulated the primary and
However, the fluid is notoriously slow to mix secondary fractal structures. ThHenglation results
becausef the lowReynolds numbgiRe) of the fluid show that the secondary fractal structure has better
flow in the microchanngBorgohainet al 2018. A mixing efficiency up to >60 %Zhanget al 2019.
turbulent flow has a Re numbef > 2300 while a  However, based on that study, the enhancement was
laminar flow has a Re numbef < 2300(Bayarehet carried out only up to the secondary fractal structur

al. 2019. Mixing in turbulent flow is a highly = Moreover,Ansari et al. (2012) studied a Fvortex
efficient form of chaotic convectionin contrast, inlet structure combined with ath structures to
laminar flow only takes advantage of the inefficient improvethemixing performance.

passive molecular diffusion phenomendhén et hi . . he princiole of th h
al. 2020. Complete mixingelies on the molecular ;nt IS paper, we investigate the principle of the Koc
diffusion processhat takes tens of centintess or ractal by increasing the level of the Koch fractal

even meters (Balasubramaniamet al 2017 combined with the T-vortex structure. The
Integrating such a long channel into a microfluidic combination between Koch fractahd T-vortex is

chip is very difficult (Mehrdel et al 2018. expected to improve mixing performance.

Therefore, various types of micromixer designs haveFurthgrmogte,.thsghﬁnlnel I%ngth oﬁt_rl;e mltcré)mlxer
been proposed to investigate the mixing process byc@" P€ obtained below 5.5 mmne study was

; s . : g ied out in the range of Re 0:080 with a
reducing the mixing length and increasing the mixing carrie . .
. channel length of <8 mm. This study is expected to
efficiency (Mondalet al 201§ Chenet al 2020. achieve better mixing efficiencgf >0.8 in various

The micromixer is generally divided into two namely Re.
the active micromixer and the passive micromixer
(Bayareh, 202)L Active micromixers can increase 2 GEOMETRYRUCTURE
mixing efficiency by utilsing external forces such as
pressurelluanget al 2020, electromagneticGhen
and Kim 2018Bahramiet al. 2020, electroosmotic
(Usefian and Bayareh 20),%nd piezoelectric I(iu

et al 2018. However, equipment becomes more
complex, challenging to integrate into LoC systems
and high cost(Bayarehet al 2020. In contrast to
active micromixers, passivaicromixersdo not use
any externahctuator to drive the fluiddJsefian and
Bayareh2019). Therefore, in this cas¢he passive Ly
micromixer providesmore advantages than the L/\
active micromixea because it is easier to integrate L, / 7
into the LoC systenwith a low fabrication cost W > (
(Chenet al 2021; Cai et al. 2017; Razaand Kim

2020). I, ’
ﬂ‘ VAN

Previous studies have developedny structures of = =
laminaion-based passive micromixeiSi{en and Li
2017, obstacle Zhanget al 2019 convergence

divergent Raza and Kim 2020 and asymmetrical
structure (Rafeieet al. 2017). However,Bayerahet Ly
al. (2020)reportedthat the obstacteased structure A
has the advantagef reducing the length of the
channel, especially in simple designs such as the T

channel Another study byChen and Zha¢2017) YAY

showedthat obstacle can disrupt the flow othe  (b)

liguids and produce turbulence to increate Fig. 1. Schematic diagram of Koch fractal
mixing effectiveness. Various obstacles such as principle.

triangular obstacle (Shi et al. 2021), rectangular
obstacle Bazaz et al 2016), curved obstacle
(Borgohainetal. 2018), Koch fractal obstacledhen

et al 2019 have been submitted previously.

The micromixer was first designed using the
SOLIDWORK application and then simulated using
the COMSOL Multiphysics application. The fractal
principle is applied in designing the resistance
' structure Fig. 1 illustrates the Koch fractal concept
schematically.

According to the Koch fractal principle Fig. 1, the

part of the triangle formed is an equilateral triangle.

The effect of fractalevel roughness on the mixing The model of the micromixer with the Koch fractal

of passivemicromixers with low Re numbers has resistance designed in ttpaper is shown in Fig. 2.

been studiedWu and Chen 2(). The factal theory  Figure 2 is designed to have two inlets and one outlet

has been applieid the field of micromixers such as with the inlet width half of the width of the main

fractal cantos (Shi et al 2021), fractatlike trees structure forming a T and-Yortex. In this casewye

(Chenet al 2020, Koch fractal Shiet al 2021), and studied the influencestructureof the Secondary
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Snowf | akMisc Fo @BRMeahdT e r t i arangport of diluted species (tds) configured to handle
Snowfl akes Fr gTESEM.ITheMioc r fluichimiximgr Water is utilsed as the fluidwith a
Koch fractal obstacle structures consist of eight densityof 1025 kg nfand the viscosity ahewater
pieces placed at the top of the channel wall and thes 1.5 x 1@ kg nt* s1. Water is assumed to have

bottom. The dfect of the obstacle angle (Awas
studiedwith optimal resuk combined on the main
channel structure of the-Viortex. The design haa
primary channel structure nameB; L, andt of

5 x 0.30 x 0.20 mm, respectivelyVarious other

parameters of the structural design used are shown i

Table 1.
 Outlet
(L
Inlet 1 “
pa () m“
-
". l
(@)
. Outlet
Inlet 1 ( ‘l Wk"
s -
i
B ‘h:ltx: TSFM SSFM
(b)

Fig. 2. Schematic diagram of micromixer models
with Koch fractal obstacles, (a) inlet structure T,
(b) inlet structure T-vortex.

Table 1 Parameter study based on the
structures of the micromixer used

Parameter Value
P 5 mm
L 0.30 mm
t 0.20 mm
Pi 1.20 mm
Li 0.10 mm
P« 2.97 x 107 mm
L1 0.99 x 10~ mm
L2 0.33 x 10" mm
Ls 0.11 x 10" mm
Ik 0.05 mm
tk 0.10 mm
S 0.10 mm
A 15°, 30°, 45°, 315°,

330°, & 345°

3. GOVERNIENBJATI ON

In this case, the fluid is considered a continuousar ound
medium under this microchannel geometry. TheHowever , i

simulation stagethat support this process asthe

physics module as the laminar flow (spf) and speci f i cat i on sComfsii hibhee |

different concentrations, set ¢ 1 mol/L andsetCz
is 5 mol/L. In addition, boundary conditions used are
incompressible Newtonian and the channel
condition is no slip in the walls. Therefore, the
governingequations are thequation of continuity
for incompressibleat Eq. (1) the Navier Stokes
equationat Eq. (2) and the diffusion convection
equationat Eq. (3)
Vu =10

1)
)

du
P [E + (u.!?)u] =—Pp+ ulu

dc 2
a = DV* —u. Ve (3)

Whereeg is dynamic viscosity} is density,u is the
velocity ofthefluid, 77is pressuregis concentration
constant, and is the diffusion coefficient at each
concentration To better express the fluid flow,
velocity parameters are needed to determine the flow
velocity. This is obtained from the dimensionless
parameter Re by writing it as in Eq. (4).

u :1‘23L

PDy (4)

Whereu is the fluid velocityg is dynamic viscosity,

} is density, anD,, isthehydraulic diameterEq. (6)
can be used to calculate the mixing efficiency from
Eq. (5) about the standard deviation.

1 n
— _ P 2
g RZ(CL Cs)
2
M=1— |—— x 100%
g)"ﬂl‘

Where 0 indicates the concentration at a certain
crosssection of the mixing micromixem is the
sampling point in the crossection.Ci is the mass
fraction of sampling ak point i, Csis the mass
fraction in question, and, is the standard
deviation at the inlet. The value of the mixing
efficiencyM is between Qwhich means mixing (0%)
or no mixing occurs, and 1 which means
homogeneous mixing (100%). When the mixing
range is between 0.8<M<1, it can be considered that
the mixing efficiency is very high

®)

)

4 RESUANDI SCUSSI ON

The mixing efficiency is affec
uselch.e mesh size can be decreas
depending on the fineness or cc
sel eEtgddepiddctes | ocal l'ine vel
profile ofedithe ceiclaamt at Re 1.
number of grids has been test

mi croclBasmeel .on &i igdusmdert he
17180431 show the most
n the structure to be

a me s h size dwd 2@ 7 ;hheed

aptop us
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Fig. 3. Local velocity profiles of cutting line in 100

the Outlet at Re =1for various number of grids.
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light blue curve, it remains near to the pink curve
indicating that the 2873952 grid numbemains
completely accurate and effective in solving the
structure of the Koch fractal micromixer.

Mixing Efficiency (%)
g 3
T T

%
3
T

The effect of angle with the main channel T was e
investigated for its performance on SSFM and TSFM 8 I ——330
geometric structures. Figuré shows the mixing . —a— 35’
performanceon the SSFM structure with angles of " = - - = =

15, 3, 4%, 313, 330, and 34%. Figure 3 shows e

the mixing efficiencywith respect tothe angle (b)
changes in the SSFM geometric structure with a Fig. 4. Effect of angle on the mixing efficiency of
fractal obstacle depth of 0.10 mm. At Re 0.1 to 1, the SSFM structure, (a) angle ofl5°, 3(, and
mixing efficiency decreaseand then increased 45°, (b) angles o319, 33C, and 345.

again at Re 1@&nd 100. However, at Re 10 angle
343 and 33, there is a differencén which the
results ofthe mixing efficiency decreasand then % |
increase at Re 100This may be caused by the
convergent flow flowing at that angle having more
complicated resistance than an@#®. Therefore,
the flow with a certain flow velocity result in lower
mixing efficiency. However, in the six corner
configurations, mixing efficiency results are >0.84
with the best average resultsaatangleof 30°. il

100

9%

9% |
—e—30°

9 | —A—45°

90 |

Mixing Efficiency (%)

Figure 5 depicts the impact of the obstacle angle on
the TSFM geometric structure's mixing efficiency 84 -
Mixing efficiency decreased between Re 0.1 and 1 . g - - 3 =9
before increasingpetween Re 10 and 10The six Re

angle configurations get mixing efficiency (a)
results >0.84 with the best average resuleangle

of 30°. From the two structurethe optimum average 9
mixing efficiency atan angle of 30° is obtained
Figure 5 showvarious angles comparisofi BSFM
structure.

100

o
-
T

©
b4
T

o
S
T

Figure 6 compares the mixing efficiency of the
SSFM and TSFM structures. Both formed the same
pattern with the mixing efficiencwith the TSFM
micromixer pattern is better than SSFM at an angle
of 30°. In particular, the mixing efficiency reaches
approximately >0.91 at Re 0.05 and 100. The TSFM 84 -

Mixing Efficiency (%)
8
T

%
%
T

%
&
T

structure has the best results because the structure i o - P p . i
coarser than the SSFM structufide elements that Re

influence the mixing efficiency of the TSFM (b)

structure are also investigated in this study. Fig. 5. Effect of angle on the mixing efficiency of

the TSFM structure, (a) angle of 158, 3(°, and
45°, (b) angles of 319 33, and 345.
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Fig. 7. Mixing efficiency of the TSFM obstacle
structure with angle 30° at Re (0.05, 0.10, 0.50, 1,
5, 10, 50, and 100).

Re
Fig. 6. Comparison of SSFM and TSFM
geometric structures at angles of 3Qwith Re
0.1, 1,10, and 100

100

Figure 7 shows the mixing efficiency of the TSFM 9w |
obstacle structure withn angleof 30° at Re 0.05
100. The micromixer's mixing efficiency yields a
result pattern similar to that seen in FigRe 0.05,
0.1, 50, and 106btairedmixing efficiencyof >0.98,
which is nearly perfect. At Re 0.8% mixing
efficiency decreased. Thizcusdue to thdactor of
chaotic convection at high Re ancdholecular
diffusion at low Re. In addition, to prove the 9%
influence of the Ivortex main chanel structure, we = A . . ; i i
combined the #ortex inlet channel with the TSFM 2 2 S 2 =2
structure. After that, the resultserecompared with  fig. g

A - . Mixing efficiency results at the inlet T and
the results in the T channel structure as shown in Fig. T-vortex.
8.

—a—ISIM (T-vortex) |
—e—1SFM (1) |

Mixing Efficiency (%)
E3
T

(mol/L)

Figure 8 shows that the -Tortex main channel 5
structure can help improve @éhmixing efficiency
compared to the T channel structure in all Re. T
vortex can improve the mixinduid at the inlet
junction before entering the applied obstacle area.
Due to the mixing efficiencyof >0.84, it isan
indicaton that the fluid in the two structures has been
mixed homogeneouslyTo prove this, Fig9 shows
the concentration distribution on the TSFM channel e 1 B
structure. e =\

©

The simulation of the micromixer's concentration at . S
Re 0., 5, and 10@reshown in Fig9 andthe colar Fig. 9. Concentration distribution of the TSFM
legend indicates the changefieconcentration from ~ obstacle structure (a) Re 0.05, (b) 5, and (c) 100,

1 mollL and 5 mollL to 3 mollL, showing with T -vortex inlet structure, and angle 30.
homogenous  mixing. Liquids of different ) L
concentrations are distributed symmetrically when &t Re 5 and 100, the fluid flow velocity increases, the
flowed into the microchannel. The contact occurs Chaotic convection event is more significant, and the
when the liquid goes to the junction between the fluid ~deflection in the area is significant.
liquids of different concentrations and mixing is Furthermore, chaotic convection event and fluid
increased as the liquid enters the mixing area formecf€flection produced by obstacles can increase
by the TSFM obstacle structure. The liqdeflects ~ Mixing performance significantly at Re 1000

in the nicrochannelsignificantlyand thechanges in ~ Strengthen  the fluid - flow analysis in the

the concentrationare distributed symmetrically up Microchannels and to invegéite theinfluence of
and down on both sides of the miximggion It fluid deflection on the mixing efficiency, nine
increasesthe contact between thdluids in the sample concentratiopartsin microchannels were
microchannel and the diffusion efficiency of the Selécted andreillustrated in Fig. 10.

molecules.

The high fluid concentration is not distributed T

upwardsat Re 0.0%nd vice versa. This phenomenon ,‘ r‘(‘k'ﬁ L

occurs due to the relatively low deflection effect on & w!w i

the fluid. Low Re means low flow velocity causes the -

fluid to be almost wholly mixed at the outlet. While Fig. 10. Nine parts of representative
concentration.
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Figure 11 shows the fluid deflection in a fluid
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that can be used to investigate the concentratiorsection, and the arrow colours indicate concentration

Figure 10 shows nine representative concentrationsndicate the direction of the fluid flow in each
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each section when liquid flows in the microchannel.
when flowing at Re 0.05, 10, and 100. The arrows

allocation and the phenomenon of fluid deflec
Figures 1113 show the direction of the fluid flow

L5

Fig. 11.Velocity field and concentration distribution field of TSFM at Re 0.05
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the obstacle structure, liquids having different Figure 2 shows the fluid deflection in a flow with
concentrations are distributed symmetrically. The Re 5 resulting in a chaotic convectiphenomenan
deflection tendso become more noticeable when the which is relatively better than at Re 0.0¥owever,
liquid enters sections-9, thus providing a greater due to theeffect of short residence timén the
contact area. It plays an essential role in increasingmicrochannels, complete mixing could not be
the mixing efficiency. attained in section 9.

Section 5

: = :
ST e T T SSectionZ Section 6
Section 3 Section 7
Section 4 Section 8

Section 9

Fig. 12.Velocity field and concentration distribution field of TSFM at Re 5
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