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ARTICLE INFORMATION ABSTRACT
Original Research Paper In this study, effects of zeta potential distribution and geometrical specifications are investigated on
Received 28 August 2017 mixing efficiency in electroosmotic flows. Flow geometry in this research is a series of converging-
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- h diverging microchannels with different diverging ratios. Governing equations including the Navier
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Stokes equation for fluid flow and the Poisson-Boltzmann equation for internal electrical field are
solved numerically in a two-dimensional domain by using the lattice Boltzmann method. Numerical

Keywords:

Lattice Boltzmann Method simulations are validated against available analytic solutions for electroosmotic flow in homogeneous

Mixing straight channels. The response surface methodology (RSM) is then employed to investigate

Electroosmotic relationship between flow variables and consequently to optimize mixing efficiency and flow rate of the

Response surface methodology (RSM) channel. Results indicate that increasing the zeta potential ratio and diverging ratio, leads to increased

Optimization . o . . . "
value of flow rate, while meanwhile it decreases the mixing efficiency. Zeta potential pattern does not
affect flow rate considerably, but its effects on mixing efficiency is noticeable. Furthermore, it is found
that mixing efficiency and flow rate are more sensitive to zeta potential ratio than diverging ratio. At
last, optimum parameters are determined by RSM which are 0.5 for zeta potential ratio, 0.6 for
diverging height, and pp-nn pattern for zeta potential distribution, all associated to simultaneously
maximized flow rate and mixing efficiency.
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Fig. 5 Perturbation graph for pp-nn zeta distribution, a- flow rate, b-
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mixing performance

NP-NP (5,138 )L LS lewsly - e o —all o Sl Jlogei 6 S0

s ool slagTll 15 s 95 b 5L 655 i b a5 o L3
e ol iy saile o Bl b Sl Jole olsie 4 ot 2ot
2 e 4 arg b bl g Wl oI350 a5l Jiee Loy (o
gy walss Slie o)Ll 350 Slaaysi o LS i b, slasS
Soges jo il ead eoly las Saudy e 6 6 4 sla Sy
[ B osee Gl Jies slojeiie Sl plaS 2 23U (o (S
59 Ogden 0l Gisled byysie 51 Soa S loges cpl jo 85 saaliv
Soged jo yehl e ced lead o8 ol b s ple &5 Jl>
ar oy cel el onl @ Al ol conlas saimsplas Sacsy
G oazg b oamse plis 1) i Conlue AL JuS cud
Olyee 65,1 £g5 a2 )0 aS 098 0 oanline 6-2 952 4-8 o IS
OB L cwl ol Sy Cons 4 ol (5 508 ol lls mlan il
S Dyge o0 sladl glacas 5l san j0 g b oo GiliEl oo 0
G USa) LIS leail, Sudiyy loged 4 argi b S el Lials
o gl mhaw ity olie 4 0gd o cdalie (6-D 4 5-b 4-b
Cr ol b e ot o 4y (g el slawdl Cod &y Cos (5505

01 oplouts 18 055 1397 (13355 58 e Suille i

oilpe SlBley 5l el mhe gy 5o Gem)S, calpd o0y5l caws
el 0 ool 10.0.3. &S
Lol canl 2ol L (0 NS0 £ el b 4 Jgor axg L

Eyoge ol 4 Glg o0 S8, ol dgi slp oS oo yend bS] leudl

Table 1 Constants and physical properties.

Syt Pl s st 1 Jgus

bl (a>lg) lade
D 28107°(m?/s)
n, 1.116@10%°(ion/m3)
K 21
& 80
¢ —50(mV)
E —30(V/mm)
P 18103 (kg/m?)
u 181073 (Pa.s)
Sc 8m@103

Table 2 Design matrix in the CCD for the present problem

yol alls (61 G5 0 oS 0 25k 0 (Hlb ke 2 Jgua

Y S ok
+a -a ’ Jite
(+1) 9 (1)
15 0.5 15 1 0.5 h
0.9 0.1 0.9 0.5 0.1 (&

L3k lawsly gl olialagnls of pos 4y Jitas (b puiiio aly polie 3 Jgam
Table 3 Actual values of independent variables along with their

responses of mixing performance

- o pite aBly polie ot
S o]

g (2) £(3) S h
0.7614 0.7709 0.7225 05 1 1
0.7614 0.7709 0.7225 05 1 2
0.7199 0.6902 0.5400 05 15 3
0.7614 0.7709 0.7225 05 1 4
0.7614 0.7709 0.7225 05 1 5
0.4915 0.5459 0.4988 0.9 0.5 6
0.9860 0.9867 0.8676 0.1 15 7
0.7838 0.8348 0.7224 05 05 8
0.7614 0.7709 0.7225 05 1 9
0.4630 0.4703 0.3974 0.9 1 10
0.9954 0.9939 0.9900 0.1 1 11
0.9938 0.9943 0.8349 0.1 0.5 12
0.4914 0.4040 0.3279 0.9 15 13

@ lp Slalaguls olen & it sl jize (Aly polie 4 Jgox

Table 4 Actual values of independent variables along with their

responses of flow rate

T
l Sl (Bly olie oot
ose3)

QM) Q@ Q@3) & h
0.0128 0.0128 0.0126 0.5 1 1
0.0128 0.0128 0.0126 0.5 1 2
0.0141 0.0141 0.0140 0.5 15 3
0.0128 0.0128 0.0126 0.5 1 4
0.0128 0.0128 0.0126 0.5 1 5
0.0224 0.0224 0.0225 0.9 0.5 6
0.0028 0.0028 0.0027 0.1 15 7
0.0124 0.0124 0.0126 0.5 0.5 8
0.0128 0.0128 0.0126 0.5 1 9
0.0231 0.0231 0.0231 0.9 1 10
0.0025 0.0025 0.0025 0.1 1 11
0.0024 0.0024 0.0026 0.1 0.5 12
0.0254 0.0254 0.0254 0.9 15 13
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Fig. 9 Interaction effects of ¢, and h on the flow rate for pp-nn zeta
potential distribution
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Fig. 13 Desirability of the optimized geometry for pn-np zeta potential
distribution
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Fig. 10 Interaction effects of {and h on the mixing performance for
pp-nn zeta potential distribution

pp-NN (5,138, yo LS| Loty p h 9§ Jilie ol 5110 S

09

¢

Fig. 11 Interaction effects of ¢, and h on the flow rate for np-np zeta
potential distribution

PP 6,380 55 (23 ph 9 & Jline SI111 S5

01 05

09 15

Fig. 12 Interaction effects of ¢, and h on the mixing performance for
np-np zeta potential distribution

np-Np (5 la8 L ,o bXusl el wh o & hlite ol 5112 JSCo

WWW.SI 8311


www.SID.ir

Ul 9 ol pusly

&l o 009 & LS9 —1 )Xo SLAJLI 9 )Sa0 HS Suigounly yisIl WAI oledil)y y mhow GO )l 9 A i H3l (s lwdias 9 w22

Sl i 5,5 1o aS Wlosls ylis ol el a8 5 &g fuly mlaw
5 DS o, 285 o Gy s S ot G2 1T S
Ad dalys oe il

CHlpSens @iy b LSy I%es Gl S )3 cnl pogdle
Sl 5 LS Sty Gl s ] STy o il ol
oy S Sigenls xS Gl Jele a5l @y az gl Lol vals oo
O ¢ ($KisSz il Gl o)l sl (lie o5 elole el (<o
b @ et RS S I cutls Gy (0 i o Sz i
olis Colgs yo ol wales (18 5L cov cus 4 1) YS! e oxdaw
Iy Gt gleaily LSy (20 SO 50 PPNN L w59 a5 Sl ous ools
LBl walss ol pen ay (ol slok @8 ple & S

e S ygd -7
(MZ8) JsSgo iy 2 D
(VIM) oz, (S e E
ol paine (glyzme 4 (Gloo e slyzme (2, S h
(um) JUB's,Se glis)l H
Mm) Sbeo s slyzme (550 Hy
ol oSl jlade High;
(um) JUs,50e Jsbo L
Tl pronie Hlodie Low;
(kPa) ,Lzué P
> (90 Q
WOFE ST Uret
(M/fs) e s 4
9 S rd Wt;
P Vi
(M) 2,0 5 sk sloadse x,y
FUg e
Akgm3) M5 05,38 oo eo
%) Lds lensl, Em
o oSl (oo 2l er
V) el
kg/ms)  Solus o)
kgim®) Js=
€M) (S8 )L alls J8 Pe
V) 2,5 Jeily o ¢
V) s (S0 xSl iy (gl Y
WL gin)
b M
&3k P
S R
e Al Ref
&xlp-8

[1] J. Yahng, S. Jeoung, D. Choi, D. Cho, J. Kim, Fabrication of microfluidic
devices by using a femtosecond laser micromachining technique and p-PIV
studies on its fluid dynamics, the Korean Physical Society, Vol. 47, No. 6,
pp. 977-981, 2005.

37

GHS,L LMis| leadly 5 (20 ilwaicinn ¢l b el il aigy polis 5 Joua
pn-np
Table 5 Optimum values of parameters for maximizing the flow rate
and mixing performance for pn-np zeta potential distribution

cogllas oo, s 4 h i,
0.521 0.739 0.014 0.512 15 1
0.521 0.742 0.014 0.508 15 2
0.521 0.732 0.015 0.522 15 3
0.521 0.747 0.014 0.500 15 4
0.520 0.750 0.014 0.494 15 5
0.503 0.748 0.013 0.536 0.5 6
0.503 0.743 0.013 0.543 0.5 7

55 4 0.674 5 0.772 nolie JJ3l o5 . cenl 0ud 03ls olas NP-NP
& LIS lesil g o0 (sl 45 Joly ) S g Sl S (s
0.546 caugllas b 1, wigds 0 0.622 5 0.018 0lie oy 4 yoie o 5
age s ell Jlade a5 0gd o cvnlin digy polie awslie
G (8 i LS lasily g s PP-NN L ol sl e (8yme
S o g o)l Gl plo 4

& 5 domi -6
Ok BB (s L (KisSz g (owain Sl magh ool 5
IR emir 390 samgs ISy Ren lime S0 Sgenly 1Sl
Ry s ol By by @S OVobe Jo ol 4
Gy bwsi bz (@00 5 DS e 2 S5e sla el bl (SisS

Desirability 0.547

01 T e 1 T *
0.5 0.7 09 h 1.1 13 1.5

Fig. 15 Desirability of the optimized geometry for np-np zeta potential
distribution

NP-NP 5L Gial)l (6l dinge dwdin @ by e coogllae ()50 15 S8

GNSL bt leily g (29 (iloaiiin sln o yiell dige polie 6 Jguar

pp-nn
Table 6 Optimum values of parameters for maximizing the flow rate
and mixing performance for pp-nn zeta potential distribution

Sagllae el < ¢ h @,
0.578 0.769 0.015 0.599 0.500 1
0.578 0.771 0.015 0.595 0.500 2
0.578 0.765 0.015 0.603 0.500 3
0.578 0.776 0.015 0.588 0.500 4
0.576 0.738 0.016 0.640 0.500 5
0.575 0.801 0.014 0.553 0.500 6
0.574 0.807 0.013 0.544 0.500 7

01 oslass 18 055 1397 09 YpSBARIESL LD [ 1


www.SID.ir

Vbt 9 ol sl

'Emlavchmohs)ql)flg )% SlLAJLLY )Sao0 ) Sigomly yisIl o MA] Ql.a.\a'l))gclnmts)lif)b.’mmﬂl GIbwdisg 9 W) 22

Mathematics with Applications, Vol. 55, No. 7, pp. 1601-1610, 2008.

[18] T. Y. Lin, C. L. Chen, Analysis of electroosmotic flow with periodic electric
and pressure fields via the lattice Poisson-Boltzmann method, Applied
Mathematical Modelling, Vol. 37, No. 5, pp. 2816-2829, 2013.

[19] C. H. Tsai, M. Hung, C. L. Chang, L. W. Chen, L. M. Fu, Optimal
configuration of capillary electrophoresis microchip with expansion chamber
in separation channel, Chromatography A, Vol. 1121, No. 1, pp. 120-128,
2006.

[20] J. S. Lee, Y. Hu, D. Li, Electrokinetic concentration gradient generation
using a converging-diverging microchannel, Analytica Chimica Acta, Vol.
543, No. 1, pp. 99-108, 2005.

[21] Yaser Basati, O. Mohammadipoor, H. Niazmand, Geometry and zeta
potential effects on electroosmotic mixing in converging (diverging)
microchannel using lattice boltzmann method, Modares Mechanical
Engineering, Vol. 17, No. 6, pp. 331-341, 2017. (in Persian, .. ,ls).

[22] S. A. Mirbozorgi, H. Niazmand, M. Renksizbulut, Electro-Osmotic flow in
reservoir-connected flat microchannels with non-uniform zeta potential,
Fluids Engineering, Vol. 128, No. 6, pp. 1133, 2006.

[23] O. R. Mohammadipour, H. Niazmand, Numerical simulation of a flat
electroosmotic driven flow in the presence of a charged mid-plate, Modern
Physics C, Vol. 26, No. 07, pp. 1550078, 2015.

[24] J. S. Lee, Y. Hu, D. Li, Electrokinetic concentration gradient generation
using a converging—diverging microchannel, Analytica Chimica Acta, Vol.
543, No. 1, pp. 99-108, 2005.

[25] C. Wang, Y. Hu, Mixing of liquids using obstacles in y-type microchannels,
Tamkang Journal of Science and Engineering, Vol. 13, No. 4, pp. 385r394,
2010.

[26] I. Ginzburg, Equilibrium-type and link-type lattice Boltzmann models for
generic advection and anisotropic-dispersion equation, Advances in Water
Resources, Vol. 28, No. 11, pp. 1171-1195, 2005.

[27] J. Wang, M. Wang, Z. Li, Lattice Poisson-Boltzmann simulations of electro-
osmotic flows in microchannels, Colloid and Interface Science, Vol. 296,
No. 2, pp. 729-736, 2006.

[28] Q. Zou, X. He, On pressure and velocity boundary conditions for the lattice
Boltzmann BGK model, Physics of Fluids, Vol. 9, No. 6, pp. 1591-1598,
1997.

[29] O. Mohammadipoor, H. Niazmand, S. Mirbozorgi, A new curved boundary
treatment for the lattice Boltzmann method, Modares Mechanical
Engineering, Vol. 13, No. 8, pp. 28-41, 2013. (in Persian, ..,

[30] J. Zhou, M. Hatami, D. Song, D. Jing, Design of microchannel heat sink with
wavy channel and its time-efficient optimization with combined RSM and
FVM methods, Heat and Mass Transfer, Vol. 103, pp. 715-724, 2016.

[31] M. A. Bezerra, R. E. Santelli, E. P. Oliveira, L. S. Villar, L. A. Escaleira,
Response surface methodology (RSM) as a tool for optimization in analytical
chemistry, Talanta, Vol. 76, No. 5, pp. 965-977, 2008.

01 oplouts 18 055 1397 (13355 58 e Suille i

[2] A.J. Tudés, G. A. Besselink, R. B. Schasfoort, Trends in miniaturized total
analysis systems for point-of-care testing in clinical chemistry, Lab on a
Chip, Vol. 1, No. 2, pp. 83-95, 2001.

[3] E. B. Cummings, S. Griffiths, R. Nilson, P. Paul, Conditions for similitude
between the fluid velocity and electric field in electroosmotic flow,
Analytical Chemistry, VVol. 72, No. 11, pp. 2526-2532, 2000.

[4] S. Jeong, J. Park, J. M. Kim, S. Park, Microfluidic mixing using periodically
induced secondary potential in electroosmotic flow, Journal of
Electrostatics, VVol. 69, No. 5, pp. 429-434, 2011.

[5] N. Loucaides, A. Ramos, G. E. Georghiou, Configurable AC electroosmotic
pumping and mixing, Microelectronic Engineering, Vol. 90, pp. 47-50, 2011.

[6] H. Le The, H. Le Thanh, T. Dong, B. Q. Ta, N. Tran-Minh, F. Karlsen, An
effective passive micromixer with shifted trapezoidal blades using wide
Reynolds number range, Chemical Engineering Research and Design, Vol.
93, pp. 1-11, 2015.

[7] V. Papadopoulos, I. Kefala, G. Kaprou, G. Kokkoris, D. Moschou, G.
Papadakis, E. Gizeli, A. Tserepi, A passive micromixer for enzymatic
digestion of DNA, Microelectronic Engineering, Vol. 124, pp. 42-46, 2014.

[8] L. Ren, D. Li, Electroosmotic flow in heterogeneous microchannels, Colloid
and Interface Science, Vol. 243, No. 1, pp. 255-261, 2001.

[9] L. M. Fu, J. Y. Lin, R. J. Yang, Analysis of electroosmotic flow with step
change in zeta potential, Colloid and Interface Science, Vol. 258, No. 2, pp.
266-275, 2003.

[10] J. Yang, J. Masliyah, D. Y. Kwok, Streaming potential and electroosmotic
flow in heterogeneous circular microchannels with nonuniform zeta
potentials: Requirements of flow rate and current continuities, Langmuir,
Vol. 20, No. 10, pp. 3863-3871, 2004.

[11] E. Biddiss, D. Erickson, D. Li, Heterogeneous surface charge enhanced
micromixing for electrokinetic flows, Analytical Chemistry, Vol. 76, No. 11,
pp. 3208-3213, 2004.

[12] A. Nayak, Analysis of -mixing for electroosmotic flow in micro/nano
channels with heterogeneous surface potential, Heat and Mass Transfer, Vol.
75, pp. 135-144,2014.

[13] C. ~Wang, Y. Hu, Mixing of Liquids Using Obstacles in Y-Type
Microchannels, Tamkang Journal of Science and Engineering, Vol. 13, No.
4, pp. 385r394, 2010.

[14] C. C. Cho, Electrokinetically-driven flow mixing in microchannels with
wavy surface, Colloid and Interface science, Vol. 312, No. 2, pp. 470-480,
2007.

[15] H. Yoshida, T. Kinjo, H. Washizu, Analysis of electro-osmotic flow in a
microchannel with undulated surfaces, Computers & Fluids, Vol. 124, pp.
237-245, 2016.

[16] J. Wang, M. Wang, Z. Li, Lattice Boltzmann simulations of mixing
enhancement by the electro-osmotic flow in microchannels, Modern Physics
Letters B, Vol. 19, No. 28n29, pp. 1515-1518, 2005.

[17] D. Wang, J. L. Summers, P. H. Gaskell, Modelling of electrokinetically
driven mixing flow in microchannels with patterned blocks, Computers &

38


www.SID.ir

