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Fig. 1. Schematic diagram of fluid flow in microchannels.
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Fig. 2. Comparison between the numerical solution and the

analytical solution of linear approximation (o =11 =1).
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Fig. 3. Comparative verification of numerical solution and analytical solution for velocity distribution ( o=11=1, A*=20, 70,600 ).
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Fig. 4. Comparison and validation of the numerical Solu-
tion of concentration distribution with the analytical solu-
tion in Ref.[14]. (tw = (2n + 0.5)®, Sc=1000, A* =70,
Az’ /h =1.0, W =0.1,0.3,0.6 ).
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Fig. 5. Velocity cistribution under high Zeta potential and low-frequency oscillation ( W = 0.5, \* = 20, 70, 600 ).
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Fig. 6. Velocity distribution under high Zeta potential and medium-frequency oscillation (W = 5, \* = 20, 70, 600 ).
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Fig. 7. Velocity distribution under high Zeta potential and high-frequency oscillation ( W = 15, \* = 20, 70, 600 ).

071003-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 75, No. 7 (2026)

071003

TEHLY) T 3K S T 2 2 AR 9 B T 8,
TG BTG 0 443 43 A PR s N, TR i 322
Bl 54, Bl A 59 E] 600 B, Mg RS R A
A rh T RE IR IR B R B BT DTN A2

K 8—& 10 7R T AEXT FREE [ Zeta 54 &
5 Womersley HO6 5P (8 18 ik 7 FoL B T B
S AR P REAEAE R, X e E LR T HB RS
pARSRR Ny N PSS EHE( 24 s s KB
WX AT W =05, W=5K&W=15F =4
3EXT$HE$E Zeta AP HEE T, WTLAE H, Y

= 0.5 0 (& 8), FEAEXIFREE Zeta AT (4N

1/10 =1, ¢ =2), BESMEMB T XNRIEE, £
HAIR AT T BE T Zeta $8% 22 5 3 B3 Ao R i 8 i 9K
B BB B, RSN T U 2l 0 X FR Pk B & BE T
Zeta FHEHI K, D FHEIREZEE K. YW =5
AF (K 9), ZEAEXTFREETT Zeta FIRAFT (W =1,
Y1 =3), WA T XTFRIEZS, (HEEH Zeta #
ZEH IS TR T T S IR, AR R T 5
YIZ. 4w = 158F (& 10), FEAEXTFREE T Zeta
BEMET (W =1, ¢ =3), BETH] Zeta Ay 2

R A B X FRPE IR, ik T R T SR
AARRAEAR B AR

RES

F 11 BoR T 1E S BET Zeta T, A
Womersley %8 (W = 0.1, 0.3 Fl 0.6) XJ i if ¥ &
A e (yrt*) , Hiff Se = 1000, A\ =70, Ax'/h =
1.0 H tw = (2n +0.5)%. WK 11 7R, 7E0RE
FEL PN, R 43 A 2 B B S0 P X AR A, o
TEIETE o0 X IT T2, 10 b 35 VR BE A B 1 J3E
e T REIX . X — PR AARA i PR 7E T BE TG
MR AR B2, TR B R RE AL A, T
FVES TR RN, AR T A2 S AR
1 BOHL T AERE, DI 7EBE HI B T i 20 A vk
B RE. W BE S 0 43 A 4 SO T X -4 i R Y
SEEPIRAS, RO FR G P B s ROR A T

SEPEFZ A . TEXIFR S BE T Zeta 3 (o = o ) F&AF
T, BEERET Zeta 4R, PRS0 IR T
Wi, J PP TR ) R N, 1H Uns A1 Pep J80/)N
22 T Pep I8/ NS HIUSOW AR R 1Y 98, X AL

4.2

TEAUBOIGE ETRAE, 181 51 ERON A& 15 IYBCE , X SRR B R R B SRS TAS N M R
RIRFUARRE M, BT N2 )R | i Xy R H R FE R A
2.0 . 3.0 3.0
25} 2.5}
1.5}
2.0 2.0
*$ 1.0 *$ 15Ff *5 15 7‘1/,"
L - A" =20 —-AT=20 it | A" =20
o5 b/ A =70 Lop, A =70 '5 1O A =70
S A" =600 o5l A" = 600 ol A" =600
. L@ de=141=2 0” () Yo=1,41=3 . C(©w=241=3
0 02 04 06 08 10 0 0.2 06 08 1.0 0 02 04 06 08 1.0
K8  AEXTFK Zeta #RMRIRT Tl E 444 (W = 0.5, \* = 20,70,600)

Fig. 8. Velocity distribution under low-frequency oscillation of asymmetric Zeta potential (W = 0.5, \* = 20, 70, 600 ).
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Fig. 9. Velocity distribution under medium-frequency oscillation of asymmetric Zeta potential (W = 5, \* = 20,70, 600 ).
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Fig. 10. Velocity distribution under high-frequency oscillation of asymmetric Zeta potential (W = 15, A* = 20, 70, 600 ).
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Fig. 11. Concentration distribution under symmetric Zeta potential (tw = (2n + 0.5)%, Sc = 1000, \* = 70, Az’/h = 1.0,

W =10.1,0.3,0.6 ).
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Fig. 12. Concentration distribution under asymmetric Zeta potential (tw = (2n+ 0.5)w, Sc = 1000, \* = 70, Az’/h = 1.0,
W =0.3).
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Fig. 13. Concentration distributions for different A* under symmetric high Zeta potential (tw = (2n 4 0.5)w, Sc = 1000,
Az'/h = 1.0, \* = 20,70,600, W = 0.3).
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Fig. 14. Concentration distributions for different A* under asymmetric Zeta potential (tw = (2n + 0.5)w, Sc = 1000, Az’/h =
1.0, A* =20,70,600, W =0.3).
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Fig. 15. Variation of mass transfer rate under symmetric high Zeta potential ( \* = 70, Sc = 1000, Az’/h = 1.0,1.5,2.0).
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Fig. 16. Variation of mass transfer rate under asymmetric Zeta potential ( A\* = 70, Sc = 1000, Az’/h =1.0,1.5,2.0).
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Fig. 17. Variation of mass transfer rate for different A* un-
der symmetric Zeta potential (Sc = 1000, Az’'/h=1.0,
A* =20,70,600, o =191 =1).
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Fig. 18. Variation of mass transfer rate for different A* under asymmetric Zeta potential (Sc = 1000, Az'/h = 1.0,

A* =20,70,600).
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Fig. 19. Variation of mass transfer rate with different Schmidt numbers under asymmetric Zeta potential (o = 1,91 =1,
Az’ /h = 1.0, Sc = 100,500, 1000, 1500, 2000 ).
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Fig. 20. Variation of mass transfer rate with different Schmidt numbers under asymmetric Zeta potential (A* =20, Az’/h = 1.0,
Sc = 100, 500, 1000, 1500, 2000 ).
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Fig. 21. Variation of mass transfer rate with different Schmidt numbers contents under asymmetric Zeta potential (A* =70,
Az’ /h = 1.0, Sc = 100,500, 1000, 1500, 2000 ).
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Fig. 22. Variation of mass transfer rate with different Schmidt numbers contents under asymmetric Zeta potential ( \* = 600 ,

Az’ /h =1.0, Sc = 100,500, 1000, 1500, 2000 ).
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Fig. 23. Cross phenomenon of mass transfer rates between
glucose and sucrose under asymmetric Zeta potential ( A*

20, Az’ /h = 10.0).
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Research on the mass transfer and separation phenomena of
species by oscillatory electroosmotic flows for a type of
micro-nano fluids in a rectangular microchannel under

high Zeta potential’

ZHANG Zongxian  CHEN Xiaogang® CUI Jifeng QIAO Yuran
ZANG Xiaonan  WANG Huaizhen

(College of Science, Inner Mongolia University of Technology, Hohhot 010051, China)

( Received 21 November 2025; revised manuscript received 9 January 2026 )

Abstract

Microfluidic technology, with its miniaturization, high-throughput, and low sample consumption
characteristics, has become a core technology in the fields of chemical sensing, targeted drug delivery, and
biomolecular separation. Electroosmotic flow, as a key driving mechanism in microfluidics, can effectively
enhance mass transport and separation efficiency by modulating the flow field structure through periodic
oscillation. Building on this, the present study reveals the intrinsic coupling mechanisms among oscillating
electric fields, flow field structures, and solute transport. Moreover, through parameter regulation, it enables the
active design and optimization of mixing, reaction, and separation processes in microfluidic chips.

In this study, the flow characteristics of the periodically oscillating electroosmotic flow and the resulting
mass transport and separation mechanisms are investigated for a class of micro-nano fluids in rectangular
microchannels under high Zeta potential conditions. The finite difference method and numerical integration are
used to calculate the electric double layer potential, velocity field, concentration field, and the spatiotemporal
average mass transport rate, respectively. The effects of relevant parameters, such as the wall Zeta potential,
Debye length, Womersley number, and Schmidt number are analyzed on both the fluid flow characteristics and
the resulting mass transport and separation mechanisms. The results show that: 1) the velocity profile is
significantly regulated by the Womersley number, when the Womersley number is small, the flow exhibits a
quasi-steady plug-like profile with uniform velocity distribution in the channel center; as the Womersley number
increases, inertial effects dominate, leading to phase lag, shear layers, and localized flow reversal in the velocity
distribution; 2) high wall Zeta potential enhances the electroosmotic driving force, but maintaining a fixed tidal
displacement results in a decrease in the Peclet number, thereby attenuating the convective effect; 3) the
analysis for the concentration field reveals that mass transport is governed by the convection-diffusion balance,
with concentration gradients highly concentrated near the walls and the center concentration gradients
approaching zero; a smaller Debye length results in a more localized electroosmotic forcing near the walls,

leading to sharper concentration gradients; a larger Debye length produces smoother concentration gradients;
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under asymmetric wall Zeta potential, the concentration distribution exhibits spatial asymmetry, with a steeper
gradient on the side of higher Zeta potential; 4) quantification of spatiotemporal average mass transport rates
shows that a larger tidal displacement amplifies convective contributions, further increasing the mass transport
rate; an asymmetric Zeta potential configuration enhances mass transport by inducing flow asymmetry; the
transport rate increases with the Womersley number, and the species with a larger Schmidt number (smaller
diffusion coefficient) exhibit higher transport rates, and a crossover phenomenon is observed; this indicates that
at specific frequencies, the transport rate curves of different diffusive species intersect, thus enabling the

possibility of species separation.

Keywords: high Zeta potential, oscillatory electroosmotic flow, mass transport and separation, finite

difference method, crossover phenomenon
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