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FEGE AT ASMRRE R SR SRR, AN W R 15 % RS T B R
(electroosmotic flow , EOF ) J&: 45 fo{Cill 18 PN XU )2 915 DXHY H 25 A SN e 37 3K 2l Ha e Jo s
1S S R o111 B ) A= R e I3 N5 N [ O R e 1 7 o 9 O s AP ) e 1
s RS WK R AR A 0 Cho 2510 SR FH IR a1 A & 3 A5 Ak () 2 1T Zeta HE 3k 381k
EOF (IR A EREARAEY g T ¥ 5 Rl 355 36 1 HE S5 0V TR A5 08 DA B TR A B 1) 11 5
M), A7F 5% 2 W A 1 50 X ik e 340 A 1438 T8 1 1 R00R i 17 Jeong 45 70 (ol T8 H ok A FLAR IS 5
TAMIYE AT, WM T EOF TR ARCR. Lin 25 R I Boltzmann J5 Ik AF5E T 58
AL )G E T BE AR 2] Zeta WA B T liE RS 9224, SE L T EOF 1R-A AU 5. Aliza-
deh 251 FEAVGE 3 S0 E AT IR AR 38 1 3R EE 22 0k #5246 EOF (X3R4 . Ebrahimi 2517 3%
ABRABIEDISE T T BROR A 2T B R WK IR & S5 e,

Ph_EAHSE 2R X B F SR A B — Ay =, R AR G AT e g b
R TSR F R A SR A X HRIR A B 52, A SCR A BRICIEE T T BUUR & 4% N 1
TEEEAESS] Zeta LI T TR A LA A M AR (1945 2h 2CTR G XA MRTR & (14 52 1.
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Fig. 1 Schematic illustration of the T-shaped micromixers
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Xt F BRI P FPIR A 5 Ak 73X, o0 TR AR SR FH 48 T BUROR & 3 50AL, BF
FEXF G NS AT TR Newton (410 MR HL T = 4EASERY, — AR B K di /D T35
Ivi] i 13 B 255 T R B AR T 3 B 1 Bk B S B A I 0.3 Bl T BUGOR A a4 R an &l 1 iR,
B 1 (a) R T RGER A A A HGEE K 120 wm, BEA HEEE 60 wm , A FHTH 58 20
pm; & 1(b) ' T BUROR A 25 0E ) DA77 f 325 | [A) EAE B 1) G 1 BE T i T JEXTRR
Zeta HLH RN AP RTS8 15 m, HoA B o Rk I8 2 sh R A5tk ; B 1
() FEfRTHL T RUGEIR A 8 AR 1) Som [ R BERT A T PRBRRIAR, AR 10 pm, 5B /N T4
A G B T sh IR A SRk, o 1 3B S R 1 B R A A TR A e AR AR S AR A
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TRV T 2 iR A B S A R
1.1 Poisson-Boltzmann 75 12
2 I 22 B [ A5 e i V5 R ik T, SR 25 T A i 8, el v SR R 1 1 YR 1) e M
T EBET BT AU 2 (electric double layer, EDL) JEDL HL{V i /& Poisson J5 2 .
o &
A, o 9 EDL L3, o) AN AU &, B HUH L, p, S BE T FRFUT I A AR
HALff 59 I TR RO AEPIRASTR | R 05 W E B B8 VR BE TG /2 Boltzmann 43 A1 FLAEE , X T BN XoF
PRSI (2, = —2, =2= 1)
. ze
p, =— Zeznosmh[kBT) s (2)
K, e MENLHLAT 2 HE TS, ng A BE T 1) B RO WS by, M Boltzmann %40, T
N RS SO TR A 2 BE R T R (2) ARA DT R (1) v 5 242 1 X e J2 L #4464 Poisson-Boltz-
mann( PB) 772
5 2zen, zety
Vi = smh(kBT] . (3)

£.&,

Vi =-

1.2 Navier-Stokes 77#2
MR i 1 B A5 1 A5 B4 TR A T 2 () i ety B i 2
V-V=0, (4)
p(V-V)V==VP +uVV+pE, (5)
K, p WL,V R E P RS, w HEREN 1555 E Sy SRR 2 | Ak
TIE 3758 B R EDL H 3758 5 38 fin i s, B

E=-V(p +¢), (6)
K, o AIMIMEIZ L AT Laplace J7 FEffiik N
Vi =0. (7)

1.3 HBEREREEAE
XiF Tk 2 b LA SR VAR B TERR S B T RO B TT Fh -9 B R R R
(V-V)C =D, VC, (8)
X, C TS, D, IR TP BUR B A T A2 i R A 83 3 PR AS T) 48 T Ak 5 YR 1 T
HARE SIANREMER o N
[fle-c.lay
o(x)=[1-—— | x 100%, (9)
J 16 - c.lay
Kb, H WWOEE TSR, C, Bl C, il AR IR A T A S8 2R A B R B o BYEREYE TN 0
) 100% , HAEMA , VLAV BIR Al 7T 43
1.4 HR&EH
XN Frsif) 3 T BURAR &4, JE i 10 BET WA AR A3 A4 T
A1 u=0,v=0,, W/0y=0, ¢ =¢,, C=C,, dP/dy =05
A2 u=0,v==0,, p/dy=0, ¢ =¢,, C=C,, IP/dy =0;
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Ha: ouw/ox=0, 0v/dx =0, df/dx =0, ¢ =0, 0C/dx =0, P =0;

KFEER: uw=0,0=0,¢ =08, dp/dy =0, 9C/dy =0, dP/dy =0;

FHEEM: u=0,0v=0,4=0, ¢ =¢,, dC/dx =0, dP/dx =0;

Wit: w=0,v=0,¢ =0, dp/on =0, 0C/dn =0, oP/dn = 0;
Hr w0, MC, 0 n 530 A R A A TS TR RETHT Zeta HEL A AR BE I 0] 1]
I, 7 1) B R ARCES 1) VS T
2 SRS
2.1 fRBVIGIE

fifi HH COMSOL Multiphysics £, XFAMNE T EOF /9 PB 5 &4 FRICAL A 17 50 i R
W—KH 50 pum, oA 4 pm B GHGETE I FBERIAFIEYT ) Zeta HUER LA T 1 AR S HRL
Y& E, = 10 000 V/m FFER T =4 EOF, i H 1 R JC He 22 10 AL 451, B T >R FH G T A% 0
A AR S BN R 1L AIILE RS Zhao 251 e S (M i E A7 %0 FL 6L, B

Hsinh( ky)d(ky)

8r80§E0j J:‘
n

52 =(_ cosh(«H) ’ (10)

K, k =./22%e"n,/ (&,6,kyT) M Debye (EFE) £ & HI{EI%L.

P12 g (i 38 U T EOF 3 188 ) EICIEL e -5 T gk o L T DT v m 2 T8 2 i 25
HE, WE T A EOF A7 PR o8 i IE w1,

W FET A RT3 Ff T AUGUR G B i % 1 42 4 O R DA B il 5 5 A gk Ay
SRS R AR5 = FIE RAS | [RIEE ) O BEEAATE Zeta HLFBE JIARAL AT 025
SBT3 b e R RIS RS 4351) 0.2 um 0.1 wm F10.05 um FEFTRIRE TCSEMERGIE | 6 UE 2
KRBT 0.1 wm A5 K A% L REAR A b I JE T3 280K,

F1 AR SE

Table 1  The numerical simulation parameters

parameter value parameter value
density p / (kg/m*) 1 000 dynamic viscosity u /( Pa-s) 1x1073
vacuum permittivity &, /( C2/(N-m?)) 8.854x10° 12 relative dielectric constant of solution & 80
electron charge e /C 1.602 18x10°%° ion valence z 1
Avogadro’ s number N, /mol~ ! 6.023x10% Boltzmann constant &y /(J/K) 1.380 65x10° 23
ion concentration C, /( mol/m?) 0.1 zeta potential { /V -0.1
temperature T' /K 300 ion diffusion coefficient D /(m?/s) 1x107°

22 mBIIRER

X1 B ROR G 2%, B IR R B M EE /358 €, = 0 mol/m’, €, = 0.1 mol/
m® AN @, = 2.4 V BEH] Zeta BH = 0.1 V . ANA R IR SRR Z IR MER 55
TR AL EEFERREm 2 LA TCmNSEL, 7308 Re Fl Sc.
_PUH g (11)

M pD

X, UAEIRA B, H WA LHEE 5 AR AR SCRIIFGEH, Re EUEIE R 2x107° ~2.4
x107, Se MBUEEE A 1x10° ~ 1x10°,

Re
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Fig. 2 Comparison of EOF velocity profile for numerical and analytical solutions

B3N Re=1x107,Sc=1x 10" i} 3 i T BUHIR G AR A 4 KL & 3 (a) ey o T Y
TR A fr K WGE 8 N A 2oy B, BAHE AT 8 3(b) th E 82 T BUIR G as N gk &
AT HLEN  ZE I BE A AE Zeta R JR T DX 85 B D3 I 7 AR By, e 2 2 RN AFAE IE. Ze-
ta HL AP BE [T 2 W5 [V %) 070 1, (A5 1 30 DX s 1) 7 85 Uk BE 1S K ZE ML 37 0 /Y
ERR , 0B T34 55 02 30 5 ) A R 0 5 132 B, {45 30 R T RF 30 0 445 38 38 i /N L 8
] 5 8 3(e) W sh= T BUGIOER G 25 P9 R AR 2 X i 4 7= A BELRSHVE ol 37 108 A B0 ) 3t A
B, S AR B AR | [ I 6 IR BR300 7 A R e, DA TR Sl i

(a) fATHRAHIT

(a) The simple mixing model

(b) EEIRARAHR () BEENA A A
(b) The active mixing enhancement model (¢) The passive mixing enhancement model
B3 TR A SNSRI
Fig. 3 Streamlines in the T-shaped micromixers

Bl 48 Re =1x107, Se = 1x10* A 3 Fft T FRUGAIR A 2% N % 2 (B 8] 4 (a) HR TR T 77
TR 25 PR IR TR AE 7K TS0 1 P9 S BRI i 2 845 I 4(b) h 820 T BUBIR & 28 N
TERE Zeta H3APRESC 110 70 14 T8 B AS S22 LD 7 2 AR 22 B S [T 2 P S R0 Tk 9 o 5
)25 0, () B A T B P AR 38 ) 00 P S ) i 2 TR 4 () Pl 3ol T AU T0R & 2% 9 T 1A

I P A o R A R AR AR T I R AR Ry O, 3X R 0 5 5 | A T A - .
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(a) fij BLiRA AL

(a) The simple mixing model

S\

(b) FhRR A BRABAL (e) #ah=URGRALEIAL
(b) The active mixing enhancement model (¢) The passive mixing enhancement model
B 4 T BUBIRG & P R S
Fig. 4 Velocity vectors in the T-shaped micromixers
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(b) The active mixing enhancement model (¢) The passive mixing enhancement model
B5 T ROR AR A
Fig. 5 The concentration distributions in the T-shaped micromixers

IS A Re=1x10"",Sc =1 x 10* i} 3 Fh T BIGIR G #8 PR 43 A0 1], 7EfGE a8 H 11 Ab g
TS TR BT A R 9 K 2 42.13% ,46.05% F1 47.44%. 8] 5 (a) 9 Rl T 09 TR i A 32 34K
SEE T BUER IR ARCREAL B S(b) HRPeal T A2 HeR A W T WIRp s i )
Fz Al A, IR A RORA T & IR B RCR S REH AR 5] Zeta AWM A XK B 5 (c) PR
7S P i T TR AR AR VR R e, I T PR R A AL s HR R T IR A RCR IR AR S
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LR b S Q1 0 1< R S SO (E N i RV e B =S U N 0D S 1 & 20 B 2 A I
RS B TR G R A SOR T LA e R4 2) Zeta HL 30 BOEEUM Al 45, 1B A SC
()R A TR R A s AL J7 kAT LB AT
2.3 Re W%

B 6 LA T Sc =1 x 10* Fl Re 43510 5x107° ,1x107% ,2x 1072/} 3 F T BIHIE A 25 IR TR
B A RCRI KV RGE 8 1 73 A 1 Ol H ] 6 FIHT, Re /)N, TR G 4 IS VR TR 5 RUC38 B s 0T
TR T BIOIR G A% (case(a) ), TR NIHE A K P IGE TE I, o1 THOR I B 7R B 22 TR B AL
FRIGHIG N, 20— BOIR A P B S TR B ORI B /K TGl T 7 [ Mg hn s 1
g T RIHIR G 4% (case(b) ) M s T RIIR G 4% (case(c) ) , FIFMA IR B 1R & RCR NI Uh
Hl case(a) HAHTE], T BRI F 9P BT TIR A (2 case (b)) HY H T A9 52 M0, 35 9 31
BRI WOE A T W) A R LRSI, MR AR SR R I8l , B Re BOBV/IN, S 8Ok,
A X TR A R B4 S TR 5 case (o) WY TR SZ BB R, W TR & 2GR TE K P
foeE J7 1) b BT B A Sl HEHK case (b) Fll case () P FAMIR R AIIR G203, 2 Re = 5
x 107 i, case(b) FIA H TR S RCREE T case(c) ,JH2Y Re = 1 x 107 1 2x 1071, case
(c) T TR A HCRE ST case(b).

80t case (a) case (b) 100+
70 ——Re=5E-3 —— Re=5E-3 e %] —s— case (a)
——Re=1E-2 —*"Re=1E-2 —e— case (b)
60—~ Re=2E-2 —* Re=2E-2 80 —— case (¢)
50 704
X X
40+ ]
3 5 60
30r o 50+
20} case (¢
i —— Re=5E-3 401
I —— Re=1E-2 30
0 — ke=28) 9 DL = DU = Bae
-10 10 30 50 70 90 110 130 4.0E-3 1.2E-2 2.0E-2 2.4E-2
X/ um Re
6 AIF Re T T BIGLR AR ARG B 7 TRBIRGH&ERHDEE
LY ES Ty SRR ER bR ¥in Y Re X FR
Fig. 6 The mixing efficiency along the microchannel for Fig. 7 The mixing efficiency vs. Re curves at
different Re values in the T-shaped micromixers the exits of the T-shaped micromixers

B 7 AT Se=1x 10% I 3 it T R S 830 ) ALV R EITR 52808 5 Re IR
FI AT LA, SR & i P A R TR B BCRBES Re MBS MARLA LW, B/ N E#bE 5
Re FIBE AR % AHEL T case(a) , case (b) Fl case (¢) ¥Ife— T 12 B b 32 BB W IR & 81CK; L
1 case(b) Fl case(¢) AT, 24 Re /N case(b) BE BT {2 S A R AUTR SRR (H2Y Re >8x%
107 B}, case () TR B RUCR BT 4
2.4  Sc K%M

8 LLAL T Re =2 x 107> Fl Se 403110 2x10°,1x10*, 1 X 10° A 3 Fft T Bl & 1 P ¥ T TR
BRI K GE A A 43 A 1 B I RT R, Se #80/IN, TR A 2 PR A TR B0 TR A 3580 3 v [ A
Hiv 78 R0 U R 2R A KPS 3 1) — BERE 5, 3 R T AU GIOR G 48 DI TR IR A BCR A ], (H
T MR AR AR 2] Zeta FOEEE [T SO AR, , IG5 30O B R AN R X T case (b) 1 E 3
T AIGUR G, IR A SR KT WOE A 32 R 3l (HX R Sh 7R Se i 2x gl il 5
XFT case () THEBNE T BIROR A 4%, B IR 5 2RI Ko B A BRI 3, B Se i
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I, PSR KT HE case(b) Fil case () i AR FTIR G ECE, case (¢) FIE R AR A RCR &
KF case(b).

case (a) case (b) 100+
80 —=—Sc=2E+3 ——Sc=2E+3 —ciisE (8)
——Sc=1E+4 ——Sc=1E+4
70 F——Sc=1E+5 ——Sc=1E+5 20l —— case (b)
60 - case (¢) E. —— case (c)
—— Sc=2E+3

30 [ —— Sc=1E+4

X X
L—— Sc=1E+5
s 40 ¢ ©
30+ 401
20 -
10k 20
0 L 1 ! I ! L I 1 I I ! 1 1 1 J 0 Il 1 I ! L L Il L 1 ! L
-10 10 30 50 70 90 110 130 0 2E+4 4E+4 6E+4 8E+4 1E+5
X/ um Se
B8 Al Sc T TRBMIRAMSNIFRIES 9 T ARG SERH HiRE
eSSty SR SRR N B Se RHR
Fig. 8 The mixing efficiency along the microchannel for Fig. 9 The mixing efficiency vs. Sc curves at
different Sc values in the T-shaped micromixers the exits of the T-shaped micromixers

P19 HLELT Re =2 x 1077 B 3 i T BIRGE & &8 1 1) AL IR S RC% S Sc R R,
NEE ] PR IR TR SRR WS Sc A3 ARSI, B3/ NEFAE Se = 1x10* 1) i
PR NAE R GEAS I IN 2 Se BN, B R B AR A VIR A AR B T B e
IRBVEF IR B ROR B Sc BRI I O AR AR/ MRS I BE TR AR 412 Zeta H
Py T 3 2R G Bl AR B9 w sh 2R -5 AR RE I 2 b S R TR 5 R, A case (b) FI
case(c) AT A, FERLAT Y Re &, case(¢) BYIRARCRZLLL case(b) B 4T,

3 45 1w
e E

1) & Re N EYRUUEHLN , AR S RCRBEHR Re, Se (IEMARZEPEIL/IN, H. Re 5 Sc i
R IR RCR I Mg,

2) AHELTR R T ZURR & , 34 BE AR 22 Zeta FEL 3B A AR BER R I Y TR
BRCR G Re BUARKS , HENBET Zeta B3R F B ATR A 50 AL 2 i A AR 4 9 sl 2UR & i Ak
WS R IR IR A RCR 2 Re BRI, L2,

3) HEINEET Zeta FLFH) E B T BUREE 545 NI B A0TR A RCR W KPG8 J7 [ 4775
BN S, HX R SITEAR Re B0 Sc AT PITINSE s e A DA A8 820 T BUBIR & 2% N I
FRTR 5 B8R 7K Y- SoE 8 5 1) e sh A, H. Se /0N, P 2l DR I e e £ AL TR 5 5 U 1
LR HIEWIR A ARG | Re AL Sc BRI
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Numerical Simulation of Mixing Enhancement
in T-shaped Micromixers

XIAO Shui-yun', LI Ming’, YANG Da-yong’
(1. School of Mechanical & Electrical Engineering, Nanchang University,
Nanchang 330031, P.R.China;
2. Information Engineering School, Nanchang University,
Nanchang 330031, P.R.China)

Abstract . To study the effects of different mixing enhancement modes on micromixing, numer-

ical simulations with the finite element method were carried out on the simple T-shaped mi-

cromixers, the active T-shaped micromixers with surface heterogeneous Zeta potential and the

passive T-shaped micromixers with embedded ribs. The flow fields, velocity fields and concen-

tration fields in the 3 kinds of T-shaped micromixers, as well as the relationships between the

mixing efficiency and 2 dimensionless parameters Re and Sc, were investigated. The results

show that the mixing efficiency decreases with Sc and Re, fast at first and then slowly. The mix-

ing efficiency in the passive T-shaped micromixer with embedded ribs has large undulation a-

long the microchannel, while that in the active T-shaped micromixer with surface heterogene-

ous Zeta potential has only gentle undulation, and this undulation will be restrained in the cases

of high Re values or low Sc values. The Re value also notably influences the improving effect of

different mixing enhancement modes. For relatively lower Re values, the outlet mixing efficien-

cy is improved more evidently in the active mixing enhancement mode with surface heterogene-

ous Zeta potential; otherwise, for relatively higher Re values, that happens instead in the pas-

sive mixing enhancement mode with embedded ribs.

Key words: T-shaped micromixer; mixing enhancement; electroosmotic flow;

mixing efficiency
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