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Abstract

The split and recombination (SAR) technique is one of the effective methods to enhance the mixing
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efficiency of a micromixer. It utilizes mixing units to continuously separate and then reorganize
fluids for mixing purposes. Although numerous mixing units have been proposed at present, the
combined effect of these units on mixing has not been investigated. Hence, this article proposes a
separation and recombination micromixer with high mixing efficiency based on diverse mixing
units. Three differentiated structures, square, circle, and rhombus, are utilized and combined in
pairs, resulting in nine different mixing units. These units are then integrated into a micromixer
model with three mixing regions. The mixing efficiency of different combinations is analyzed using
numerical simulation and experimental methods. The simulation results reveal that the rhombic
structure enhances the mixing performance of the micromixer the most, while the circular struc-
ture is the weakest. The combination of the rhombic and square structures (YOSAR) demonstrates
the optimum performance. As the Reynolds number increases, the chaotic advection and Dean
flow effects intensify within the YOSAR, leading to improved mixing efficiency. At a Reynolds
number of 100, the YOSAR mixing efficiency reaches 99%, approaching complete mixing. Mean-
while, the experimental and simulation results are consistent.
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iR 0 A (Microfluidic chip) e —Ff 7 OR B 2 [ GHFUAARE AT 4545 v BERRAE I RHFA R, B R
W RS R AR BURTE AR D SR L] BEE R, RS B A T AEM2] [3]
ZR24[4] [5]s H2#[6] [712 400k o TR A 88 2 2H i i o0 i (M B B0 4y, JLRE S 40 K S BB 75 6 T

WL E RN RA . ST I RA[8]. T IR A #lE R POl RAWCKS, mAEER T
TORES, RAERFCREE BR[O, BT A R & 28 TR A R BONAT 78 B = AR H A5

PR 75 7 BAN R IR, 1T DO R A 28 70 8 £ 8 SR A 28 A 2h U & 8% [10] . 3230 Ui
Han it WIRESMTRERIR, W ILRREEIA s [11], BEsh[12], #EIKEhI[13], ks
X [14], SreikaX[15]5% . (H2 Rl TAMNT R B INAEE, MR GRS ERE R, LA S
BT a2,

Wﬂﬁﬁ@ B AR T 3220 R A4, HATRESMNGE R, BIEEmE R, HI1ER
by, EEREMAEFA[16]. Kk sh R & fkﬁ¢ﬁﬂﬁam%g LIRS IR G A A o S E
mﬂ@Amw@ A A PRSP BT B R G A S . G BRAS A BT RO A 4 R AR s TE N B
ﬁﬁﬁ@%%ﬂﬂ&ﬂﬂwkﬁﬁﬂﬂmﬁﬁﬁmhnﬁﬁ%&%ﬁ%%@%ﬁﬁ #iﬁﬁ?ﬁ%%
b)) O 1 g i T OB 3 AT 28 N YN T = M ey 2 SIS e R B 1 B e S LB K 3 B LB
MR BT R AR AT R Z I I A8 3N, R 23 2 AR s AT = AR VRO I I 5, IR A [ T
FE 4y BT AR A AR, MM SEBL T B OB A [21]. A TR A RS YROR A 28, 4 8 E A UROR
HAaHREERE R, H T, MAEK.

X S E A A ROR A 3 A FT, Ranjitsinha 58 N [22)#EAE Gl TR AR & 3 5l AT TE AT SAR
RAHIC, NI s 7R & s R A PERE . Ansari 25 N [23)4 H 7 —Fh HLA A RR 13818 1) ~F T 5 A0
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Y SAR TR A4, 13 H 718 IE 1) %5 B L2 s R & 2R A YERERI 4518 . Chen %A[24] [25]4) 42
T HA EFIRM FIRIRE BT SAR IR &4, Wi X) iR & 2% 1R & M Re AT BB AN S50 2 A
KW E FIEM F GRS $0ab vT DA RAALE 3 BT 1830 77 18] A IR e ROR /J\ﬁﬁTzEﬂTM{EA%ﬁE’J{%A
PEfE. Shah 28 N[26]¥cit T =M EAZRMEILIR G 0 Y 2 SAR R & %%, JEHEARF T, X
KRG INRAEREEAT T HUAR L. 25 RRW, RN SHERMETRIR G 570K SAR R & 4R I
RS PERE

J:l_ufrﬁljﬁ"]1rﬁ?%%%§, SR A FFIZER SAR RGBT N T X LR & 550 DUAH [R] 9 B2 13 1)
i, B, ZRERHI27]. T XERE BT, R4 TIRMER . BimRsh. e
AR, AT IG5 IE A 2R [28] . H TR T SAR TUR G #5310 °K Z 0 FUAURE X e —Fh SAR IRA T, Xf
TANF] SAR YR -G FLITIAH G T e i R I TR B ORI AR 9T

NTHRAARR SAR REHITH G, UIBE—MRA mIRG LR B AR G 8% . ASCH i
Bl > B AR A AN, FRRIEIA TSI N UM RS54 1) SAR VB & 50 A5, RAE 4
BRIV ITERT X LS SAR VRS B ICHI A S AT FT o Bl X B0 Bt 25 AT 7047, e AN [R) 45 440 F) VR
A IR G SR AR, JER B ERIR A FoCd A Bl HUE R S5 o b e fE2H
B IR S SEAF R T KRS AR SRS LR

2. RSt
TEATT Y, WSS T ASOR FE R I ROR ROV Y RS B LR e, B hlr AR Akt

PASGR A VEREPPN TEARSE,  SRJE 0 TR & S A M REAT Vit SR & A B A M . B s AR
%, SRR R . e AR BB SR, T (O ROR & 8 2T RS e SRR BRIE -

2.1. BUEER

AR, KT AR ICE(FEM) K COMSOL 4B 37 Hh i 2 i ARG 470 o7 1 3 A bk tof = A 7
HEATIR A RERL[29] . 2 IRBHR AR 3 S 1 5 FE AN Navier-Stokes 5 F T iR R & 28 H AR B3h . #
VAR A A GRS BOT R, TR AR A 28 WA IR & o X B 1 77 B an =0 (2)~(3) s :

1% 77 72 (Steady equation):

PAV =0 (@h)

ghofE - WiFE a7 7 FE(Navier Stokes equation):
p(V-VIV =V-[-Pl+u(VV+VV) | +F @)

XY HU FE (Convection Diffusion equation):
V.(-DVC,)+V-VC, =R @3)

VORI (s Y, u NI HRE(Pass), p NEFE(kg's ), P OYIRIAIE 1(Pa), T JAokbtkRi rik s,
Ci MIREE(mol-m™), | NEARIEERE, F AEFIN-MD), R NED, D AP BRM (M2 s ™). Bl E
4 FH B AS RN o0 35 p A BCRBU(E D 40 WIBEE 4 0.001 Pass, 1 x 10° kg-m 1 1 x 10 m?s7* [30].

V=V, A\ 4)
V :01 EE—E. (5)
P=0, EE (6)
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WOR A A8 N FE AL Sk 2V, AN RAETT, BRNERI FAE, SR G 3 BT A R
N T TR RS AR [31], Wna(@)~(6)FTid . AT LRI LT 2 A9 B 43 5 ¥ B 4 0 A1 1 mol-m ™3,
K EEA RN I 5 %A
pVD,

R, = T“ ()
2XY
D, = m (8)

Horb p NRMERE, VIERL, Dy WAL AL ALK R A0 XA Y Dyl & s ) L T8 i i AR i
TR . 4 145 T 4E 0.5 <R, <100 YR PN, MR i oo Qi 5549 21 (3 B ANt B fE

Table 1. Inlet velocity and inlet flow corresponding to each Reynolds number

F 1 SEFEBNMAOEREMAORE

Reynolds number Velocity (ms™) Flow rate (n1min™)
0.5 0.0021 75
10 0.042 151
20 0.083 299
40 0.167 601
60 0.25 900
80 0.333 1199
100 0.417 1500

REEAMM TR SR RIRERCR, H A [32]4:

2
O

M=1--2 9)

O-max

A o A o JYH 1AL 3 BT AR SN 7 17 (0 D) 0 T Lo 0 B b e S 22 AN e Kbt 22, Lt 54K
LU

:ll—\

i( c.) (10)
Omx =C, (1-C,.) (11)

Horrn Y3 BT RARI N7 18 T T B A B A7 B PRI FEAER A s N3 Cy o U i bk B2 1) ot 40 2501
C ARMIREE, EHN05. WA M MEBEIEE A 0~1. Hh M =0 XRRREEN, M=1FR7%
IR
JEPESEBR PR EMANR A SN DA FZERZZE LS, DR ANHoAE . KR EA LT
AP =P, —P, (12)

A, Py, Py drmlAisiE N EATH R E AT
2.2. RURESREMH
SAR ZEMTR A 48 5 HHE I OE I () 25 M IR AR BEA T I B R &g s, B4 E I R AR AR
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FEARTREXS IR, TR I G AT AR ™ A 1A [ T B 43 B IR OK T B i A, AT SE I s RO
HATx T+ SAR iR A % 107 £ BRI SAR HRA WL, BSR4 #6143 25 F 40 s oo R 38 R &
R, WA ZER 7 M E A 8 IT[33] [34]. BB BB A S IT[35]. T BB #c[24] [36]. ANIH
2R 2 AR TR A RCR AR H BT R 2 500t 78 2 et IR —Fh sy BE s 20 955, {HAE Shah %A
[261H0FF FE e, A AR B EA A ICH SAR MR G2 R HIFHIR SRS Bk, AR
EEEEI(Y) FIB(C). TR(R)=FhEiH, HefImmals, Bl 9 FRmaMr oS E4 g, Ak
FOFwE 1R, Hor A RS B A23%4048 mm.
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Figure 1. Schematic diagram of the structure of the micromixer
1. ﬂ/tb (=) %tgt*’]T = E

2.3. Mt

HE ST I OIR A A Y B AR R 5 34T R SR B AR AR, AR, BT IR A BTl A S A 729(30) R
RA, XA IR REME AT R 7 & 7= AR I B IRIR B . DN T X N 1), ARSCRA L, %07
P IERZR R KGRI S, BRGNS SN ACPFEEAT — 005, KKIWE T A,
[Fi] B 127 2% A o -5 BB AU 45 & B AE VR 3 B 2 B TR B iR [37]. AR A AN
7, BMREE AP, K] Taguchi Lig(3%) 1E 22 2 KR 06 BT BN 729 Yk 51 18 Kk, 1E
RLRUWZE 2 fiom.

HHAMA ST ML, B EE BRI T bR EEEL(SIN) . AlE TR ERR %R
HAEAN SRR I SIN SRHAE % I THSH0 B AR RS0 . ERe b A R, HEH . =R,
ARICKIRATEE M VBN BARBREL, R £ B KRR PRI 5 M L S Y, A 50

% =-10log &* (13)
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Table 2. Table of orthogonal experiments with 6 factors and 3 levels of mixed unit combination
2. REBTHESE 6 BRI MKERNERLIFKR

Case no. S1 R1 S2 R2 S3 R3
1 C C C C C C
2 C C Y Y R R
3 C Y C R R Y
4 C Y R C Y R
5 o R Y R Y C
6 o R R Y C Y
7 Y C Cc R Y R
8 Y C R C R Y
9 Y Y Y Y Y Y

10 Y Y R R C C
11 Y R C Y R C
12 Y R Y C C R
13 R C Y R C Y
14 R C R Y Y C
15 R Y C Y C R
16 R Y Y Cc R Cc
17 R R C C Y Y
18 R R R R R R

2.4. WA TR IEIEIE

N T ARIEBUE AR RE B2, RSt R RS AT R RS . B e B NLIE 3R R A0 R T i) — 2 Y,
SR FHAS [5) IRAS 0 T DX A o 1A 2R AT IR A Rl 43, AR 3K (9, 10, 12)iH B IR -G Fa 8. AnvE 22 LA K F%,
SERHNTAR 3 o AR R BERE RN D v B ] R 2% 1R A5 2 B AR AR A S EEPUAS 5 RS S0 B R 1]
A, AR FEMFE BN 1,179,696 [ IF AT Ayt fE R A%

Table 3. Example of grid independence test

% 3. FARMST MR

Test number Mesh number Ap [Pa] |ApIZ;ApI M Mllvli_'M Time cost*
1 79,757 1413.4 - 0.365 - 09h
2 295,516 1442 2.02% 0.299 18.08% 4.2h
3 750,298 1450.5 0.59% 0.273 8.70% 9.5h
4 1,179,696 1453.3 0.19% 0.270 0.98% 17.1h
5 1,567,932 1454 0.05% 0.269 0.37% 27.8h
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3. &R 5vHe
3.1 RImEITER

Xt III%W&iﬁﬁﬁiiﬂﬁ%qjE‘Jﬁ“i&ﬁiﬂlﬁ*ﬁﬂﬁﬁ PIFIEFRAE R, = 10 HIZRAF AT, BN
RESE TAREME BRI T & 4103 7T 8UE 0 14

nﬁf%ﬂﬂﬂ/\iﬁ(% (10). (13)itHEK.
W EEFNFRREBREEE 2), MRS
WEEL o KRR, 19 s A R &

5 MEA HRICHINZER(Y), &E—

NATTE(R).

R, HRs

X iR A
#5(YOSAR)H 5 MNEE GRS L AN R e, HAPaim

B M. BRI 22 of, [EMELL

RIS S BN REETEE. &5

Table 4. Mixing index, standard deviation squared, and signal-to-noise ratio of orthogonal arrays

4. EXMHIIRNRAIER. REEFHFERL

Case no. Mixing index (M) Square of standard deviation (¢%) SIN ()
1 0.252 0.140 8.539
2 0.280 0.129 8.894
3 0.263 0.136 8.665
4 0.263 0.136 8.665
5 0.264 0.135 8.697
6 0.256 0.138 8.601
7 0.271 0.133 8.761
8 0.266 0.135 8.697
9 0.278 0.130 8.861
10 0.269 0.134 8.729
11 0.265 0.135 8.697
12 0.259 0.137 8.633
13 0.260 0.137 8.633
14 0.263 0.136 8.665
15 0.261 0.137 8.633
16 0.262 0.136 8.665
17 0.268 0.134 8.729
18 0.268 0.134 8.729
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Figure 2. Performance of hybrid units within each design cell and signal-to-noise ratio
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32. (HEER

TR A R R A IR A 23 (YOSAR) G, X YOSAR £ #%0CN 0.5~100 i [ P 33047 HU(E A%
Bl HF5 Y B EEE R A (YSSAR)HEATXT b . 5] 3(a)M(b) /7R T Re = 20 1 100 B} YOSAR IR &
TG HH 1 Ak 5 780 T 2 B0 AT PRI P DA BIR B Ao B o X BT 40 A E VR R A 28 K FE T 7] X1 = 8.5 mm, X2 =
18.5mm L J x3 =285 mm &b, EETHIRS 28BN H .

M Re = 20 i}, YOSAR 7EZH—ANH DA x1 L RIH B E FRARCE, RONRARE N EE, H
MEBAR, BAETFERET TV IR, fE800 x2 M1 x3 &b, WAL T 20 EM, 1F)UT8
BTG, RETREMA RIS . HH TRAREER, TR ATREGBERMNEK. S5 EH
W n#E| R, = 100 i}, YOSAR fEFE x2 Al x3 #4b, WRESE] 7 ERXMIRA, Kol x3 &, JIFes
Bl FoeaiRe . XM TESHEIBET, SRR A il R RREXT R, M S BAR &

5 S
RERE.
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Figure 3. Comparison of concentration/concentration gradient distribution of the micro-mixer on three cutting surfaces.
(a) Concentration; (b) Concentration gradient

E 3. WEREHRE=NMIEELAREMRESESTLLR. () KRE; (b) REHE

TR A A TR A RE, EBAEA A T AR SRR G AR A, A RCRE A TER)
KAZWE 4(@)Fi7~. YOSAR F1 YSSAR R ILHAF R, XFT YOSAR T &, HIRG R iHE0Y
b hn, f£ 0.5~20 FEEGE RN R G RCERBAK, Him KA 40%. H2 49T IEHUET] 40 1mHE, H
RAE R LT A Re =20 I IWfi7, 1A% T 80%/A 47, 7E R =100 i}, YOSAR [IIREAZE N 99%, JL°F
Pl T aiRe . ms WG R TRIVARR S, BRI K, WA TE O P P f b 7 A B 5R A
19 U, 0 PRARR A LB B i, A (R R T AR IR, R IR AE ELAE FH IO, B AR A Rk 4
DI . X1 YSSAR, Bl v EOE N IR & 203 J P 4EFRR7E 20% A 4a, DR A B TE 45 A 1R Xk 5] A TR i1
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Wi, AR S EE L T O E.

K Ab) AR RS R R . IWEITATLAE H, YSSAR Tl & & FEBE F v 808 KMok, B
WS ST L LRSS, UOAAE ELROEIE A U AR BOL A2 . X T YOSAR i 4%, F AL
HEARARENER R, WHAERMCFRNE S TR GO, MH RS 0.5~20 yuln, SRR, 5

YOSAR JEFEMZEA K. SRTMT, 4 FH HHUE NS 40~100, B2 & 0.
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Figure 4. (a) Mixing index vs. Reynolds number for optimized micromixer; (b) Pressure drop vs. Reynolds number
4. (a) MULEHWREARBESIEBSFELXER; OERSFEHXAR

N T 5% YOSAR AR R B B ehHR & g R E R, W@ IEK TR EERIRE 5 mm i 54>

JCRIN R A TR & 48 2L

» HERUNE S(a)Fran. AHSBAI AV & 48 BobE w v Ao i ok,

R B PR A B — A 45 5 AR 18, e /2 Re KT 40 Jim, 8% =801 (VR S 1R B0 35 — A i) 3~4 i
xR IR G I R e, SR REA TR oK, S — M R E A T s H
95, [ 5(b)H, EREFEWET, RERBEEIEK T LMK, HH YSSAR WLk fiR &1L
HREET 11 AT o
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Figure 5. Mixing index of the micromixer versus channel horizontal length. (a) YOSAR; (b) YSSAR

5. MR & =A%
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(AR FBE 43 AT DA ST P R AT e AT . il 6 P, 7EARER 4L Re = 10 TR0 T, &I NE E R & BRIt
T RIE, Wsh2 NER. RAETREIZERB S 7, LIRS RIS .

TEFREREBR, = 40 150, TARAESIRA oo H DA x2. x4 x6 Ab, TR 7 I i AR &1 ie
%MWﬁﬁ% TESE AR = JRARIT N A X3+ X5 &b, AR IR T 18145 LA R 1a) 26 B A 3 3 P 2R

o IXRH, BEAETHEIEEYIN, AR S WAHRE N, A E TR AR, el TR S

MR EECE NS 80 B, WRATREMR TIPS WARM Y TEIEER N JGTE XL AFE R T U
TR AT B RS TR . BB R IR G HIU)E, HERBENIEF RS E MR . RS
LA EBIE fE, AR X3 AEFL AR T @A oS TR T 7 243 11— o T8 B AR IR e 2 1)
WL DR =IRE RIS, T DA AL R R & 5l v oA, R s A 1 e B el
B0, IR e () A O B INFEUTIA T, SR WARIA) AR ELAE R R, RIS VR A 4R B IR i i

Re=10 Re=40 Re=80

Figure 6. Concentration/velocity vector distribution of the micromixer over six cross-sections

El 6. MERGHRAENTEE LNREREXED T

4. SLIGHFER
4.1, LR EBMSE

N T RAEATE AR H IR G A TR G Re,  JEREEE ORISR KA v TAR R AT S50, SR d
B 7 fion. S2u0s E i oSUEIEE S A . FESTRE . MM, AN DA AR A R A . R (W
T INNOFLUID A 7)) i & 5 245 0.001 ul/min~127 ul/min, A T30 S8 i R 3\ R & 28 i85E .
TOVAHNLE TR A4 by, ATESL i FE ik EUE . B 5 Tl AEpLET USB &8, FHTaK
RN FE G . BERRTFE)E, RIER 1 FRRFEREF RS S EARFH IS N RS
PEfE. RS PIR IR AASR EEE B AL, TAARHLAA SO A AN AR A s e A TR A B .
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FIH MATLAB [ A BT B0 AN R 5 v 50T IR & S8 EMRHEAT 00T 1 58K B By RGB #6 3 F
MBS, BB SR, RIa WHE T, &5, WRIEAXQ)HHE T DAk
IRE 15 438].
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R Micromixer
Figure 7. Mixed experimental setup diagram
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Figure 8. Comparison of mixing performance at different positions of the micromixer. (a) YOSAR; (b) YSSAR
8. MRAHRARIEAEAMAEXIE. (2) YOSAR; (b) YSSAR

P 8(a)f1(b) 7 7~ T YOSAR 11 YSSAR 7E R, = 10, 40. 80 %1% F I =MNANFEAL B (1 525 iR A K
B =AM E SRR, YOSAR ER MR G B0 5 TR & RO ECA Freks,  BLRE S W Eagm, %
TRA BRI B VR A 1 RE . YSSAR HIRE RURTE =AM B LTPAE . TR & 2% 1R & PR/ S2 50
R A S5 B2 R — B

P 9(a) MR A 2% BI85 05 BUR A FR et L . ASEG 45 AT LA i, YOSAR Y& 48 5t 75 i 5
WM, 1E R = 100 B, JRARCRIAH] 99%. 1M YSSAR JRATRERFFIE 20% 4 45 . MATLR I AT
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