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Numerical Analysis of two-fluid mixing with various Density and Viscosity in a
microchannel with forced oscillating stirrer
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ARTICLE INFORMATION ABSTRACT
Original Research Paper In the present study, the mixing of two incompressible miscible fluids with different density and
Received 17 May 2016 viscosity has been investigated in a two-dimensional microchannel equipped with an oscillating stirrer

Accepted 16 July 2016

Available Online 14 August 2016 in different excitation frequencies. Although most studies in the field of fluid mixing have studied the

mixer performance when the two fluids were absolutely identical, the mixing makes sense when two

Keywords: fluids have non-uniformity such as different temperature, concentration or properties. The aim of this

Mixing study is to evaluate the effect of various properties of the fluids in mixer performance and mixing value.

Mixer Simulation has been performed in Re=100 and Sc=10, between 0.1 and 1 Strouhal number by using

Microchannel element based finite volume method by means of commercial code CFX. Mixer performance has been

\D/iesncso'g’ty evaluated in three different modes: mixing of two identical fluids, mixing of two fluids with different
density and mixing of two fluids with different viscosity. The results show that, mixing of the fluids
with different properties leads to change in mixer performance, and has unique performance in each
case. In comparison with similar properties fluids, mixing of fluids with different viscosity and density
show lesser tendency in mixing. It has been shown that variation of Strouhal number has lesser effect on
mixing index changes. The ratio of maximum mixing index changes to base mixing index in the case of
different density and viscosity is 54.01 and 51.15 percent, respectively, while the value is 577.94
percent for the mixing of similar fluids.
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Fig. 1 Schematic view of micro mixer with an oscillating stirrer

50t Lo 00 b 50e 00iiS boglive Siles b 1 S

111

4 g.0d aplys aislo y CFX l3ble 5 lawgs ooylall 5 (Xine dg0me o>
4 Comd 0iglibglive Jlw 90 Cr i) 9 (JB jo gl 236 (o) JLo
o 00038 bogls & Slas o2

G 9y 9 b Yol -2

Jo caz onls bl (goae hg, 9 b,z p @Sl SYolee isu ol o
Al aslg> le bYW b >

Sl OYoleo-1-2
oyl jgam Jlow 90 ol jo a5 ol dliwe aile (Jlw g0 slagl > 0
295 (5l (1) abaly) JUisil ogae doles o L wilsi g0 LD

apC .
%+V-(pVC) = V- (pdVC) + S, (1)

dodr alex S, g ChlEC ey JopV ooy dgiid (S p oS
.A.AZILJ'GA
5ol ((3) ala) pitage 5 ((2) b)) (Kiwgy oS> ¥olao

Z—f+V-(pV)=O @)

@8 s v (p77) = 7p+7- (07 + (7)) + 5, @

J17] sl oo (Seslos cr ) g U ot alox Sy (3) alasl, o a5

GO9E o922
51 oolazwl L CFX l58ls 5 5o alise Jhow g0 WS (g3lward jolaie
20,5 (Slotert b S5 Slaide wiz oz | peite oS 5 bsle Jos
b Sl (o 39290 32 58 Cowd piie oS5 bl Jae )3l
@ e So b ey Cwl (See opl o5 8L e 6 b oo
Sl ity by by @l asile pleend (2519 G Gesb ) s s
o s Iyme gloailie b ool 2 cclailyo wiz slagl > bl ous
Y ddle cpl je sl ails patie (58 el ailes o plaS
JAS w2 52 50 let (nl lawgie polie s dg2 s leadlie s (Slee
S 4ilge 2 392y S g el 4 chugte polie (nl gl oo dralne
S il nl 2 2 sladlie Wiz Sk 0 0l (S J S e
9,8 ey polie bugie Wgd oo bslie (JoSge mhaw )0 laadlse
[18] 55 o plonl i 5 bl Laugs o,z JUiil g 5)ls Sl Lo
S 5 CFX ey 55 ((3) 6 (1) Bly) o5l oVobor (it
& sl 3,5 Sgo Folell p e Sgame pz gl & (oS i)
S Sl 5l (s3gume degerme 4 Jlow 059 (Volae > jslate
b jesiie oo s sl S5 @lsd 5l Ghe, cnl 0 098 e iludtenS
oy @ 05 po SLbI JS slapaz ogbo oslitul pledl SG s,
WDgden> g, diles 00,8 o JSis ol cwais ST Jlas]
O 398 o0 Jloel J5S Glapaa cal 4 IS0 e 3 4 ol SYsle
Oledl ol 58 sy Doz 9 JiS e slajre 5l 5h0e o)l
aiye b bl arepley Sdlez (iluatan” o o0l gl oo dmlone

Syge 5yt oMbl [17] cosl snn,S bl bl 5m pso

! Variable Composition Mixture
2 Element Based Finite Volume
® Second Order Backward Euler

8 olads 16 053 1395 LT o0 Sailke L ise



VoD 9 (5 48 Slmw

6oLl ilwgs v 3ed 43 juzo JULS9Sao0 S ) wglitie waa 3 9 S b Yl 93 bIAI 533 w2

IS 0 A dole Juate it sloaSl o |y ledlbl wilgs o 5 >
Gl 0,00 SOy il loy ez yo sliwle aSl S s
slawi 1 Jloged M4 S ol o ssls (ylad oy lwes (T=T)
Ceadsl 302 B0 jalsn; sae o WS jlae  Slele 4l slaloll
Syge i Gy Sl Jlw 50 a5 > 5 1 Jlag il sae 5 10
Al 5l am a5 5,5 sdalin (398 loged j0 Gl oo el BT B o)y
@ o yledl slass iol8l 0ed o Sl woae 53876 aSlis gla Lol sloss
30 (B ao,8 05 51 1168) (oS )l i e 69848 jlaie
4 lgie 4 ledl 53876 olaws b aSlis ol pls o ls LYST asls
Sy a8 bl jelaiedy il sl Qb cloloe plxl g oles
dae p Gehaie Sl a8 a5 wao o |y ISl CEX (g0 oS cnlio
dae yiSlas a5 0o F bl glaies 4 Sl pl8 00,5 bl il 68
b Ll eSS colysS sae Slaype uSSlie diy laie 9 5 il g8
sl o 0del sty g0 @l Como | el Jgas jsliiea
oy At omiwlxel 0gd i lael ool Ol goae U= g,
25 Jsz) [16] o)) Ken 5 (ool et altns b gyl o0iiS g
Lyt ua>LM: el 00 Pl?ul 1 J5A> L 03 ‘59).!46 Qo g );ol.u
Olgse ) hlSes o cuall o dlivs b yol> dlis ;o 00l dunlie

Fig. 2 Overview of computational mesh
Sllos a5 5| S oo 2 S
=(1/2)T =3/HT

=0 =(1/4)T

Fig. 3 View of mesh deformation at 4 different times
alizeo oyloj ez o (lelone Al IS s 5l oled 3 S

R=0, S=1, Re=50, Sc=10, St=1

09

0.8 :* —&—— 9546 Elements
B — —y— — 17482 Elements
& —-——-— 29896 Elements

0.7 0\. \ s 40220 Elements
BN — ——— 53874 Elements

06 \\\ —--—m—--— 69848 Elements

O C :‘\‘\.

Sosk

04

03

02f
N TR T [T S T TN Y TN TN TN SN ISR TN SN TN W A T

015 10 15 20 25

x/D

Fig. 4 Diagram of mixing index at number of various elements
dilisee slanlodl slass o LYW Lasle Jloges 4 JSub

8 oo 16 0555 1395 LT (oo Slke wtico

LS el 23
e LS"L"“’ &P J! Ol}:‘" 5 LM ub)’ ks, [Cad¥d sl

mopl o aS (sl asls il Lo wols ) LS e roriws (gl
el (9) alayly & ygo 4 el 433,515 oolitnl 8,90 >

N
1 Ci— Cmean)z
M= 2 (G Cnean (9
( Cmean

Cmean 5 abis o cbale G (JUS oo,e ahaie S jo blE slaws N o5
ol il 0.5 L ply dhugie cdale lade a5 cul lawgle clale
G el cpl Jlade (JolS LYt o o)ls 131 B0 o5l o asls
o @pds Syge (IS ma &5 Sloj g WS (o0 Jeo jhe Zeew
LYWS sl 0.2 5 maS Jade cpl aS gbej el 1 jlade glyls aslis
obyz &S ol aliis aile Ll jo el ad iy Oyg0 S e 4
(10) alaly &jpo 4 ole) 4 atnly LIS Lol a5 w05 awlxe
[23] il s

1
DI:—fMdt (10)
T T

oy99 %z b g Su bl Sallioe ol spSaised Sloj ojl T a5
@ly ) BYS e 2l b (233l ao s sl go 0 g glis
al LS| (a3l & s (Dlour) JUS (255 53 bS] (asls
o Cewsay (11) abal, 51 (D)

_ Dl = Doy

0,
DI x 100% (12)

7Ll -3-3
ol @l aSis ool b pee colos 5 (S s30e sla s, o
@ G e Blaal sl JEs @l (03] sy (rizeen
BB ,5h sual semgar slaJyus e slass 5 oud oy 4Kl e
13 (5 gals aslp sl Glaj Do g ol Cawsds gl (slala>de
Ao S oz ol (39 FSZeS g o uSem slaw Gl L
@y &8 peka | bz L8, Ol el glay e (So5 0 L’ﬁ"’
oy 4 Odewy JWo 4 dges addllas 5 oy p i Sl olen
walyS (6 pSetar Gl s asly sl by Sae bz S8 )L,
2 0l L8, Geogi C8s Gl e e 2l b gl il
2 o) A A SG aalp ll ley Sae ialiEl LS
sl Jed FB sl 4 glsn @by slal ooy Gae (n S
8l Cews Gl Al sl il

e adlplole aSed weanS lugi 0 sl eslaial 3,50 oSS
A i oy )0 Glwg disS e g oS oo lwss +45" adls o 0y ol
A iy 0 dgd e 395 jalme aSl (Ggy oy Slibl aSD oy el
Syge ASeh JS& s slaty, S ) oz Gl b slapiies
6ol sladlmd 5 b ForiS s aled col (See e 8 o)
I, e sbpz 5 ol Shls slalhs sbm! Jlaisl calinw ol 095
At ol Sl b ol o5l ole3 oo St ol 4k (6l 0 00 YU

112



VoD 9 (5 4id Slxw

6oLl ilwgs v 3ed a3 juzo JULS9 )Sao S ) wglitio waa 3 9 S b Yl 93 bIAI 533 w2

Jedon ol (rmed 4y S g0 et Sy s b albbaswy oy
peS e Jlosl 635)5 & o) (Gadbglie 58 Jlow 90 aBlbanugs oy
o b dalize S8 slatuns ;5 wdbarag ce s by p [2221]
adez) JBr Bl 5 lid og yho e 4 (I i b LS,
Jon 69y 2 w2 Ll AisS oo (st s WSS dolre I (g 2]
1y aBbanwgs S pw Jdgn Olgien )08 (o0 ;5L A8l Arwgi Sy
L U sl (12) abal, 511, gl e b o boglore e Jlaw g0
D591 Gy B (639,59 4ilas o3l

[ y Y\

ufieaiza(). e

U°<1+Ah/2 B(57 > y=0
vor= y Y \?

e

1+4 B <

kU°< A2 T P \n2 ) y=0

5l wtey =0 ,0 Cepmlpy ¢y sloeS 5B gAB A S

(12)

H2 —

2u,
B = Uy + 1y (14)
Zﬁl
j=tr"H (15)
2y,
p=t2th (16)
22112
Up = — (17)
E s .
_o4 (A4 BB (18)
E=2+ ( > 3 )

Sglae JB> > glp adlarwg coyw S8 R=0 0l (I3 L
R=0 5O ey J...Bj)x » OBBLC "7 JS.}B“ 5 Q‘}Ju’_o ‘)‘Juf’ Cawdy
J= L {(20) d.la;.‘)) Sl o 5l ean] Cansy ey Jubgp anslie

58,5 osalin 1,50 jalsu, sae ;0 (R=10) 15 o)) connd 5l o0
oS 5 2l o s 59 0 ot ST 0580 sanlie o sbolan
Wil ge 30,0 0.03 3

by Jlow 98 bSLs1-2-4

Re=50
1.5@w. ... weeseeeee e R=1.5 Present Study
i '\-ti':m —~-— — —— — R=15 Analytical
~e. e —-—@—-— R=0
1 Te._ i .
B S "\_
- * e
. ®
b " k1
0.5 l,\ /)
| b o
i -
S of A 1
=5 7/ ®
4 7
.-/ va
/
0.5 2
0.5 y - P
e 0
L g J -
= 7 ¥
g -
P o
S L L )
] 0.5 1 15 2
UMVu

Fig. 7 Developed velocity profile at R=0 and comparison of the
developed velocity profile for the present study and analytical
Solution at R=1.5

Cwddy ai8ldrwgs iy Judgpy duslie g RZ0 )0 aldl drw o5 Judgp 7 JS&

R=15 o Al J> U ol goue J> o]

113

o LW (asls 04d e canlive a5 jshilen 5,5 cunlin 6 Jss" e
351 eSO e 5 335l 0SS L w5 sk Bl (gjlwand go

Mbu’_aa Qoo

@S p g e 4

69,9 4 odds Jlosl aidldnmgy e pw Judg (59)5] Cawddy 09z iyl jo
Ean S b wles dill Gl cr gl g S8y glacens o (JUS
a0 bgliie 0 Shae 2 oSl 50 Syl 5 Sz 05 Dyl 3
Sglite S b Jlw 90 5 Sglite JBe b Jlow g0 ol Jlow g0 S
Az (Dglas ol a5 al aalgs cols lid g Cd S e 13 anglie 090
LS alys 00 bglsie 8 Shos (5 ,Sb

A8l aruwgi s yuw Judg 5y -1-4

Wl dnwgs Jdgp Ojpe & (83959 0 S 3D Gy &5 jsbles
Jedg el Sglite Jlw g0 cj) 5 JBz o5 L] 5005 o Jlos!

C, =10 % 3 Lo
Emm— |
I—
I—

h

]

)/

c, =00 Jl 7

——

0
AL,

%

D Channel walls L

\

Fig. 5 Schematic view of Shamsoddini et al problem [16]
[16] o) o 5 sl oy Alitans Siilos 5l 5 Sl

[16] OSas 5 (ol pad s jo aid) IS4y o g0 olael polie 1 Jgusr
Table 1 Value of non-dimensional numbers were used in Shamsoddini
etal [16] problem

Iy l L

Sc Re St — — — Qs ey olael
L D D

10 2.629 2.629 2.036 30 1.6 polie

- g ——a&—— Present Study
= —--—@—+— Shamsoddini et al [16]
08
e 0.6
Q -
04
02
L |
0 ) 10 15 20 25 30

xD
Fig. 6 Comparison of the diagram of mixing index between present
study and Shamsoddini et al [16] results

5 ol s gl b ol dalllas o LY asls o ges duglie 6 JSi
[16] o e

8 olads 16 053 1395 LT o0 Sailke L ise



VoD 9 (5 48 Slmw

oLl Hilwgs O e & juze JULT 9 S0 i )3 wiglide wa i) 9 3 b Jlw 93 LVAL S33 (w) 2

Ol 2ol & znie lade col Sl A @ Jlag il sae (208l 5 09
0y (Slugs Ceepu Glal3l 4y peie ¢ Jlag il sae aali8l 00 5 o LIS
Dgdge als)S iy Gl 4 e s Su U ble res 5 005 0
»Nsdie SISO (Do s (26 o pd sbml 4 g deals S )
PR & Su3p g i Plo g ()8 la sl wlo S o) RIP o
7B S olul 4 e oS Glag S p 3580w JUS Job
JUE Jsb jo el ooje 0l (Ml oles & gy (Dl g
abis 53 0.9 505 Jlogwl sae 90 000 0 7, e S 00l 0
2l & Sl G S plS e gl DS (22ls ol Sl

3,90 caliee Jog il slael o Sy Jlaw g0 ST s ol o
3 ST (a2ld jlages g clale jglS (i o0 28,5 walys I3 (o p
(S=1,R=0) ;LS SlS Jlow 95 a5 > (sl Jlogyiul sac 10
5,5 canlie "8 KA o 1) antes
Sgaty LW )50 0.5 e 4 Jlog il sae (il58 b cdl> ol 5o
Olee s2lS 0ol 0.7 Jlagywl sae b jlade ol 5l i (iolidl 5 azily
dae dazme il b aS ojls dalol & jes ol 4 &g, ol s LS
s S e 2alS 5 20138l 00 Slegs Dl s sals «Jlag il
meply> LW dgugp vl 0.9 Jlaie b Jlagyiwl sae o,bgs ilidl L

0 0.25 0.5 0.75 1
Concentration
- —m— - St=0.1
s e S
09— B St=0.3
s o ——e—— St=04
N S - —@—-= St=0.5
08| —~ i —
N -—
N |
0.7 N,
v, SAC
0.6 -\\ A _ —
- T oo B S
B \\‘ A —A—._._a
S osfe . S
o ey
L2 ,\\\ '~-..v§
E Ny o,
IS N i
= N - i AL o,
: RN —
- '\_. ~
03 o Te_
E e ‘.\ “‘~*\__‘
o2 T . . _
| - Woale B
01_|||[||x||1||1[|||\|| T P O N T S N T A TN N N TN P
5 10 15 20 25 -4 0 4 8 12 16 20 24
x/D x/D
(b) ) (a) (<l
0.7 o
L — —a— - St=0.
oy —-—a—-— St=0.7
7* "\ [—— VR ]
6 __\ \ — ——- St=09
Rk e S1E -
05~
b el d) PN
rmled PONTH W N
02f
0_17 TN N TN TN P TN N 700 T T AN O T S N TN S O T O PO W T T I
5 -4 0 4 8 12 16 20 24
x/D

(d) ()

©) @

Fig. 8 Mixing of the two fluids with the same properties (S = 1,R = 0): (a) Contours of concentration distribution at 0.1 < St < 0.5,
(b) Diagram of mixing index at 0.1 < St < 0.5, (c) Contours of concentration distribution at 0.6 < St < 1, (d) Diagram of mixing

indexat 06<St<1

2 bW sl Jloges () D1 S St <05 Jlag il sac sdgamme yo cdale 1quls (W) 1 (S =1,R=0) LS, olss b Jlow g0 LM 8 JsCi
Jog sl dae s3gazma j0 LYS] asli jlogei (3) 0.6 < St < 1 Jlagiwl dae s3gazme jo cdilé ,gul5 (z) 0.1 S St < 05 Jlag il sae o3gomxe

8 olast 16 053 1395 T oy uilfe usice

06<St<1

114



VoD 9 (5 48 Slmw

oLl ilwgs U jad &3 JuTe JLLT9 )She K3 )3 wgliio v i) 9 I b Jlw 95 LWEAI GS3e ) )

gty LS e 0.5 e ay Jlog sl sae ialidl b o5 svmliv
Sty Sl vald Glade cnl 5l Ao 4 Jlag il sue (2al331 L g 4l
Jlegital sae lade piitad LW (e 2alS 5 Gal8l )3 (005l
w8 55 (Dlgy) aly bt (ol plsie 4 o sl 05 llas
5 osllae Jlagul sae 5l Jlagiul slael (235 alols 15T ol st
5,5 oaalin 3 Jsuz 10 lei oo |, LS

Oliee G205 4 950 950 (al wals lsie B 9 2 Jgoor 50 anmlite b
o 6 Sy el Sigline Jlows 90 Sz a5 > 5 LSS
oS wloyoo |y Egdge ol 5 s Cond Gy SalS Jlow 95 &5 > &
b 55 48 I ay e el Sglicte Sl 55 JE> a5 Sl o
Sl 50 LS 5 eaS il Syl soe el LSy llS
35 Sl aed Sglite JE> s Jh 50 45 b sl 0,135
s Ll el oy losgi 0,95 <3 bl 0.8 Jlag il s 5l L3 b JULS
Olyads s 00 Hlgd 0,50 So Ll sy 0.8 Jlagiwl sae
0399 5l ey Gl AL oy ol 0j90 S lp @ Ll wigd e ol
g oo ol (T =1Ts) 0 ol

Sls 95 5 Slwgs oy Gl 3, p2l sl ) e (g s
s Jloms JEz Gl 5 G gyl Gl olyen a Jlew &
Ol dedee Jlew L8, 5o Olints (ad JAS 4 i oyl GRS
Obea boplp ol ol 3)ly (6950 5 Slog Sy 4 o> S B Sl
S e Gl G Rl aao e las STy (Glugh Sy
Sy Glod b ply Slpess QU g Ll @S Jbw 4 00)ly Sleg
oale Jed ol e piie nds S g O Sedioe e ) ) (Slag
S g JUS S 0 baste aepe (U 5l alais K, o Lds]
35 Hlgs gl 0,90 S 9wl oy awgy Jlew 4y 08 )ly Slogs Cue
Syden (T = nT5) 0 Sllogs oglis 0590 wiz byl o yuicie

3 605 oy sae o /D = 11 aais 5 .5ls Lo Jlag il
Oyt WS ol alaii ol 5l as 0.9 Jlag,iwl sae jo g aladi ol
ity ol o 4zl Ll s L Jlag il plo 4y o |yl
I ady (JUS (20 50 9 sk yo anlsn als )5 ()T j0 o8 el Glug
Iy o Slee oy i 0.5 Jlag,iwl soe dhis cpl 5l J3 6 iz o auS
xe 055 co sanlie LIS asls Jagas j a5 jebolen Ll wcasls
ol S 5 conl atils ol Olss aw 4 akais ol 51 LS
39.14 x/D = 11 ahais o LMl Ladls 4 cand (g5 0 LMus
Ao, 64.349 (M1 0.9 Jlog il sae 10 a5 5 so 40 wdlse doyd
3 5 Job 5o a5 0.9 Jlagrwl sae 10 sas 0 lis cpl 5 ailb o
0055 bglins 0 osalie 45 j5bolan WMEES (5 tiny 0, JUIS e
Oy e oo 00l Collae Jogiul sae a5 0.9 Jlag ul sae jo
sas o LMl el cdls b leg mwl ple a4 cas 1) o,Sles
Ao (Dlge) ab bsl jasls plye & (295 50 osllas Jlag il
slln Jlng il 36 51 Jlag i slacl 58,5 alols b5 550 438,5
W gy 45 e 00,5 ssaline 2 Jsaz 4 elsies |y LIS
g el (Tg) o oy g5 050 S by colize JUIS' 50 &yt oles
Ll bS] s 1t e 5Ty (T) 655 o e 5o
rizmen ool oad 43S L 0 (T =Tg) oy ooy oslis 0)99 S
9li5 098 (slanl jo "3 UKL Gillas ead ool ylis cdale sla,gls

loas ool Lz (E=10) op

rglie Iz b Jlww 90 LSS -3-4
3fles g LS 5 Jhw 50 J&z oog Oglite 5B Gide ol 5o
Mg g chile Lol g 08 JIB (omrn 3j90 oS bgle
U 30 2y o b ly Jlagyid sse 10 0 Ldks! asls
"9 S o |, aites (S = 2.5, R = 0) oglie Lyl JSe Ll ol

sue 950 julsn; sae o JUS (295 0 ab LWS (a3l 4 i (S =1, R =0) (Lss (olss b Jlow 50 LIS pliee alS b (il 331 2 Jgur

10 el

Table 2 Increase or decrease of the amount of mixing of the two fluids with the same properties (S = 1, R = 0), to mixing index at outlet
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Table 3 Increase or decrease of the amount of mixing of the two fluids with a various density (S = 2.5,R = 0), to mixing index at outlet

at Re =50 and Sc = 10.
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