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ABSTRACT

Numerical simulations were performed for studying the flow field and concentration
field of viscoelastic fluids in static mixers, and thus the mixing performance and pressure
drop were analyzed, using Transport of Diluted Species Method, with the aid of
COMSOL Multiphysics, under laminar conditions. Two mixing elements were employed,
the SMX element and the Sudden Contraction Tube (SCT) element. The mixing
performance was analyzed for varied mixers with different combinations of mixing
elements (different types and arrangements), using different fluids with different
viscosities, and different constitutive models accounting for various elastic effects.

Several findings are as follows. (1) The calculations using the viscoelastic model
(such as the Giesekus Model, which accounts more appropriate the elastic effect) are more
consistent with the experimental results than those using the shear thinning model (such
as the Carreau Model), and the latter underestimates the mixing effect by about 18%.
However, the calculation time using the Giesekus Model is about 5 times longer than that
using the Carreau Model, and both calculations are qualitatively similar. Therefore, it is
recommended to use the shear thinning model for optimization research on static mixer

parameters. (2) For the widely-used SMX static mixer in industry, the universal design
rule, N, = %Nx —1 and Ny = 90, proposed in the literature, can be applied for the

mixing of viscoelastic fluids and viscous Newtonian fluids, according to the present
calculation. Here N, represents the number of cross-bars over the width of mixer,
N, represents the number of parallel cross-bars per element, and Ny represents the angle
between opposite cross-bars. However, the design rule can yield multiple sets of design
parameters, and the set with fewer bars should be chosen for smaller pressure drop across
the mixer. The final parameters for mixing optimizationis Ny =6 ~ N, = 3 ~ Ny = 90.

For fluids with lower viscosity (such as water), using the commercial standard SMX
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mixer can achieve the most efficient mixing. (3) Compared to the SMX static mixer, the
SMX+SCT mixer has significantly higher energy consumption, so the appropriate mixer
should be selected based on the specific application. (4) As the Weissenberg number
increases, the elastic effects of the fluid are enhanced, resulting in reduced energy
consumption and improved mixing performance.

This study provides a theoretical basis for designing high-efficiency static mixers,
which is of great significance for improving the mixing efficiency in industrial processes.
It can be applied not only in traditional industries such as chemical engineering,
pharmaceuticals, and food processing, but also in emerging fields such as bioengineering

and materials science.

Keywords: Viscoelastic fluids, Static mixers, Laminar mixing, Mixing index, Pressure

drop.
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T_i~ #edy (spatially localized data) > ¥ #3748 :8 (7 T e T 04 47 $30IFRIA &
Bep i freed 1 £ L A £ 8 o A2 FuR &35 % % 2 Limetal [19]59F %

YL B A
“:_,—5! 'F%?%_ °
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% 2016 # > Mihailova et al.[20]4] * & § &+ % &3 i BUPEPT)H i K #2 7

SMX # 53 & BP chimf {7 5 o3240 5 W 1 2 Al fost 2 Mg B A G

1B

L E RRIR IR G S PR RS s I H

B iR LG T B IR

5
4=
2R

4

=y
34
e
IR

=
3\
g
3
W
Foom
5
G

=

frmk

Y

~=h

&

9

% 2018 # » Zhangetal.[21]fimsf » v & * T 3% S84SR d B4 o F 3t o T
25 (oW 15 977 ) # B AR £ cn F 0 AT T R T RO A
PR iR ET o AAERA{eAREIA R A AR o B R AP 0 F T A BHES ~
TR SRS AR L 5 180°PF » ARMITARSR £ R T B L 0.9 0 % el AT

FREA T RHRRBRERLE S S EARRE- B 0 .

W15 TA)%HRER - AW Zhangetal[21] -

% 2021 & > Migliozzi et al.[22]4]* T & § 534 # & £ (PLIF)H e k77 7 #F i
REEY M B 2 AR L F DR - A RIS AR E FeD

At 5 5 Kenics MR & Ef- SMB-R#F &2 & B 102 =87 b R £

PRRFTHERG A EATE | EF A EPE I Y FRELFHND

RERAFHFLE A2 A ETSES P BN § AR A4 7 R
/L{'?/ﬂé?l‘éé'/vag I.} K l';(‘_o
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% 2022 # > Michael et al.[23]3% * 9 % = /2 fr3t 8 ind8 4 £ (CFD)H5t » £+
LAEAFREIR (& AR R o2t AR N ) A SMX B R & B Y and 75 o 3
FLE R AT AN F T R e € B B AR RS 4
FEERIR L BRRAOE R HR L AR TR o pob s Ay L % CFD
FHA A a2 n Al R BRI A o IR

& 2024 & > John et al.[24]7 * 3+ & /48 4 % (CFD)#:# Kenics 12 %8 & B 7
AL E 0 FE A e B AR L R ECHPYR & A A B B R F I
AR A G0 § FRA S BAE LR At A4 R HAEA R A R & Beh
BERIR Y A R MG Rl G L Rl I E A SR AR S
WM A g T R A D Rl AR v R B BRI AL
ARl AL ERLTE

B Egfed cBEERLEBFIHETHA FFHTE MRS A LPRE A
RZJE* A eanl & @Az o F Len- BPRET L RBIAR LR 3 LT
BT 2R & o BARR € " MR P i o @ § #dc(Reynolds number) % {7 24
ol o SR E R F R o AR o d 30 L RS rs g g s o TR AR
Ef i TR - B RN L B et @2 s B #Un g g P oa
AT I A et e o KA FR SR Lk o

L B AR AR AT B R FIH AR R B R

AR DR

v

& RARY i BAAT RS REFIIM R B 3] g 0 JEA D e

N

Ao TR R AT SRR M engsE e R 8

—_
|

By~ T kR b o
AW A 5 A i Beo d 0 PEE AR {osEi s ZRSEIRAY AR £ AT
EAMMBAHIMB R FNF L SRAMANREY TR E AL Xk

B A AR R R AR R ST B o
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SEF AL BT foRT ALY B IR 1 IR d i RORRE I 5 AT AT
WESRE- Bed 4l & o @HERS ¥ RS 2170 & BN 000
Ak R A F o AP B F 0 T [25] - ¥ Ak [26] ﬁ%’*&[ﬂ]fiﬁéﬁ COMSOL
Multiphysics #x 48 [28][29][30] 4 8> » #¥f Gan et al.[16][17], Lim et al.[19], Mihailova
etal.[20], Zhang et al.[21], Migliozzi etal.[22] % % D& FHc B3 8 » Wk FE ki &
FEfh o H¥ fé ‘;xﬁim?“'mﬁrm Bl NEFEHREN PR ER Gk AT ERHRE

ABFG T 2t EAMFEAMIIM AL XR A R BB RSH

=

EACRE R £ Y Ak s - AR A1 E TR IR & PR

RET h I 3 E AR 4 F (CED)EA - % Sl § 2RI A A8 00 £ B

¥

&

ke
GBIy %K

AC)

P RAR SRR E A SREETHI T
P A B h T 1 R R Eoand o R ek A A g I
0 HlES Rl F 01 £ ER LA BV RSIE B PR
T #f R Dt W EATY W E A S AT R £ AR BATDR fE > 2R

AR 1 ¥ PO TR B o
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¥ % EHHEY

21 FEEEAFER
211 SMX #iER & B

A7 ¥ SMX # f R & B (Static Mixer)p e 3-2 R R HiE 73 8 0 SMX
FEREEDS P oM 221rr HHERFABLREF - d FBARF
R & A i (mixing element) B i@ & ~ £ ¥ O FEE ¢ (5 W 2.1) 0 R ApAseS
BARH s BARancl Ry - BAREF AR e PR 90 A&
W21 5 £F3 e BREAZAREEG T AFERY 7 REBT A 2ok
poehnit e gl - SMX R G EARA 5 0 inil & B BB 7 LI 5B XA
RAPRORERZ AR W2 GE R FRZFSHER(O)F 5 90 B 0 R R DEKP
?fgl‘“‘ UN, Zm ol MRS S - ERERL I SBEL T - BIR R
Fo At Ny A7 o gt 00 Ny fo Ny AL 5 SMX iR & B i Sl
4o B 2.0 457 iR SMX A~ 0 BN, =8, N, =3, 6=90° « g R & B ingk
fE o R B T RS L KRR S Bodek NPT P A
= ;% (Lagrangian description)s€ ¥ /48 5 B [F] ¥ # > € B < Il 2 2 % 4 2
i d - o - BER HBEIY - BEG c ARET T R A AFRETEA

WESTHE X 2 v X o G g BRI E CERHA G A E

B B W fedBdr T N e AR B S S B 90 R iR & B A i pEs
B BRG] G R LT S b i ity R EE A
3@%_‘1"_&‘“ %i’zﬂ ] in f‘r’i‘ﬂw s IR_# ’?ﬁ P [18]
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W21 E#ESMXe A@d#EREE H N, =8N,=3,0=090°*B4&p Singh

etal [18] -

% fh SMX ## 532 & B 0 #-L4E 7 2 fx Limetal[19]50% % ¢ #i¢ *
Briderr i AMEE/AD A 254mm-E - R L BARER L 5 254mm>
EEBEERZVELL/D=1 2 AERI H-o FEE RS 40mm > BR S
308mm ~ 5 & 5 Ilmme #rié * 22 SMX #EREEXLF 8 Bt BWER L
203.2mm(3 ¥ 8L) s H ¢ F- BAEEE - B2 5 B F (Buffer Region) © %
HEERRRFRE P FA BAE SHE N, =8N, =3, 6 =90 § it »
REEG TP EEERE Ep L BE AR A IR 3 TS

Weog B frd B g o SMX R & BHCA4eW 2.2 x> BY 2 7282 - wnig

B BB BT R EEHRBERTL L HEB Ny Ny, 0 BB (FE 1 Sl {70
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(@)

o

m
0

-10

0

10

0 50 100 150 200
mm

(b)
W 22 SMX #iRE%E:(a) =@ WSAE o (b) - ARle SALE - B 5 As
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212 SMX+SCTR & =

AEES T H SMX B R S B FaE B B R G F (Sudden
Contraction Tube) (¥ % R & ~ (2 4% SCT ~i)> B &3 SMX # LR LB
P2 5 SMX+SCT R & B oS RAFH 3 ~ L § it eriBlionfl > & 4 7 113t
B R R R S B RN P RAR £ 1 o SMX+SCT R & Benf im

e S - ] ST B T R S ERE G 8 B A ME R 5 203.2mm(T,

W) Y BB A BAGLRLL 254mm @ ¥ - BAEEEG- BAR L

%
2|

% 7% (Buffer Region) A% B R & A2 o m— | & 0B P GHT b ihy 3 A0
e R EENT sl R L A28 SCT REGRIE hE 22 B 5 Dyer /D B % ff 0
v g+ & ¥ R &5t (Contraction Ratio) Ac /Ag = Dscr?/D% o & 2 #-5iB R A b hR
MW AcfAg M2 AR RBREHABER o T REFEN VDR E R

SMX+SCT iR & BHA|4cH 2.3 #757 > H P ¢ 5= &% - @b LW -
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(@)

(b)
W23 SMX+SCT & B : (a)= ‘&= W RB - (b)= e BB - B 5~ F

“5i2 {40 COMSOL #5482 §2) = & & Docr/D = 1/2 » Ag/Ag = 1/4 -
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213 A *EXK
AR AR R TR E B o iR 4T o BRI 5 2 T ORI 3R
* i @2 (Transport of Diluted Species Method) % #F 34 14 & 8™ 2 /i 48 &4 i
e BfRGIE S IR G 2 AL s R E T LS 425 (Continuity
Equation){r#: £ * 4% ;% (Momentum Equation) % & 17 /i if p eh= Bins{o/R 4 5
i M EEARSEFET G2k BT R DBE » UBRIMR S D
R e @R g RS Bl 0 A Aok ?}EL Limetal.[19]en§ %%
G LR R e AR B Y - R TR AR RS
10(arbitrary unit) » @ ¥ — A8 chde BOE R K 5 00 IR e il R-H
WAL T L2 B B0 mYs]) > i 5y B R & BFH AT RS o A

Sl R E ok o @ AR Rt R AR G T RIB G -

2.2 ﬁﬂﬁ?

A F B2 88 5 Limetal.[19]2 )[?% LE- LN s EE S PRE | ST | IS N
4 1% (Carboxymethyl Cellulose)fr2 =+ -k (DI water)#te @z 2% > kR 5 1%
05 1% CMC 3 ik » 2 A st &) $3in i SRR ATE 7 2 iR A0 > 1 i A

PREHE R

Bt B 2EA AR AR g pE o d Y CMC 3R & B i ik o B A
W2k BRAEREFFL MM G Fl A3 &% Carreau-Yasuda 3

[13] k%t & 222 # 48 edk B o Carreau-Yasuda i3] e0= 258 5 ¢

B = oo + (o — Heo) (1 + ()4, (2-1)
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BP ol 23 T RS AR R TRPIZAA T 2 AT RRS
Y 2R TR ARAE A A 5 $HcRks pF Y (relaxation time) ; a & — ¥ A F#k
i+ n & % 4p#(Power-Law index) - % Lim et al.[19]~ /,% ¢oEH 2o Zh aE

A & ¥ z_t2(Power-Law) » H & 4258 5 ¢

u@y) =my" T, (2-2)

#¢ >m 3 AbfF (2 #(Fluid consistency index) ; n = F f4p#ic - Limetal.[19]3%- P &
B2 » 22)A Y Bm=335Pa-s"frn=060" 2 REF yHT Sl

y=64<v>/D>H7? <v>LREBNTONE D 2REEBRNT FIRTY AL

P

BT (-1 % (225 4 Ba T Y (7R E ) ol (2 A 1 M)H

o
v
3

MAEEE TEY A RS ER A T B QDA Q2)H B B R (L
YR z}?&-ﬁ)l}’ (6 & B LB HCA] (T Giesekus #57)]  JLAE T 22 2R
BB ) B B % 4P 3 v R o 1395 Bird et al.[1]#7% it » Carreau-Yasuda #-3]
T A n T &t V- F 2 }I% Benchabane etal.[31].%% % » H & B 3
ek B 1 CMC 7% 3% (0.2% ~ 6%) » ) Carreau-Yasuda H-3] ¢ 02 B S#ciE » 2%
Ik 2.1 %7 » 3¢ 1% CMC 3% T 5 Limetal[19]% S “i45 * % » & % 2315

St B AR AR R endiodp R T RCER -
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%21 ARkRZ CMC 3R s GaRA 258 Q- F 5~ 2 S8 & 287

Benchabane et al.[31] °

CMC(%) A(s) n po(Pa*s) oo (Pa*s)
0.2 0.010 0.67 0.019 0.001
0.4 0.016 0.65 0.045 0.001
0.8 0.060 0.60 0.230 0.002
1.0 0.088 0.61 0.530 0.003
1.5 0.172 0.64 1.970 0.020
2.0 0.287 0.66 6.355 0.024
2.5 0.530 0.69 21 0.038
3.0 0.865 0.69 48 0.040
4.0 1.026 0.68 70 0.040
5.0 1.804 0.67 200 0.045
6.0 3.459 0.67 700 0.060

f AL 5 A A (SR & G Mo R)E ¥ S 5 0 COMSOL 3 3 # 48
[28][29]4% 71 5 A7 Fehie = 5 2 AR R Y F AR P PR e SRR R
BRARSE LAY > F Ry 7 Oldroyd-B #-%| ~ Giesekus #-3] -~ FENE-P fi-%] 14 2 FENE-
CR #3] ¥ o @ AR 3 b an i A Bk foie 2 5 2 4255 > fy i 3300 8 3k iF
AN B RR I MG R R R TR o AT EY Giesekus oA 1T A AR
i A S A2 30 99 ¥ jE Giesekus[14]#73m 38 > 31 7 ¥ St R T A Al
FARREP R L P ERIMTFTHINCMC Rt R F Foo

Giesekus -7 8 — f& % »0fp i Bk im R (Aodb50 8 (7 5 B 0] o 2 1,% v
R T Giesekus sk S & L[14] 0 2 HCF AL I B L & #03] (upper-

convected Maxwell model) ezt @ » & F* % 3tk it 2b 2 3p gl v sl M4 20 g o U i 1B
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Hm R en s S B4 foa BRI~ FlRMA 2 AT o - A0S kgt
2 # R eyt o Giesekus 3] d & Bk s > ARV Arle s o F T RLGHES 2R

MG BY - BN AET AT RN Y - BRIAET RS e

%ﬁr} 5l — B3E et englic > T Giesekus ¥ st fERt % ¥ o Giesekus -
Al de 5 LA FER TR - BAF R R IR 4 B REAF o @ H At
Ry P R R o B 2 o Giesekus oA H - B * AN ARME AT T a0
TEIE VARG Y SRR T L T HINR TS B R E
{4 enfafd > &2 #3023 §3F w4 ¢ Giesekus #-4] 07 4258 o

*% 731 3 34 & ¢ ¥4 * Carreau-Yasuda HA|(H 35 8% 8@ % Rt

PEREATIR)EATE 0 A 3.5 & ¢ Y Giesekus fA ki 7y o e
Carreau-Yasuda -3t B S %@ F4p 3 1 i = X F‘ Z BV EL T GREM TR IR &
S ¥ A AR E R R R 2 e R R R TR 0 1T R

ﬁjé_ﬁf‘jlllmlﬁ,% 'H’_Z& ):‘%’Jf _!» _rh)’é' EI %%ﬁ‘ o

2.3 i fesd
2.3.1 PRV

AE R B ERR Y IR g S e > g AG R Y g hAlig
F(F £ = 42)> #23 (Continuity equation)fr# £ = 2= 42 3% (Momentum Equation)
M AN R AERERY TR ESEE A AR 2R B
£ 53 #2587 5 Navier-Stokes = #2378 » H B4 B R B F MMM (% o $30 408
BRI R S i g ke B0 4R N (L i i Glesekus 1503)) Ky i B 222 H A oD
B ARG YT 2T L ANM G R THFRTE { ffieo

BRI G A T RS RS w2 R Bpo AT 2 S
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i 4§ > 42 ;% (Continuity equation) :

pV-u=0. (2-3)
# & < |22 42 ;Y (Momentum equation) :

du
P tpw-Vu = V-[-pl+1]+F, (2-4a)

HY pi BB S uirdE BRI AFF 5 p 5% /& 4 (dynamic pressure) 5 I 3 =
P SRR F M TR EWY (57 A AR b R o bldeE
4 &

R A foRd &5t L4 5% E (extrastress tensor) » AR 4 friE L

(R AAEB) R+ hifr RS BN A7 5

T=2uS+T,, (2-4b)

HY pu 238(* ¢ 2R EF A F 2203 5 S 5 B% F % £ (strain rate

tensor) ; H A2V & o 5 ¢

S = %(Vu + (Vvu)T), (2-4c)

2P (Vu)T 5 Vu gk ¥ R 8 o af (2-4a);t P o T, 5 SR (2 ALAREN) R 4 3R
-HFEEF T RS REEFARGRE SR HIE RS KT T,

%7 5 & B (modes) i fe > H 3 gpN A 5

T. = Zm Tema (2'4d)
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BT #%mBHEGPEEES RE 20 A3 A FREBHG G
AEM o 2 AT EE Bk Fl AN % 1995 COMSOL g ie £ p
[28][29] » H @& * Ji& 4 A5 chEd s @ﬁie?] = #% ;% (Hyperbolic partial differential

transport equation) % 1% 5 A EHCE] > B 2 2t &7 5 0

e rm(Tew) 5 —fp (Tern)S: (2-4e)

Zﬂe
2 ¢ f, frf, & % & £t Sfc(relaxation function) # 4k & %]+ (viscosity factor) » = iﬁ"
AR g4 RE T o Landfcr BB pihle 33420 a & A 5 RE PR

relaxationtime) ; Y, = R EF AR S S4rfk Fit > Z R FRE ;M v FRLE 5 i
T

H #5855 (upper convective derivative operator) » 2 3 42V £ 1 &

oT
= SpH @ T - (VT + TV, (2-4f)
4ok 2.2.1 F 491t 0 AAT 7 E % Giesekus #0417 5 ARSE R che 2 3 25N > H

AT P WL AR RS hin b o % R S R AR TS T 4

A

f, = (1 + aemﬂTem> T..,. f.=1 (2-4e)
Mem m

B a, & & F A # 5 F]5 (dimensionless mobility factor) » ¢ 82 5875 48 chgt 3 pF

Bed 2% o A BER TS 025 RS S 7 jcacd {85 -

P24 e g R RGO URBRL P REORA B
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2.3.2 ﬁ‘}? [l BE

A3 #4242 5% (Continuity Equation) e # £ = 42 7 (Momentum
Equation)* #17 2_ = i 8- » 14 & 7 @ ;% (Transport of Diluted Species) % 3+ 5 it
FEP P TR RS O BRI AR % o 2 4 MR ¥ P fEap 2 425 (Continuity
Equation for Species in Molar Quantities) » =¥ 5 & & = 425% > 445 A A &4/ B

WR(RRTE 5§ 8 BE L) BIF B AR R 4T

aC
atA +V-J4+u-VC, =R, (2-5a)

ﬁ\:‘ CAﬁ'#ﬁéAmﬁ- /E)iyu,wff)ii’g— RAF*”%éAmF)%I?(j\PiW }'a,

EKETE0)5 ] L kRFHIE £ £ (Diffusion Flux Vector) » # = 258 & 7 5 ¢

] = _DABVCA (2'5b)

HY Dyp 448 A e 48 B P} engie Glic( R 2 R Wi 5 101 me/s] > BRI

H FIEAS AT IR R £ o) o

Ay
R

FAREY A RE TS N P EA ST kAR S TA 5 00

B AR e

_DABVZCA +u- VCA = O, (2'6)

Ho —DpV2C, 5 4B4CE » 270 %A T HIG Lad T A 2o vd kAP
B ATERD o fp it P ’?ﬁ/{*\rﬁ ERREw MER REBHICNER, m u-VCy 5 ¥indd o
PO R Bl YR RS A sl A A 1@@?] s T RAKTHMAET 0 b

FragdienE i g o (2-6):8 T 5 AT L ¢ MAFE @R A E A R HER £ 2 5
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B fesl o d - BECIE L - NI AT A s A driE B Hu iR T 0 B A T\ﬁir’

RO ENC RN EP T ERS BFE I ORER R -

233 RmeEfHk

F)# P EE R T RS BN TR E RSB AR EAF o k2

TN
Ny
Il
U
(@]
~
)/
7
o
b

wx L F ) Cp =0 (» et &

FrfF BT r 2R B4R 0 AR & B B
£h 0 B AR L B e A2 R C=Cp=5(ts C=C) - & &
BRAER - e B G R A AEA > TR G ¢ 4 BBl B R L A

B R & 4p #(Mixing Index) - # % & 3

yN (Ci-Coo)z

AR (2-7)

Coo

MI

Il
[En
I

HY NEE-dho o > RO E C 25 -fheda? % i ghefak
BiConREBR2RE2ZER > HicES 5

Bt ek R HOERT 0 Bl R fRQ-T)NE R SR ML > kTR AR &

2%k FMI=1 AT R2AE A MI=0 PFLTRGRE
24 AdpiEpid g Rixi

AR B g o B Ao Rt FEE T L% %
oAb YT AR ERFaRE o n @R EE R AR g

By

G

g'r} ’Fﬁ‘frf’r :‘T:“ ° L—%ﬁ‘/q ’Fﬁ»lﬁzz‘ Fﬂf‘%ﬁ: —L g4, E} N /;‘«\ e é;ﬁ

o=

g

ER
s

¥
G
4

hefE o A2 MEim i R AEOTAT T R R SR R B R 2 R R RCRRS

R -

R
*ﬂ
5\
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FusvEwidBEupFEFx yi i e b BAE o B z#h g b

PughE b PliniE A 2 SMX RS BRI LG G RiEiE S

dc
u=v=w=—=20, (2-8)
on
Bén i bz R e o
R Tz 2 X FGoer RiE R G
w = U, (specified value), u =v =0, (2-9a)
¢ = Cy. (2-9b)
T e v X Rl G o ik i Lo
w = U, (specified value), u=v=0, (2-10a)
c=0. (2-10b)

HP(29a);8 ¢ chly B ¥ *F ¥2(2-10a); ® 2 fpeig o A2 2% Limetal.[19]?‘)§%
i %2 MR R F AL Uy 2 B 0 T4 10.6mms -

NG g R R L

p == O, n- (_DABVCA) = O, (2'11)

e p sS4 -
COMSOL Multiphysics 3+ 5 4 e B 65 2 2% 2 L ] 2.4 0 A B 5 inif » v
Xl B LRG> WA REBERASTZ 7 LR -
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Concentration (mol/m®)

Surface: Concentration (molm?)

mm

=
o
T

°
T

'
15 mm

=l
5

L L L L
-15 -10 5 0

(@) (b)
W24 HWERER2 KT @ingE T Ao LEMARTc=Co0 L2 e %
% c=00(b)R & EVAREM > JI* FAFEZAPELRRLF

2.5 COMSOL Multiphysics 3+ 5 #ic %

COMSOL Multiphysics & — x| * 7 X~ 4 2 18 (7 BB B DT ol B4 1 42
PRl h AR g AT 2 B R R ﬁéﬁigﬂfrq AR AL o p GO RE IR AL L B B TR
B £ THAERE ERY FF 20 B RF AL E Y Ty S
COMSOL Multiphysics 3% i¢ * —‘F% BH - fmgnaiul i ms i EpEE
DI PFEHR T U RERFEEFY o TR PR (R B
PR R ER P BLE) 0 R E T URARHD A2 Ml
FlR 0 R4S R A S HTAL R LR A 2 S RE[28][29][30]

COMSOL Multiphysics #c & 3+ & e 2 (2L W] 2.5)4 7
. E3EPaR > ML HEY DMz PR -

Il. ﬁ%iﬂﬁ%g%’ip;ﬁ%ﬁ@\ﬂgﬁﬁﬁg@ﬁﬁﬁo
Nl RS S A g8 Flp 2ofalem e -
V. R EfEHefp bl B3R ~ 582 Fico

V. SEPR O E R 2T o Sk e

VI, H TR 4o iE 2 2 R o
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VII & = 45 o COMSOL P 22 5 #7 A5k cnie e ¥ B35 > bl4o7 A= &7
PR GHERE c RRAPRERBAPOERZ FHREFER o

VL 73+ 5 2215 id2 - COMSOL § 1335 9F 3% chde 32 S ficfoif 0% & 2440 o
BE BN F RS S P AT N SR T BT o (S RIE2 P
BATIE- 4T R B RS R A LA TR LR R AT Y

Ok - FRAL o

BURELEER -
B A YR

J

BABEVMEZH
Mia iR+ RE R

J

EEFEEEER
BEENERTE

J

BRI B R BZER

\L GREE

RREZBRERER

wE 0D > A8 aF & 2 55

2.5 COMSOL Multiphysics 3¢ {7 #c g 3~ & 2 % 4z -
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- 21 >
¥z BB
* 3 #-f]* COMSOL Multiphysics i& {7 #ic & #4t > #8340 & BN I0IRH-{oik
BHas{rddk o F L AR € AR AT A3t B TR T chiefi & J okt p

'

Il

(i

F R o et Dol AR N TN AUT 2 BRI A A A E s B
WEEL €

PG R E R e REnP R FREF EPAPERUEFFTE cBF

[

PRI RES B ml 37 R o T B opF o o 1 950R &R

W SMX # R & B Bipdem BT AR Lok AP T EETHIER A
TR EAREREFN RS E BB SMX FLEREFIR GBS P EHES
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35 AEIrHEHINEFTHREFVR

* > bkt 5k % Carreau-Yasuda Model & 734 8 5 35058 7 4 = ik
BT (SRR S e 3 e EE A B A L DR AR eIl T A &
51~ Giesekus Model(#4 3% & iy FAF AR 3o o ¢ )i (734 5 > T b v @ A%
Carreau-Yasuda Model & e St die > 127 RSB R¥R & @ 8 o A 5586
AT @S SMX #F &R EFN PkARSF > & Limetal[19]+ }I% v B
FRAEROEMEE TR LTRSS AT RO R e A2 TR A4
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