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Abstract: The mixing paddle, as the core component of bioreactors, directly affects the mixing perform-
ance and gas-liquid dispersion performance of the fluid in the bioreactor. According to the contour charac-
teristics of the tail fins of centropyge bicolor, the fishtail turbine (FT turbine) was designed based on bion-
ics. Then the FT turbine was applied to the mixing operation of the sodium carboxymethyl cellulose
(CMC) solution. The combination of computational fluid dynamics (CFD) and particle image velocimetry
(PIV) was employed to study and compare the mixing performance and gas-liquid dispersion performance
of FT turbine and traditional rushton turbine (RT turbine) in pure water and CMC solution. The results
showed that: @ In the single-phase flow, compared with the RT turbine, the FT turbine enhanced the
flow field velocity and turbulent kinetic energy mixing areas. When stirring pure water and CMC solution
with mass fraction of 0.25% and 0.5%, the maximum values of the turbulent kinetic energy were in-
creased by 39.47%, 23.33% and 18.31%, respectively, with an average increase of 31.03%. @ In the
gas-liquid two-phase flow, compared with the RT turbine, the FT turbine increased the high gas holdup
area and promoted the gas-liquid uniform dispersion. When stirring the gas-liquid two-phase flow of pure
water and CMC solution with mass fraction of 0. 25% and 0. 5%, the overall gas holdup was relatively in-
creased by 8.62% ., 9.19% and 2. 58% , respectively, with an average relative increase of 5. 94% , and the
agitation power consumption was decreased by 4. 58%, 4.54% and 4. 98% , respectively, with an average
decrease of 4. 70%. The FT turbine has better mixing performance and gas-liquid dispersion performance
and wider application prospects than RT turbine when mixing the CMC solution.

Key words: fishtail turbine; sodium carboxymethyl cellulose; stirring and mixing; gas-liquid dispersion;

bionics; computational fluid dynamics
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BT AR B TP SRR OB PR GRS B SO O A L WROR R | BRI . R R NSRRI (R B
Zi b, CFD Al PIV HARBE N WEIE I 3 W i P TR & RV e B RE AR It 2 %



% 34 AR, F. ERARPR BT ALERT AL FER T A 149

ARSCHEPE A DA G L W . AR A7 RE )8R A AR DL (Centropyge Bicolor) (W) EEVE J 1
ARG, G Matlab £ R 88 48 g AL bR, T R 68 A0 JF0 R AR A0 2R 22 IR B, Bt T — P FT % (Fishtail
Turbine) . 254 CFD # PIV Hi AR, W58 T FT 3AE4l7K . CMC &AL 00 PIAH 3 IR & A4 1k
PERE. H51%4 RT 2 (Rushton Turbine) # 47 T Xt i B S PERE S £ 28 0 e It =25
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HEAT MG AL . 3 Matlab XTI AT M. (AL, E IR AL PR, SR Canny 550 £ HUR 8 48 ) 4L
P, ARHURBEEHCE AL bR, 25 JE 310U ] B fa B 6 T2 RO Rt R BL 5K 0 1 ik Matlab $06 T HL 46 X 2 g
AR A A B AR AR S AT A B R, XIS B R R LA i 2, Wil 1b iR,

a. WEH R E REIN b. REEHEM AL
H1 E&REMNE
BHAL TAT W bR EC T R 5 B HE2S) (HG/T 3796.5—2005) %3 RT %%, 7R AL ., 2T 5 RT
S A T AR AR T FT 323, 78 SolidWorks 2016 g AR B8 46 BT 40L& il 2k 3656 =X, 0 3% 4 e A1
T2 2 MBS, M3 FT R0, WE 2 s, FT M RT 20280 )EEEH 2 mm.
1.1.2 #WHFRHEHER
SR 5 SCHR 14 ]9 A [R] 0% S A A 0. 78 SURH 4SS 70 Sty b, VR AR B e o SR A . RN &
B T=200 mm, 5 H,=240 mm, &5 m, =5 mm. JHERESCRE, 2 NIRE 4 PRtk (3955
), PAM 9 E B=19 mm, BE m,=3 mm. PIV SZ5 A CFD {f BN, WS E H, =190 mm, i
HERIREE C, =475 mm, KESHBEEREE C, =10 mm, & 3 Fix.
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1.2.1 CMC E&ATHmNE
il £ BT 4340 0.25% . 0. 5% CMC K. 435I #FR 0. 25% CMC ¥, 0.5% CMC #. T /5
2 PIV K. >R DHR-1 BEFE i 28 300 CMC i W 22 ¥, T /528 CED fff AL, ) 6 4 (R
% 5 mL, BTYIBUREE A 0. 1~100 s ', F—FE 5 100 4> 56 5.
K Power-law FERIfl iR CMC ¥ 00 A8 . B0 5 oY
pe =Kyt (D
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X I A B EAT LG AL B, 138 0. 2506 CMC M. 0. 5% CMC # 1Y Power-law ##1 J5 #2 53]
p.=0.166 4(y,) ** Ml pu,=0.317 2(y,) ™", Y RER® 530k 0. 976 Fl 0. 980.
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SR FH 5w s s AR ) (0 Ok AT PIV IR, I8 45 o b 5057 O KR & R A R T AT 2N ) 4
[ 2D-PIV R %, K FEURSHT R G5 EH MicroVee V3. 6. L8l B WAL R, 2R 5 L. K
ok /N O FR S IS R 2 T A T 7 A AT S e SR 2 R A R, 8 SR 28 [ RE 7E 250 mm X 250 mm X 250 mm %
AT BB 35 1) B 1) 7 T 25 28 N X BR A . R AR BEIECN 5 mm. 5 TR AR A IR N 28 Z A ZliK 5 CMC %
VB VLD 1R B 5 RN A P I T e R — K

Sy 3 G AR O R G R T, R B AR TR T 00 5 O TS AR X ROV e Z[E e Ry 50,
WOLR = E B ROGTRAY c-c TS, BN 1.0 mm, WIE 4 Frs. MHEAE KRN R W42 F 150 mm X
150 mm X, $EFEEHE I E N 120 r/min, 85 WUIE R I ] 32 4 1 000 ps. B RAATEE 600 3K PIV K14,
2B LA AR B c-c P TIAI BT A B R, 8] 5 R RO & Ak b RO AL
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R DA TR T S 0 S N PR B AR AT, BB A O 400 r/min, SEAEFEHK 9.0 L/min", 20 IRE
. RERNITEARX .
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e b AIGTLSIEE s e Al S REAEHUR s o HWARBERE s « WS B]5 o BRI BB s 0 TR S) ) %
BEs g, AR EYE REG v HIIKZB IR s G, Row 1 V4 3R BB BE 77 2R R B BB s o0 s oo S0 kL e
R RS, 6, =1.0, 6.=1.2; C,, C, HHWEH, 20l C,=1.44, C,=1.9.

PIAT LR RNG k-e i Fial, Hop ks sy o™ .
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BB R, NI o)\ ac 7390000 ke BISRCA B IFFEG Coy Coy Coo HHEL 2350IHC, = 1. 42,
C,=1.68, C;.=1.3.
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1.3.2 R#&EX 5

%M ANSYS ICEM CFD 18. 0 X B AH i A5 8 i 17 35 25 44 A A% 30 73 31530 88 el oA DS A A0 DX B 2
Oy, N KB A B R R B AR X S, B AR 96 mm, Bl 5 47,5 mm, HARF A MANXK . K
PR DX 3T A T 1O O 2% O S 3 BB /N e K IRk RS 1 T 2, X P DX A R AT R S o AL B, e
L e 3 Fh AR B A R 1Y U AE Rl 43 7 58 D SRR — P O R AE £U(50, 60, 50) 1Y LI RT 22 1A
GERER 1. BB R ACRAII ARG, Rk 2, WIS R 3 563 798 MK R, &
B A% UL 6a. SR FH ICEM CFD X 5 AH i A5 B 34 17 35 25 44 Ak A% S 4. 1H 530880 el o DXL A0 X380 |
F X3 3 FB A A B, PN DX ) B A AT AR b DX R T A B 50 mm [ B AR P S AKX, AR A
R AN KR R A AR R R SR AR AR S . D X A T AR 2, HLAAR A A A R AR R T
BN, O AT SR B R R R 3 Ak R, [ BEAS R 3 Ab ROAR R 4> O 2, A0 SR — Fh O E7E 5 (50, 60,
SO RS RT XA, 45 R WK 1. FRE, R ESCRATTEAEE, AR E 2, RS ECE
2 370 916 AYMIKERI4> 5 48, AR A A DL 6b. S8 RIS 43 )5 . AE Fluent s Al 25 1 £k (0 45 5% e
Sy 22 TR A L LB R T SRR R RO

a. SRR b. FERRE
Blo KREZEME

F1 MBEMIEER

TR A IR W A% 4 R EEE/(m s D) RT RHHEME/ (N » m)
AR 1 2 983 836 0.115 572 0.013 782

2 3563 798 0.113 108 0.013 353

3 4073 163 0.113 600 0.013 406
A 1 1735 456 0. 407 355 0.115 367

2 2370 916 0.421 987 0.116 655

3 2 931 223 0. 418 000 0.116 432

1.3.3 AH&KE

PR A A SR TS TR ) R AS URE B2 SR g i AT ok . RN 2 S Rk, N UM AP IX 8808 1) in-
terface M FEA7 IR L. P DX 380 A48 3 4l BT 76 X 38k 1% B~ moving-zone, # I E 4 120 r/min(5 PIV 5L
15—%0, HAKXIREEE A stationary-zone, TR A 3% E A symmetry 258, % H 3 FJE /149 SIMPLE &
Be. W J1. i i sl e Ko B REAE R 5 R B WO BB B KUK S YR R g 9. 81 m/s”,
Weshak 2 110 .
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VPR A A 2 [] A SR B 7 s 7 W5 285 UNE B2 SR it e E AT SR M. SOWRTR G B0 R T I 22 A I RS 28, AW
K FEAE, SANWA, REIK T 6=0.073 N/m, MW EREEN 4 mm. K Grace B A [H] 5 7.
FIHZESH R, WL HM XU L F K 50 958 38 interior 1 iF 17T 50HE 1% 3. PO X S8l R 46 41 ik &
moving-zone, ¥ B 400 r/min, HR X E R stationary-zone. T4 88 A H BN H B A 0 il
S A HEN 9.0 L/min, TUARBE NI 05, K3 BEHEA %] Coupled 535, 42 5 72 B #34
PEFE— i WUag . R0y, bR DX S A HAR R 80 1, W8k 25 1X10 .
it CFD {5 B AT 3R AV F e B Pl S g Pl 1 9 HLAE , B P Th el o153t
P =2xNM (8
Kb P ORI M OBHIAE s N D d bl i .

2 HREHSMH

2.1 #RBEIGE
2.1.1 FARMA

Xf He CFD 47 B AN PV 525645 21 14 35 P 5 2 b A i B 0 7 8 ol o) 3 B2 L A2 1) 8082, LA G A 4 T
FEVEST . PR SR Ak, RT3, #3120 r/min. 7E8 4 W cc FHRN, X =50 mm, Z=0~120 mm £
B b AR [R) A A ol ) AR A ) o R 20 TG DR U AR A B S Y R A o) RE B A4S R RV, =
DN /60, 3 RmA U, MU, . G0 7 Fros, Horb SOn 2 A bn 2o 2 18 DI 5. b ra) 2 | A28 1) 3 J32 A5 40)
(BRI S 56 (1 5 A AR ) 1) 78 f o 3, 3 W AR i A28 ] g

02r 120 F
—=— STISHIRE —=— LIS HIRE
—e— K{ERN 100 F —e— H{EEHL
0.1F
80
=)
o) 0 £ 60
N
40
0.1 F
20
0.2 1 1 1 1 1 1 0 1
0 20 40 60 80 100 120 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Z/mm U
a. HhEEE b. BEIEE

B 7 RE B G e R

2.1.2 WARAARER

PL0.25% CMC IF RS IER A ] S0, BEFEAMF: RT 2, #5358 400 r/min, #<# % 9.0 L/min. i
CFD B4UA5 2 1 SRS & RN 1.85% , il PIV SCIA B A SR & F ok 1.98% . BUIE 5 5050 H &
W) . 2% W9 AH AR 2R T
2.2 mEEE

XFF4isK ., 0.25% CMC W, 0. 5% CMC W HAAMAR R, ok CFD #4538 FT 3 | RT 246 $Ent
IV A8 P 4 Sk R e R R < R, il PIV SCER45 8] FT % . RT R EEFERHEOBHSE 8 E < &, W
Kl 8 iR,

t & 8a AT, FT 3. RT 3FE 3 F BLAH A 8 v il 30 260 359 Ay il 1) o AR O 289 00 P 22 A T B I
T2 AEBH WA, GBS MERN MR —2. FiH CMC 7R TR B8 0 . 357K 26 WLEK B 3% n
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2 A~ ZE A8 BRI A R )N

M 8b a0, FT 2HEFEatiK ., 0.25% CMC IR . 0. 5% CMC & I B9 800t £1 X S8 Z %l Ak b b
B350 135.5 mm, 113.0 mm, 102. 2 mm, 5 RT 3XF R (194 2L X B A Z Ak bx FFR 128.5 mm,
113.4 mm, 102. 0 mm Ak, FT 2£ Z fli e bn [ FREK B KT RT %, it FT 223U A/E H X BEg KT RT
B, AATFRAABHRA. B CMC BB B8, 1R 20025 B 100, 45 Pl 3% o B A Y OX Sl /0>
XEFHEFE 0. 5% CMC W, 78 BN 48 1008 X S8 il B4R K FLA B o 0 Y DX I, BI“BE X", A F i Mg
PRI AL T IO B A O X8R A 3 A T R E ek B A2 Bl 2 A P A AR X

i & 8c A%, PIV SCERMIAS 1Y 3 Fh e AH TR AR RIS CFD B4l A — 35, # 7 3 FF 22 AMINE it T 1
T2 A FEMEARWGR . FHIX 2 A T 6P 3 58 AR F 10 Pl 20 40 B o B, AR o T A Bl DX 3 A7 40 e 3
BT, X E— AR T CFD #4860 k.

- FT#hi7K RT#h7K FT 0.25% CMC RT 0.25% CMC FT 0.5% CMC RT 0.5% CMC

(m-s?)

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

AN

a. BUIEEREE

b BEE A E
120

X/mm X/mm X/mm X/mm X/mm X/mm
¢ IRFERE
8 FIRMRTRAEREFEXEENERE =B (HKHFHZEE 120 r/min)

TEE A c-c FHA, B X =45 mm, X=54 mm, X=63 mm., X =72 mm B 4 5, 7 B4 H
B2 bRl R A 1 R . 2 TC RS . S5 R NE 9 s, IR 9 BT, AR ) R AR T DS T
Pl e e vy B R A e B R R DX R R (7)) 5 AR ) R R R XSRS T, R RSN 2 A 3=
TEIR AU B L R B T VR R B 3, Bt L AR el BRSSO R TR G BT, R TR A R
TR VR 75 SR A 8 10 o e i
2.3 imzhee

WIGAR AP Sc Ay B E LI AE, 5% FT 3., RT XM H a4k, 0.25% CMC % .
0. 5% CMC ¥ i 4 sh BE &L, WAL 10 s,
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0.1} 0.1F
] iRty -- N ] R 74 \ Rt VSRR --
o
——RT w=0
——FT w=0
L —_— o 01k —— RT 0=0.25%
01 e 0.1 ——FT ©=0.25%
——TRT wzo's% —— RT ©=0.5%
_02 1 1 1 1 1 1 3 1 1 J _02 1 1 1 1 1 1 1 1 1 J
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Z/mm Z/mm
a. X=45 mm b. X=54 mm
02r 02r
0.1F
DN e ] 0 Ead=srerclhosmmssmssnma _—
——RT w=0
T FT ©=0 ——FT ©=0
o1} ——RT ©=0.25% o1kb ——RT ©=0.25%
' — FT 0=0.25% ’ — FT 0=0.25%
——RT ©=0.5% —— RT ©=0.5%
——FT w=0.5% — FT w=0.5%
02 P T S R S T 02 P T S S R R R
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Z/mm Z/mm
¢. X=63 mm d. X=72 mm
200 1 : SR 200 1 ; T oo
180 F +F"11: w:(()) 550 180 f ——FT &=
et w=(), 0 —_— e o,
160 —— FT ©=0.25% 158 1 T FT aso50
140 b T RLo-0.3% 140 ——RT &=0.5%
——FT ©=0.5% —— FT @=0.5%
£ 120 1 g 120F o
£ 100 £ 100}
N N
80 80 |
60 I 60 F
40 F 40
20r : 20+ '
1 : 1 1 1 J 0 1 1 1 1 1 J
0.4 -02 0 0.2 0.4 0.6 0.8 0.4 -02 0 02 04 0.6 0.8
U, U,
e. X=45 mm f. X=54 mm
200 : ——RT 00 200 ; e T i
180 o FT o=0 180} ——FT ©=0
—— RT ©=0.25% —— RT ©=0.25%
160 | ——FT 0=0.25% 160 —— FT 0=0.25%
— — 0 i
140 F iy Ln):O.SA) 140 F T ©0=0.5%
— FT ©=0.5% FT ©=0.5%
. 120 F g 120
g 100 £ 100}
N N
80 80F
60 60
40} 40t
20 ' 20+ '
] : X A . ; 0 N H N . . .
0.4 -02 0 0.2 0.4 0.6 0.8 0.4 -02 0 02 04 0.6 0.8
U, U,
g. X=63 mm h. X=72 mm

B9 FIrRMRTRAETHE., FREEE(EFEEE 120 r/min)
HE 1o, EARBPESLSMET, FT X, RTEBMBEINNR RIEHIEXB Y MALE X =
50 mm, Z=50 mm Mtic, 2 N EMEH R0, B Rinshpe XM SR L2 myE —8., BT
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R AR L. FT 34 K 3 BE X UK T RT . FT i g EAEJHIE B X T RT 3, [ 2 A Ti0E
RN R L

STEhBE

(m¥/s?)
0.020
0.018
0.016
0.014
0.012
0.010
0.008
0.006
0.004
0.002
0

X/mm X/mm X/mm X/mm X/mm X/mm

FT4hi7K RT#HK FT 0.25% CMC RT 0.25% CMC FT 0.5% CMC RT 0.5% CMC
B 10 FT R RT REERIHZEEE (H#HHE 120 r/min)

FT 844K, 0.25% CMC . 0.5% CMC % W 15 3 (4 i 2 B B R 20 %10 0,053 m”/s”
0.037 m*/s*, 0.008 4 m*/s*, 5 RT X} I (1 ifi 2 g e KAH 0. 038 m’®/s*, 0. 030 m*/s*, 0.007 1 m*/s” #H
Hos A3l T 39.47% . 23.33% . 18.31% , “FHHIm 31. 03%. Wi, 5 RT A0, FT 20 LIBH & 42
PARIN Sl ED) T

A, AR . BERE 0.5 % CMC W iR I 9 i 20 A dse RAEARMR, PR G AR 2. B, X F
o 260 U AR TR IO SR FH A v 1 o e
2.4 BEHINE

it CFD AI45 2] FT A RT 28R R T 00 N S P R bd #E ah EHL A, AR 95 2 =0 (8) 11545 2
PRI, E 2 fron. 5 RT ML, FT ¥ 120 o/min S FEBAM 4K . 0.25% CMCIEW . 0.5%
CMC WA, BEFET R HIREAL 2. 79% . 1.80% . 2. 56 %, FIHFEAK 2. 37% 5 FT 3£ 400 r/min it ¥
Wi A K . 0.25% CMCEW . 0. 5% CMC IFER AT, B £k D40 B FEAK 4. 58% , 4.54% . 4.98% .,
FEIREAR 4. 70%. BEE CMC BRI R, SFEDI R K. FTRIAEGRE ., S EE AT, B
DIESIVEVE T

B2, 78 120 r/min SR FE 0. 520 CMC #W A, FT M RT A8 R LT Hi+k 0. 25% CMC
TR T TR LA S 28 PN AL A T X el s P AR ARG (I 8) o 9 P 38 32 AR s I 48 PN JEG 8 X el 3 A i
oy, PR P ) R AR

®2 #HHE

ke e ok DRI /W
(r+min" ") alizk 0.25% CMC ¥ 0.5% CMC ¥
FT % B Ui 120 9. 307 9.932 9. 067
5 AH i 400 266. 043 273. 657 280. 986
RT ¥ B i 120 9.574 10. 113 9. 306
AR 400 278. 806 286. 669 295. 727
2.5 |Eax

FERE PR 400 r/min, BAHE 9.0 L/min AT, #ad CFD S5 5] FT 2. RT EHifraik.,
0.25% CMC AW . 0. 5% CMC ¥ W i B9 <& 30 4 14 ﬁnl’é‘l 11 7R,

FE 1L A, AEATRBEFEAE T 6 FT 3 RT 3 3SR P M 07 B il A& R X k. 5 RT %
FE . FT 398 0 & S8 R B0 B, T HLFT 3806 S0 B R 3 4

FT ¥4 34K, 0.25% CMC . 0.5% CMC IR M Bk &R 48N 1.26%. 2.02%.
2.78%, 5 RT XM BASEER 1.16% ., 1.85% . 2. 71 % AHLIL . 2 BIAHR S I T 8.62% . 9.19% .
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2.58%, FEIAHXS I 5. 9420, KT, 5 RT RAH, FT AT LI E A R 0 SR <& .

SEE/%
0.30

0.27
0.24
0.21
0.18
0.15
0.12
. 0.09

0.06
0.03

RT#h7K FT 0.25% CMC RT 0.25% CMC FT 0.5% CMC RT 0.5% CMC

11 S&ESHE

3 &g

FEF WU ] P £ 8 06 % B R AE A AR 2 R B T — b B A PR FT %, 454 CFD Ml PIV
AR, BF5E T FT RAEAK A CMC B P i B HER & MM B R, 8 8 DL E2 458

D FT 20l Y F R IR s, 5 RT M. FT 3LL 120 r/min BEFE4EK , 0. 25% CMC & .
0.5% CMC ¥ i st 45 1) /4 it 3h B B KB 43 B34 i 39. 47 % . 23.33% ., 18.31% . FH88 01 31. 03 %.

2) FT 20 LIWA B BRARBE D0 #E. 5 RT 2L, FT 2204 400 r/min HEPEWBAALEK L 0. 25% CMC
B . 0.5% CMC B WIS e PRI FE 7 I BEAIR 4. 5820, 4. 54 %, 4. 98%, “FHIFEAR 4. 70 %.

3D FTRHEA R awitEfe. 5 RT AL, 7@ # % 9.0 L/min &4 T, FT %L
400 r/min BEPEW M AHZEK . 0. 25% CMC W . 0. 5% CMC ¥ B Y SR A & 243 I AR XT38 0n 8. 6226 .
9.19% . 2.58% , “FIAHXTHE N 5. 94 %.
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