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Abstract: In order to investigate the micro-mixing performance

of centripetal turbine in a non-Newtonian fluid system, the . o X=0
Slow micro-mixing s

parallel competitive reactions of phosphate/iodide/iodate were fo<ter A %
used to measure the segregation index in a 0.282 m diameter . . f - >
cylindrical oval-bottom baffled stirred tank. The micro-mixing - . N - -~

. 0 t >t @\ |:> * o.
performance was compared among standard six straight blade 'l
turbine (DT), down-pumping pitched blade turbine (PBTD), B | Perfect micro-mixing 0<X<1
centripetal turbine (CT), and ten dual-impeller combinations. The kil + OO0 1<,
power numbers of single impellers were measured 100 '

experimentally. And the influences of injection time, power

consumption of unit volume, impeller type on the segregation index were investigated. The results showed that the
power number remained constant with the increase of power, and the power number of DT was roughly twice that of
CT and four times of PBTD. With the increase of feeding time, the segregation index decreased gradually to an
asymptotic level. With the increase of power consumption per unit volume, the segregation index of the three propellers
decreased gradually, and keeps the relative level of DT<CT<PBTD. For the dual-impellers systems, the product
distribution was dominated by the upper impeller since the feeding location was at the liquid surface. It was found that
the combination of PBTD and DT with both strong shear and intensive circulation was more advantageous among the
dual-impeller systems. In the dual CTs with backswept installation of lower propeller enhanced the micro-mixing.
Contrast between single and double impellers at the same power consumption per unit volume, most of dual-impeller
systems can improve the micro-mixing due to complementary flow pattern.
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Fig.2 Schematic of experimental unit and impellers

®1 RNYIKE

Table 1 Reagent concentration
Reagent KI KIO; Na,HPO4 NaH,PO; H,SO4
Concentration/(mol/L) 1.16x1072 2.33x1073 0.09 0.02 0.5
T N T TR I AR A 2 R A2 0n T S
HPO2 +H' — H,PO,” (1)
51"+10; +6H" — 31,+3H,0 ?2)
L+ =—I; 3)

PGl HH AT S ISE (1) g [B) SN, il S5 I (2) 9 Rk
JSi. AERLAE > T R G IR S6AE T, T RN
RS QYRG0 TEAIIRR AR (1) Tl A R =
MR & 26 AF T, J5 B B IO RR AE T A W IR £h
THIFI, 55 0 TR 105 S R AR Bl . I G A

AR ARSI — R R A2 S P b B
() TR AR RIS RE(3), AR AR L5452 1o i W RO B2
M 3 A R RAT LRk M) P H A K 5
IR T HR RN .« B S % 8 IR
KA [F(G) B <7 R AR [FU(6) TS L5 ) T ¥k
o

log,, Ky :5—75;—4—7.355—2.57510ng 4
(5]
Ky=—>—
(L, ] ©)
(=], _g([lz]"’_[I;]) —[L] (6)

RS L ) I B X AR ED) N



868 o TR R %19 4%
v X o B Metzner HE Ks=11, RN (12)75 32 WAL
T Yy 7790~150 mPa-s, i 75 1A% 400<Re<1800.
wy 2mn) ) . 7=mENY" (12
a a nH*,O a I/injecion[H+]0 ( ) 0.25

ST 610, ], +[H,BO, ],
N, Y NEIFEYI SRR, Yer £ RIFEYER KICE, n
RS BE IR B (mol), VT HERE P TRAR AR (MP), Vinjection
FMANIBRRAARAR (M), Xk, FRIAROWTER & R LT o

0.15

0.10

1.2
A=352 nm
0.9
A
3
2
5 0.6 -
<
HEC
0.3 O 0wt%
A 0.5wt%
OO | | |
0.00 0.01 0.02 0.03 0.04

Equilibrium triiodide ion concentration/(mmol/L)

K3 MR- R R IE 4L
Fig.3 Absorbance as a function of triiodide ion concentration
2.3 NRKGFEENE
FI SN-1050A-10N A ALK& (AL ARR hERHL
RIEARATD)NE AT R . AL RS RN
Pk b, iEid XSR21R-1B3USBVO 480X (AL 7%
P ER R A IR F) RIS HI . kA as 56 30 Khi
Hor AR RN, SR RIEATENS, 1£ 1 min
AR 2 s I —UCHIAE, ORI T 218, R A
B RN AR, B HRRE M.

P=woM=27NM (10)

ol P OB F(W), o)y fiiEE (radls), M 9HHISE
(N-m), N BRI (rfs).
THBMER No S AE BRI 11 25 P A 10 G 40
.
N, =P/ pN°’D’

X, pNBERS B (kg/m?), D AME E A% (m).

F HAAKE MARS 60 Jit 22 {3 (5[5 FE 2R« /R B
A BR 2> 71 )45 52 56 o JE AR B R (0.5wt% HEC) i AR
YN 4 fros, B8 2% m=0.6 Pa-s", JASHEH n=0.57,
FIE HRIE R A BB R AT . RIS, 25
AP FESE N BT U1 R ) Metzner 51, FRYESCHRIS!

(11)

Dynamic viscosity/(Pa-s)

0.05 :
0 50 100 150 200
Shear rate/s™!
Bl 4 HEC /KIS J RS 55 V13 R (1A 1k

Fig.4 Dynamic viscosity as a function of shear rate for

HEC—water solutions

3 ZREIT®

3.1 FERET B X UUR & RS20

FEIR A 250, TRV PR 2 0R & ROSx B S 4a
e (Rsgne, & LR TR R A B 2 I E IR A 5T
i 7 I SRS 8] o 9 75 AR [] (%) SR AR5 B DI FE T X
EE =22 IBSOUIR A 2R, T8 SR B0 15 5 2 2 st s o
PBTD #%# i[H ly 288~500 r/min, CT & iU A
225~375t/min, DT #43#JE N 180~300 r/min B, =7
ST AH P2 S ] P IO R PR IE T A A TR A R, X
ABTFARMBAING . BRI AL R E 288
t/min NHiE HoSOs HEELEFE . WRIIEWESZIZHT, AL
R[] P AR RLA B AR A, R VA VI T AR RURE iR it
SIECEAEE ANPIREE, AZ T AR A A5
I, Xy RAKHS T TIOW VR & T AN SZ 0k A Bl 2 WV & (1)

0.70

r PBTD
0.69

0.68

D\D

0.67 -

0.66 0 ul o

Segregation index, X

0.65

0.64. : : : ‘ : :
0 20 40 60

Injection time/min

K5 e aear b iRkt 420

Fig.5 Segregation index as a function of the injection time



5

BRI o B8 AR F A b kst 1B] AR A a5 B, B VE
TR IR (B KT 24 min GRTHEEREL 33 mL), BPHERLE
FER/NT 1.37 mL/min, =454 CAS T B 3E R R]
FERTA PR, S50 P B RL# D 1.37 mL/min.
3.2 REIHUIOR & RIS

N = AR IR A YRR, MR TR FIFE T
MITIHE, THEAF BRI D2 RN &l 6 From . BT
K1, ASSZIG 240 T (400<Re<1 800), —Fh32 i ) R UEH 7
ANFETFE T AR E . DT TR ST KT CT
JH PBTD 2, 2959 CT %01 2 £, PBTD 3} 4 1.

T DR MR AE R DI RE R A B ik 3, (AR 55k
FE] S $ERERUR S — IE 5 185 A B A Wi b2 PR el
6
—o0— PBTD
0T ——CT
= r —O0—DT
5§ 4 o—O—o o)
El
I
% 2F pA——4 o A
[=W
1 o o o -
0 I L L L L L
5 10 15 20 25 30

Sirring power, P/'W

6 RN R AELL

Fig.6 Power number of the three impellers

X2 IR B R R SEER W O Y, CT 2
5 DT MR A AR 2, (BT AR. NEMR
PEFER IOV IR A PR RE, FEAR R S AR DI FE(Py) T EL
BEEE. W7 NEERARER IR L. BE
PEDUREIE N, =AY B AR TR BB A, OULR
B X2 H T RETIAEIE N, BRI T S AR
PEFEBATOSN IR, AT 58, G RAR
T T3 B REIg 5, BOWR A LA R . L PEDIAE
HFE, DT RAHOWIR & HCR &4, CT k2, PBTD
Wb 72 o PHESTHRUIOTT DUR I, 1) O 327 AR A i A4
POV & ROR IE AR R I AE A R AR AR &
T DT ML RZEMNERE . X2 BT NE MR N —
AR, PRI, R EERN
TIYIRE Sy, AdHAE BV SR o D4R TG L EAR, 18
SRS A LRI EIRE L o T AR 22 —FhdihiRt U2
PR AR RS, AR S T RAAE A, ﬁﬁ&
ASERAA R TR RE S A . ORI A T
H 18], R SRR A TP 18] . Wf¢ﬁﬁ%
PR, 1O 2R A AE B TR P (1 B AR A

TGS AR A B4 A 9 AR A= A4 A IO TR A e e 869
58, PVRVE 5, BT R CT 221220
EREEL DT %47
0.70

5 —0O—PBTD

—A—CT

%f0657 A::::D o

§0ﬁ— \\\5§§§?

? 0s0L \\\\Q

L | L L
0.0 0.5 1.0 1.5 2.0
Consumption of unit volume, PV/(kW/m3)

B 7 BB

Fig.7 Effect of impeller type on segregation index
3.3 TRIRAEEMHICR & HIFZ 0

NRF FEAN R L 2 R 20 4 ROV 45 PR 5 e A
A =FRAE N LR, AT 10 FrEaR4LE BR G AL
Ro Bl 8 N EEIR IR AR = MR A HIBOUL IR & 2L
o HEM A, 443 PBTD-DT I E&ERERDN, H
YN PBTD-CT fl PBTD-PBTD. FfiThig A, HE%
PBTD-DT HIfLHBAIR . X T LE%R PBTD iy
DT FEREEANHEHAE N R, S TR E &R
IRE I DT i, AT BN R SR,
FE SR OU TR & o

0.65 - —o— PBTD-PBTD
) . \ —£—PBTD-CT
~ L —0— PBTD-DT
f; 0.60 \ \
5 I
o
g r \ \A
90 0.50
h L \
A
045 | o
040 L L L L L L L L
0.5 1.0 1.5 2.0 2.5

Power consumption of unit volume, P,,/(kW/m3)

K8  PBTD Jy b /23RN SR 08 B 4R i s
Fig.8 Effect of combination with PBTD as upper impeller on
segregation index

9 N EZERNFILIE 4 R A RIR &
HOR, o CT/CT N RZmLE B fEfass, &in
CT SEbr EBCN T &M% . TEMRTHFE N LA A 1 RoR
REBRMEARK, HEIFER R, JUFSRA A B4R
¥ CT-PBTD<CT/CT<CT-DT<CT-CT, 2[R LI#E
N, BEAEIA ) PBTD RAEA 27 1AL 3 X, X s



870 SO

19 %

¥k

AN N TN & FIPE IR K. CT-CT BRSO %
XA WP O SR AZA R 17 22, 3 i R o (X
PR, MR E CT KM R e s e, Befl LRy
JER B R BB PR PR T, W R R A K
Ro

0.65
—0— CT-PBTD
. A% —A— CT-CT
o 060 - g —0— CT-DT
'Q'Z —+— CT/CT
g 055
[=]
: t:::i\
on
a 0.50 |- \O
()
wn
0.45 o
| L | L | L | L |
0.5 1.0 15 2.0 25

Power consumption of unit volume, P,,/(kW/m3)

B9 CT N L2 5I RA E0 B AR TR E A e
Fig.9 Effect of combination with CT as upper impeller on
segregation index

DT 3N L E R HTR A SR 45 R 10 Ars .
R EINFE S, K414 DT-PBTD & IREURAL,
DT-DT #1 DT-CT B ERIBEAH Y . 45 5t — B3k 1
588 BY 1) 2 - 5 i PR 2 A 8 R B 2R A T i
A XRZKN T ER DT R Rk S T fe -4
BRI o

0.65
Foog —0— DT-PBTD
Lo 060 & —A—DT-CT
) | \ —0—DT-DT
Q
T 055+
[=] L
.8
5‘3 0.50 ~
E) L
Q
A 045 A
I a
040 L L L L L L L L L
0.5 1.0 1.5 2.0 2.5

Power consumption of unit volume, P,,/(kW/m3 )

B 10 DT Jy b2 3R 34 A B 4R K s
Fig.10 Effect of combination with DT as upper
impeller on segregation index

HH &l 8~10 AT, fIKIIFE N2 5y PBTD-DT i
BAERHUR N, mIIFE T DT-PBTD 414 HI B SE 45 50%
No KSR TR R, FERAR AR E
FE ST AL AR R B, R AE i DO FE T MR S B 1
B ZENEHE, SBEERN DT HXERHEGEE
FEHCHE /N, SIS PN 414 % PBTD-PBTD B 44841

&K, WG RE.

ERAARIADFEA R 24T, WERHAE
PBTD-CT 1 PBTD-DT [ JZ 3 PBTD (VR A SR 4T,
MZH M4 CT-PBTD, CT/CT, CT-DT HLHJZH CT 11
RARWORYE, WZEKH 4 DT-PBTD, DT-DT, DT-CT k.
FZEXE DT R A SR I

4 = %

T I AL )RR 2R T AT SR S S AR R SR ER B AL T
T FERE AR R R FLAH B I OVUR A e, BB R
ghid

(1) BEMUEH 3SR, SR FR el N S R AR
IIVRHR [ PE 2 F5 T R 2 TR A X R o A (R R

(2) BEZhZIE R, =R DA AR A ORI IE
Rushton 22(DT)f K, [HOF(CT)HIK, 45°F = RHH
(PBTD)f/b: BESEAATADIFER K, =R esfads
HORHTRN,  HAHFERAAFIIFE T DT<CT<PBTD;
[F) o SEAE FR AL A4 A 22 H 1 B LU AR A it A o 22

(3) TEVRTH MBS XUZ SR A RO £ T2 FERY
Wi SRBTYIN DT 35 &3 1) PBTD 24 & HIOUIE
BRI WZE CT K, FERI ) 25 o i
WG RZHIEWT, TR EAN, A ARFRTFE
AR X2 2 VR A R e B 2 207

SEEk

[1] Mao Z S, Yang C. Micro-mixing in chemical reactors: a perspective
[J]. Chinese Journal of Chemical Engineering, 2017, 25(4):
381-390.

[2] Danckwerts P V. The definition and measurement of some
characteristics of mixtures [J]. Applied Science Research, 1952,
3(4): 279-296.

[3] Danckwerts P V. The effect of incomplete mixing on homogeneous
reactions [J]. Chemical Engineering Science, 1958, 8(1): 93—102.

[4] Bourne J R, Kozicki F, Rys P. Mixing and fast chemical reaction. I:
test reactions to determine segregation [J]. Chemical Engineering
Science, 1981, 36(10): 1643—-1648.

[5] Bourne J R, Yu S. Investigation of micromixing in stirred tank
reactors using parallel reactions [J]. Industrial & Engineering
Chemistry Research, 1994, 33(1): 41-55.

[6] Fournier M C, Falk L, Villermaux J. A new parallel competing
reaction system for assessing micromixing efficiency—experimental
approach [J]. Chemical Engineering Science, 1996, 51(22):
5053-5064.

[7] Cheng J C, Feng X, Cheng D, et al. Retrospect and perspective of
micro-mixing studies in stirred tanks [J]. Chinese Journal of
Chemical Engineering, 2012, 20(1): 178—-190.

[8] BdfE, BIER, H5, 5. 2 ZROIPE A KBRS 0],
i FE T AR 4R, 2005, 5(5): 495-498.

Min J, Gao Z M, Jiang Y, et al. Micromixing characteristics in a
stirred tank with multiple impellers [J]. The Chinese Journal of



5

WIESE : AR B FHE P AR F B A B RO TR S 4

871

[9]

[10]

[11]

[12]

[13]

[14]

Process Engineering, 2005, 5(5): 495-498.

Gu D, Liu Z, Xu C, et al. Solid-liquid mixing performance in a
stirred tank with a double punched rigid-flexible impeller coupled
with a chaotic motor [J]. Chemical Engineering and Processing:
Process Intensification, 2017, 118: 37—46.

Fhelh, FIEFE, REM. FRABFELR: CN88219019.9 [P/OL].
1988-11-19.

Wang N Q, Liang Z X, Zhang G Z. Punched impeller:
CN88219019.9 [P/OL]. 1988—-11-19.

W, £, BERD, & — M AR ORI E
CN102049208A [P/OL]. 2011-05-11.

Yang C, Wang T, Mao Z S, et al. An agitator device for generating
centripetal flow: CN102049208A [P/OL]. 2011-05-11.

XVESE, WlEE, W, S5 SRR BRI R A A
FERARIREIRA [J]. (TR, 2013, 64(8): 2794-2800.

Liu Z H, Yang X Y, Xie Z M, et al. Chaotic mixing performance of
high-viscosity fluid synergistically intensified by flexible impeller
and floating particles [J]. CIESC Journal, 2013, 64(8): 2794-2800.
XM=TE, R, KRR, SRR A R A R
IRTIR AR [7]. LR, 2015, 66(12): 4736-4742.

LiuR L, Li S, Liu Z H, et al. Chaotic mixing enhanced by punched-
flexible impeller in stirred vessel [J]. CIESC Journal, 2015, 66(12):
4736-4742.

Mule G M, Kulkarni A A. Mixing of medium viscosity liquids in a

[15]

[16]

[17]

[18]

[19]

stirred tank with fractal impeller [J]. Theoretical Foundations of
Chemical Engineering, 2016, 50(6): 914-921.

Liu B, Zhang Y, Zheng Y, et al. Micromixing simulation of novel
large-double-blade impeller [J]. Journal of the Taiwan Institute of
Chemical Engineers, 2016, 66: 62—69.

BHE, PIRE, SRR, 5. JURN R R IEBE A P R A R
HILLEE [J]. LT3R, 2019, 70(1): 42-48.

Li T, Jia Z T, Zhang Q H, et al. Comparison of macro-mixing
characteristics of stirred tank with different impellers [J]. CIESC
Journal, 2019, 70(1): 42—48.

Pinot J, Commenge J M, Portha J F, et al. New protocol of the
Villermaux—Dushman reaction system to characterize micromixing
effect in viscous media [J]. Chemical Engineering Science, 2014,
118: 94-101.

MREF, TP, MR AE. BERE SR G & SHE - R (M.
JEmt: AbsETolk HiARA:, 2004: 31-33.

Chen Z P, Zhang X W, Lin X H. Handbook for design and selection
of stirring and mixing equipment [M]. Beijing: Chemical Industry
Press, 2004: 31-33.

WREA, WOIRE, FIEE, 5 24 FipidEasThihze (1], fboy
T#%, 2010, 38(3): 38—43.

Chen Z X, Xie M H, Zhou G Z, et al. Power curve of 24 types of
mixers [J]. Chemical Engineering, 2010, 38(3): 38—43.



