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Progress of solid-liquid suspension in stirred vessel
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Abstract: Solid-liquid suspension is one of the typical unit operations in the process industry and accordingly,
study on the suspension performance is of great importance. In this paper, developments of investigations on the
solid-liquid suspension in stirred vessels in the past six decades were reviewed. Subsequently, configurations of
the commonly used stirred systems were introduced. The critical suspension speeds of solid particles in baffled
and unbaftled stirred vessels were clarified and compared. Finally, the principles of different experimental and
numerical methods related with solid-liquid suspensions were presented. Investigations on the effect of free
surface deformation on solids suspension and the research status were briefly summarized. The future
development of numerical simulation on the solid-liquid suspension in stirred vessels is discussed.
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FEIRFR o AN [ ey B2 P T A RO BRIEAT I &, iR
A A FEE (b v 2 A7

DAL 3 FhO7 iR R R A A AL AU 1B WY
NG REARR . #HELZ R, VR Ik A W A3
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140 B B A% 4% 7% (electrical resistance tomography,
ERT), %MK RA L2 B, &, .
S50 H R B AL A e R A, T AR
W — FR N F A IS S A B R A A BE T S Bl
SRR G E, BT 5 2 & AR 2 fid )
R ATEOL, ARG B E R GG B
AP AZ TR R A R A I B R, S A
Tl s W RTREIR FE I &, )2 B Tl g
RE e B UL AR5 2 ML Tk R . 40 Hui
SR A ERT 73 bl & 7 A2\ Maxflo 3
PR 2548 N AR A YA B i R T R 2 B X
355N BT T BSR4
{0, Sardeshpande 255 H ERT J73E0& 7 o4
A5 25 2 A [ 4 RIORE Xof VAR VR 5 B T) £ 520

Carletti 2SR ERT BERF T T 75 RHH5AH $49HR
P25 245 PN SR B 3 B A VD S AN AV R )
T FERRARR S A) o Ak, L E Bl S
HL B BE V% (computer automated radioactive particle
tracking, CARPT)H IF FiL - & SR 318 7 (positron
emission particle tracking, PEPT)] 5 FH 55 A5
CARPT JEAEHE 24 I 5 8 1 [ A A
AR R RS M P SRS AL, 12001 B B
W —iigs)), e AR B — RV EE
SR L R ST i B2, T e PR ek o AR ) = 8
W ZIETRER e, RSN EN
BABCERRRL T, R BRI £
AL B A A i P DM RS B o B S R SR
1] {5 210901 PEPT VAR I —FlsUHE IF B[]
BRI T, BT AR TR &S
LT AT By e, R F PRI 2 oy 2 2 AT BRER
FRETF B RS T B B L . 1% 7577 T e ]
S BRI EE TN it Lin ST R A
PEPT J7iEINEE [ 78R A P FE A 4 W BRTE
WOERAE SAL BRI P 108, TR BERERA 5
FIANFER RS, AR 0 8w =is 23.6%, L)
Moo B 1 VB AT AR BE o A . {H PEPT
WA ot T B 5 A B LUK, ST
TRAGUOTIONR T ARSI AR, BRI A
Tl N 2 P AE AN FIAUR I PR AE 5, 15T PRI
TSI, AT ] S AR A g SRR T b A%
AR, 56 A5 S AE 2 A AN A R/S
53H7+ Hilbert-Huang “FH#e(HHT)5 /7%, X0 E]
FRIAN R R LA 5 A B PN R S BB AT AL B, BT AT SRAS
FEP e R R TR E . SRR R R, B

ST 2 2%l ) R AR AR, AT A5 B &
(R FEE 43 A o UKL 15 2 Al F B ol . X
TS EARET 0.2% 0 B &FE R, &R
LT B G B R (particle image velocimetry,
PIV) [RS8, 223 ) I 39 44 R (laser Doppler
velocimetry, LDV)!" HEATII & . B4 SCHRE T #
75 2 4 833 57 K (ultrasound Doppler velocimetry,
UDV)P>MI) g 7 3 I 3 $ R (ultrasound
velocity profiler, UVP)!''®, UDV 1 UVP J5EEAH [,
R Y 7 P O Mk o R 2 3 S AR A A N ] R S 2
K R A — € PR (B N 4 MHz) Hi %
SRREE AR 25, FEVRAR A PR 4 T A A8 2R,
JE R BEE M S IR, et A IREHR Y, %
AT 3] %) 52 SF I8 PRI 0%t UKL IS Bl R BE e, il R
S U8 55 B MACUBE P B ] B R RT3 A48 A sf e o B L R
Kiigshi# g . 4, [F PIV A1 LDV —F%, UDV Al
UVP #RANBE I B [ AHMRE, R Rl &

4 BEREFHEAR

4.1 ZHERER

ST VE RN SIS AT I R, SR SR VA
IR AESEBUREA P PR 2 3 N AR B DI, RIS RE
U= 5 N 5/ I v s 7 A A NI A
(computational fluid dynamics, CFD)Jj %X} i £ %%
AR T AR B2 A AT B O+ B

7L O0F [ R s Y ) BB I 7T A % R I 9 AR
AV B DR 15, A5 8 T AT PR A LR RORE (R 5
DTSR, SRR AR — AR SR
o R T R S E A R, 2R TP
FH 2 22 () 52 0 8 477 A 2 12325 1712000 o 5k g A
AU 14 ] S B A T, [ A XA 0 R 0 A A R
2%, PRIIZ TR BE A IR & & (< 5%) I [
VBRI, X T [ A R A,
0% B8 VR R AR AL A AR s SelEIm, RS2
B S B AN N, TR SO [ R L, [
VBUT A TR R A AN BE RGN TR A T
Boltzmann yZ%(lattice-Boltzmann method, LBM), 2R
WA EREER, HEglH T/ RER AR AR
R, 24 ik, HA RSk
B T AZTTVEAESRE BT T TH RN - Ly
TRIGOLT s & RORL ) RO 5 1P A 28 AR AR RUEE
FA, ECE S RROS,  IRIBURAN BE PR AL B
Mg, TN “ RARE ARy 7, BLULEE— AN RORL A
TR IEIL, X 2 i AT A D' s 13 g2
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(smoothed particle hydrodynamics, SPH) /7 i£3K ik
14, Prakash Z"* R H] SPH J7 54Ul 1 i 11 4 28
P e ] A TR B R, AL T
WORL BRI SR [ K 2R

L b, RZBEW BRI Dol e &
TR R FERR AN iy, [EAH AT R B AR S AR ), W]
FHRLAS B VR R iR A0, o s B3 VR AR AR
WLONE A, £ — AR ERE N-S
(Navier-Stokes) J7#%: [EAAHM A B BOAH, BEiZE
GiAH—iZizsl, W HAESAZ AfEESE. iE
FIRERIACH . K ks B H V2 H B3 A0 55 Ui
HE s, (8T IR =% R i < R DL &
WAL BETH B0k 5 BURL 2 (R AR AR 7, Rede
PETE TR SRR S5 S, (HREEH
TR REIVEALN AR SRR, YEESERE
I, FFR R, BRI R A TS 2 AN 5% 1)
[P Yk YA\ 1200100025130 iy 7 AL [ VR
SR, Sl ST 10%, Lagrange A&
H, NKH Euler i%.

7t Buler ¥£H1, [ AHFNVRAH B Ab BE B FLAH 51 %7
BIESEAT,  RIEE—AH o 48 I A AR TG 2 A A A
G, B G BEAAR R r HoX — M, R TRl
IR R A, A AR B RIS T 1. 534h,
T — M EAA RRUE TR, )R A R
BEHOE AT R AE . FHXET Lagrange ¥4 & 5 Euler
EITE RN, (e RS B E SRR R AT
22 RO T AL TR S PR i R . SRR
AT AR B 2 ES 2% RILEEER S K E# MW
AL PR e % . W EE ST, TR A%
FEIHEER, HERFILZ ESH RIETE AT
gk GO I 3 b 5 1 3RS 1 4 R b
PRI AT SRS BN 2 B 2% 2R sab, 6
Y e R 3 A TR/ F A R A s R, B
T ORASEADL S SRS B2 o LR AR AN A ) B4 88 0
F-73. i E 1. basset Ji. T #OI%E, (H
PUm S B AR A 3, HARAHTRIAE B ) i s e
T DL Z Mg [17:37.133-134,143-144]

[i] Y A T B AR AL IR A 3 A — P oy K07,
Blais S5 350 3 K3 OO A
My AT TR ED Lagrange 7%, i
A PR AT FRUBE /N TR RUBE , J0RE 1] R A ELAilE 4
KB ECR T (discrete element method, DEM)
AT AR, R R E RN IE 3 . -
A Y e A 30 T U0 1) R R R AR B Y, A A

W] A 2 Ab B 9 AH B BT o B IE B A . A WSO AR A
B Euler-Lagrange %, LA3Ef#EHT ) CFD-DEM #5114
AR RIS AT R K T ik, @
& ¥J N-S Jj £ (volume-averaged Navier-Stokes
equations, VANS)Kfi#, $0ki 111z 50 S HAH BAE Al
it DEM VEK A, [0 AH 8] 00 AH B A A a8 5,
J1v FH 8RR AEMATH) CFD-DEM #5
RUGE AR (R b RUBE R, HLRE RS ) i A 40, K 5
RCHE BiE 107~ 10% 30 f1 2 ae U, R
AR B R 2 ]
42 W EER

TS B IR B IR T s AL Ik Bl % [ 7 AH
(B AL, SRR RS /T sl i RT
% 7oA ), 6 R B T DA SE A 5
IO T FEE A AR 3 v EE L0, L TR
B 73 #E B 4 Lopez-de-Bertodano 5 %Y 121
Simonin-Viollet #:%52H1 Burns 41153, R FH &)
7z 1) /& Lopez-de-Bertodano & 7!

Frp ==Crpy0kV ¢, (19)

b, Crp NIRRT HUR KL, HEF IUE T
0.1~1.0. SCHR 4 FIAE A 0.11%7149), ANSYS Fluent
16.1 FIBRIMAEN 1.0,

43 HERNRE

H LR RS Schiller-Naumann #4154,
Morsi-Alexander #1159 Grace #5159 Ishii-Zuber
RIS Gibilaro #1181 Gidaspow AEAYNL
Brucato B Huilin-Gidaspow 110125 34
W, X4 B S A4 & 5 Brucato A4
A1 Gidaspow HERLE A 7107104,

Brucato #4155 [ [ e UKL ) §2 R, 3 2L H]
TR S AN I 5% 11 1 P AH B SR = A
BT, B R R B RIL AN

3
C, = le:l +8476X10’4(%j }

Reft, A=(v/e) " RFUREIEFKEE, Co,

R IR S FORL A I W 28, 5 Schiller-
Naumann 7 /b 1) 5 2 805G M R ) X

Cpo = ;—4(1+0. 15 Re)7)

eS

(20)

e2))

Re, 72 AHXT Reynolds %
Res - plds‘us _ul‘
M,

Brucato 57 ]8R m 75 T3 i 0 BEFE AR 1Y

22)
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TR APR38R A i 21 e FEHK
RIS FE I, RIR BN B 4 AR 40 v 4
RS B, (HIHRE R, LR T TR SEPRI R

AL Z T, Gidaspow #ERY BE 2000, "EHLE T
WOk A A EAERT, & Wen-Yu BT Ergun
PRI £y o AR epr, K I B B ] B )
Do, AR T 20%KE;, i Wen-Yu #57
FEHUAH 8] 4% J5

_3c ol s
Ky —4CD 4 ) (23)
Hp o 25 FRIE AN
24 0.687
c, =m[1+o.15(¢, Re,)" "] (24)

[Fl 5 T 20% 0, {8 A Ergun B
¢szlul +1 75¢5p/‘us _ul‘
(1-g)d d,
%41, Huilin-Gidaspow U5} Gidaspow 4
RUHAT 1 ook, e e i R BOR SEHL Wen-Yu £
| Ergun SR 5 SR
L, arctan| 262.5(¢, —0.2) |

K, =150

(25)

= 26
2 b (26)

AR A ) 5T R BN
Ksl = l//Ks/—Ergun + (1 - ‘//)Ksl—ch—Yu (27)

Tamburini 2171814 35§ B Wen-Yu #5! £ Ergun
B (LB AT 17 ACEE, B T — bR A (E T K
USRI N 2 A [E BRI VR 54, )

3 AR AL 20 B AN [ T I RIORE 2 1] R AH ELAE FH
SCHR G HE RIS , 4140 Montante 25U R T A 1Y
BRI 2 2 4 - [G  2 10 F 25 45 PA A1 J] 55 8 )
RGP RE, FHFET 7RI 5eE . 2H R E AR
SRR A A R AR, (BB A ST
FRBIR1.5~3.6 gL, MBI OUEE T AR
AR SRR G, 28 T i U BRI
Wi, S FH ) H B 4N
o a(pPi-p)e

af = 2

2 ‘usl _”1‘(”51 _”1)+

28
Qz(psz_p/)g @9

ufz ‘usz _ul‘(usz _ul)

A g A wagy I PIRIAN R R RORE £ i LA ¢
R UTRETRE, 5 RURLAE RS LEFAA T K iR 2 DTSR
FE w Z I 3 R SRR

L. 0.4tanh[ld6’1 - 1} +0.6 (29)

U,

BT LA B, AT IS T e PR R 28
(1) 7 [ AF VR G P R T 5, AN ()8 B L 2 (1]
(R AH ELAE F T DL 2

Ayranci ZEUSZIGHEAL T S RS FIORL 5 P
B T I v ] 25 8 PR [ ARV S K R, A
T RURLRSS EERN 25 E L XTIl s e T B 2, K
I [ AR URL B AEAE SR BN AR BAE Y, 20 &
PR RS, B, MRAEA LBM AR
(large eddy simulation, LES) 7 {2:% 3% 3 R F1 3 4 301
L RRTR A AR K TR B B AT T BB 7, &5
RIS EREVHIME & Efm R 1%, [HEk
Z (AT AEAE B B A LA, X B R e A E
iR ATTRN
4.4 jmmiEE

K FHHUE T 0 7 BRI, AR 1
o B, Gt E AT S R, 6
BRI A N IR SR FH 2 (138 22 7R T I
¥J(Reynolds averaged Navier-Stokes, RANS)f Y, £,
FEPRME k-e 271 | realizable k-¢ 17 . RNG k-¢ #7
k-e BLAY . BN 7] fi 15 2 (shear stress transport
model, SST). & 1M /R (Reynolds stress model,
RSM)&5 . MHSCAT SR Y], B T RSM HAAL, Hofl
RANS A2 R A—2, {H RSM AP
S 0] e, B RE 2 BN THE R ) L
iR, JUHRERFEASRDERIERA, HitEE
PR, 381 0 T A R I 2 2 M A [ S8 8 () A A
fe-g AETRUOBIS] St i e AZ ) AOREAR T ) 2 R s
(M2 B2 2%, HMOCHE TR % H & T7 1k RE IS
5 S L) & 1 4 TS BRI, DI ke
TR 42 R A5 R R B AR B v vl 0 3 . o B
FHG AR 4 M. S EAHKRZ, BA R
T 2 PR AH 38 T k- 15228 Bl oAt 3 AN A8E Y P ASEHDLA
By, AHER AR T 0 B AR R R E
P UL, i A e iR e s e B
b, Feng ZU7OFF % T WM B AR K B Ay B
(explicit algebraic stress model, EASM), & B A5
TARAE ke 1AL, SRTTASBE A T i il & & 1)
PEPEE RTIFR R

LES #5284 75 3 $ ] 050 8 3% 77 18 14 2 FH 9 4
AI0E, R RIRE SRRk R RO,
it Derksen 25"27 1312 Iy LES #% Hl Lagrange 7%
W5t 1 Rushton JEHHEZS 2% N ERIE BB 2R 7K 9 AH
ERWER, WS T 5L MHIENER, His
[ 5 BN 3.6% JE K, AT 130K LES #5274 5 Euler
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TEAHEE G R TR A 38 N B B, [ &Y
N 1%, @it 5 CARPT S28a 4 R LR AbATIHE
2 S KR, 1A VR AR AR U b T [
B e o o8 87 AR N I AW U SR e
o B AUE B (direct numerical simulation, DNS)
FTFPibk BB e PO S i R A
P [ A E AR R IS O A A DG SC R
[16,20,130,163-164]45 tH T B ARG A . W+ i,
LES 7R DNS #i7% E RANS #ER AE R (L F N &
SERRIAE R, AR ER, RTRE &=, K
Reynolds £, /NREMFEREIFAR, LG5 E
15 FEASEHOURE B iy HLTH SRR /N1 2 RO e g, 41
a4y B iR (detached eddy simulation, DES). X
F i W AR (scale-adaptive simulation, SAS). 1H & [
LES F1 DNS #i%—F, DES Hil SAS B EIA e 5RK
P Z AR A, I RES RANS BAUHAC G

ERE RN, RE RS HE R AR AL
WAVRE S, EHZ . &mSEdE T ARHER
T A P RUIRAS T I BERCEE . H TR IR
RS T B IR R SB0R R 1A AR
It 2R 5K OB AR FBE 43 AT P 2 T A S5 PR A IR AN TS
B, AHOCHI SR TE R 2D o SR AE 5 BT, R Lassaigne
R =D = R DU R R N S ) G EE 1 2
BAN BBV EIEEAT TSI EUER T, B
WEAE T=365 mm, WFAHUARIS, HZ D=T/3,
BREE C=T/4, B RZMEEEAN 6%~25%[1
SRILIIERANEE N 1~4 Pa-s AR & B /K VAR, 1
P2 B =A%) 800 rmin~', Re<350. SZIGHFFT
ISR (2 v, BUE i e Bt AR A B 47 TF
R T = R B A ) AR AT ) CFD-DEM A
B, HUERLGE R S0 45 RV &8s, ) T
T RURE DI A B ok AR A B 23 A R AR I 2 o

5 HWREEEEST

B, AT BRSNS KA R B H
AT, T AEARNS AR S, fTAhmER
AR 2] 740, XA E TR % . SR
RIITIE, [T AR R E JE P AR B 2 A5 A i Lo £
PR SR ABEAT, R B R R T e PR B AN TR
(9, T IRAFUERA SIS R, 20T L FE . Svec
SUPhAGH, [ BRI IR TR R R
A AR EERMAL, AT LBM 50T A T
AE P T AIBLAE A At A mh IR 0K 9 T 35 1)
HUERR, T R B LA T AR RORL 1 2

FE R, EAXRR TR B E A .

1&5 1k, A B0 [ I 77 T8I STk
FRT E AR O | o O A AR
SCHRBEFE T I AR AR 0 o 4514 Prakash 25U >*R
SPH J7 A0 1 A TR ARIAE K B, AR
XPEEEEN 0.5, WA BRI AL s ARPLEA P Fl
ANFERS, BRSS9 16 mmX22.5 mm
A1 25 mmX35 mm, FiEINEEN 1.5 kg 14 kg,
JE#E AN 1.5 kg WHAB[EAMBA SN 1 m,
PAE RN BAYE . B4R D=04T, BJK M
C=T/3. MLkt 180 rmin~ i, H{E A7l
HAHPRR) T E IR RSO, AT AESE PR Tl
AT, BRI RS ENMS 2, SPH 7k
ANFE R . Ozcan-Taskin 25U PIZERIF 55 2242 L V%
UKL & 5 e 1 IR S e I, S8 1 T # BE T A 2R A
VOF(volume of fluid)# R AL 5 FyR A . #ii+E
AR EAT T=610 mm, HiHEEA 45U 1) DU R 2
AL AE R ) A F R =rt LE-20 2. g
LDA(laser Doppler anemometry)3Z56 45 5 1%t b &
L, MFARL N D=T2 BB EEE LA VOF X
BAGR| S5 REEAAM ] TRAREE D=T/3 It}, VOF
BT () 45 S e R, (HiH B K. Nogueira 2570
BAUh 1 & R E IO AR A ) B HRTE AR, AR
J& RNG k-¢ B Fl PHOENICS % £ (AR 1] 93 4% 5
AR (inter-phase-slip algorithm model, IPSA), #A T
AT AL T SRR AR IR TG 5 R AR AR
PRI 7T AN 2 1L S 1) T YR P A AU

6 % &

iE 60 R, FEHEHEMEFOTHRIETE
KHEE, BERARTER T SR ) S230 K7 %
FIHAE R, SRS T PRI P 25 22 14 fr il
MR R SO RIRHT T RAFIA, BT AR
HARHLEE, N TAEF AT A HHE SRR
SRTTT , 248K 22 HORT 90 56 0 0 02 A 5 P P 2 2,
Berese gt JEAER, B AL B R
B, BIINTERAAR O BRE . AT RE L RO
B AT MBS, (S8 TH LB
A5 Rl L — BV X TR R R AL,
RIS it VR T T 2 e B A, 5
50 M R T A T PR, B A8 T ot M
IR AR . T S 77 15 1R PRt (B i s 47
PR S A T, AR R, (i
SREE, H A TN R Se IR, TR
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DN E YNNI & GREZ LT et
BT, BRI AT 10 e AT 38 (5 04
17, KA S VOF BRIk E: & HI L T
TR BETASTS , {1 5 RANS BUHRE &
B, R TR, T L LU, I 00
B A 5 B MO 2 T, Bl B
HE VAT 2SS B

# 8 B 6

B—MHRENEL %
C—FM BRI, m
Cy — SR R B, m
Co —— iR B
Cro — ML R M
Crp —IHd A
D —FPRER, m
d,—BRER, m

e L2 5
Fdf &jj’ Pa
FTD ‘ﬁﬁ'?/ﬁ%})‘%&ﬁ, Pa

g ——H S, mes™
H—&F M5k, m
KK ——fl 5
Ky — I R4
k ——iEhEE, m’s™

Nk, 5

Ny, — I R, s
N, —IhHR MR
Re Reynolds %1
Re, —#%} Reynolds %
Re, B¥TH JBE#2 Reynolds %X

S ——Zwietering 2 2 4L
T—HHARER m
WS, ms™

u
U TR R, mes™!
U #5 1L AR R BRI T, mes™!
U, BT BEH T, mes™

V, — BRI IAAR, m
V', — BRI AR, m
w — R, m
y—AHRZEEE, m

y* R PE 2

e ——li BN REAEHUR, m*s™
A—HPRERRERKE, m
U R, Pas

y—38 B, m’sT
o—%E, kg'm_3
T—tﬂmjj’ Pa

o—EBUNEL %
w—E R A

TAtR

1 ——BAH

s [#] #H
T —3R
W ——EBE

References

(1

(2]

B3]

(4]

[3]

(6]

(7

[8]

9]

[10]

(1]

[12]

[13]

MICALE G, CARRARA V, GRISAFI F, et al. Solids suspension in
three-phase stirred tanks[J]. Chem. Eng. Res. Des., 2000, 78(3):
319-326.

NIENOW A W, BUJALSKI W. Recent studies on agitated
three-phase (gas-solid-liquid) systems in the turbulent regime[J].
Chem. Eng. Res. Des., 2002, 80(8): 832-838.

LI W B, GENG X Y, BAO Y'Y, et al. Micromixing characteristics in
a gas-liquid-solid stirred tank with settling particles[J]. Chin. J. Chem.
Eng., 2015, 23(3): 461-470.

ZU L Z, ZHOU H B, YANG S F, et al. Configuration optimization
and mass transfer in a dual-impeller bioreactor[J]. J. Chem. Eng. Jpn.,
2015, 48(5): 360-366.

YANG S F, LI X Y, YANG C, et al. Computational fluid dynamics
simulation and experimental measurement of gas and solid holdup
distributions in a gas-liquid-solid stirred reactor[J]. Ind. Eng. Chem.
Res., 2016, 55(12): 3276-3286.

DAVOODY M, RAMAN A A A, PARTHASARATHY R. Agitation
energy efficiency in gas-solid-liquid stirred vessels operating at
ultra-high solids concentrations[J]. Chem. Eng. Res. Des., 2016, 111:
34-48.

BAO Y Y, HAO Z G, GAO Z M, et al. Suspension of buoyant
particles in a three phase stirred tank[J]. Chem. Eng. Sci., 2005, 60(8):
2283-2292.

Az, RER, SR, 5. S0 Xt = AR Py [ -
BT B - B T]. R TR 2R, 2006, 20(1):
25-30.

BAO Y Y, LONG J G, GAO Z M, et al. Effects of buoyant particle
characteristics on solid-liquid suspension and gas-liquid dispersion in
a three phase stirred tank[J]. Journal of Chemical Engineering of
Chinese Universities, 2006, 20(1): 25-30.

KHAZAM O, KRESTA S M. Mechanisms of solids drawdown in
stirred tanks[J]. Can. J. Chem. Eng., 2008, 86(4): 622-634.

R, o, BE. BTSRRI EE NS B
FE 35 B HE PO 000 ] 900 I R D] ML DR 23R, 2014, 50(12):
185-191.

LI L C, XU B, YANG J. Sinking/floating particles solid suspension
characteristics in stirred tank based on CFD simulation[J]. Journal of
Mechanical Engineering, 2014, 50(12): 185-191.

MONTANTE G, MAGELLI F. Mixed solids distribution in stirred
vessels: experiments and computational fluid dynamics simulations[J].
Ind. Eng. Chem. Res., 2007, 46(9): 2885-2891.

AYRANCI I, KRESTA S M. Design rules for suspending
concentrated mixtures of solids in stirred tanks[J]. Chem. Eng. Res.
Des., 2011, 89(10): 1961-1971.

AYRANCI I, KRESTA S M, DERKSEN J J. Experiments and



. 2244 -

e L %

68 &

[14]

[15]

(16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

(26]

(27]

(28]

[29]

[30]

[31]

simulations on bidisperse solids suspension in a mixing tank[J]. Chem.
Eng. Technol., 2013, 36(11): 1957-1967.

PAUL E L, ATIEMO-OBENG V A, KRESTA S M. Handbook of
Industrial Mixing: Science and Practice[M]. Hoboken, New Jersey:
John Wiley & Sons, Inc., 2004: 543-584.

OCHIENG A, ONYANGO M S. CFD simulation of solids suspension
in stirred tanks: review[J]. Hem. Ind., 2010, 64(5): 365-374.

KASAT G R, PANDIT A B. Review on mixing characteristics in
solid-liquid and solid-liquid-gas reactor vessels[J]. Can. J. Chem.
Eng., 2005, 83(4): 618-643.

SHAH R E, SHAH R S, SAJJADI B, et al. Solid-liquid mixing
analysis in stirred vessels[J]. Rev. Chem. Eng., 2015, 31(2): 119-148.
JAFARI R, CHAOUKI J, TANGUY P A. A comprehensive review of
just suspended speed in liquid-solid and gas-liquid-solid stirred tank
reactors[J]. Int. J. Chem. Reactor Eng., 2012, 10(1): 1-32.
SHAMLOU P A. Processing of Solid-Liquid Suspensions[M]. Boston
UK: Butterworth-Heinemann Ltd., 2016.

JAHODA M, MACHON V, VLACH L, ef al. Macro-instabilities of a
suspension in an axially agitated mixing tank[J]. Acta Polytech., 2002,
42(3): 3-7.

ENG M, RASMUSON A. Influence of solids on macro-instabilities in
a stirred tank[J]. Chem. Eng. Res. Des., 2012, 90(8): 1052-1062.

ENG M, RASMUSON A. Large eddy simulation of the influence of
solids on macro instability frequency in a stirred tank[J]. Chem. Eng.
J.,2015, 259: 900-910.

NIENOW A W, MILES D. The effect of impeller/tank, configurations
on fluid-particle mass transfer[J]. Chem. Eng. J., 1978, 15(1): 13-24.
YAMAZAKI H, TOJO K, MIYANAMI K. Concentration profiles of
solid suspended in a stirred tank[J]. Powder Technol., 1986, 48(3):
205-216.

BARRESI A, BALDI G. Solid dispersion in an agitated vessel: effect
of particle shape and density[J]. Chem. Eng. Sci., 1987, 42(12):
2949-2956.

RHF]. HALT AR AR, 2003, 23(1): 25-29.

XIAO J J, BAO Y Y, HUANG X B, et al. Experimental study on
circulating flux in a stirred tank with draft-tube[J]. Journal of North
China Insitute of Technology, 2003, 23(1): 25-29.

WROCER, S, il B [V fa 100 R 1A AL i sl A
B R TARAEIR, 2007, 7(1): 14-18.

CHEN W M, HUANG X B, GAO Z M. Characteristics of fluid flow
and particle suspension in a solid-liquid draft-tube stirred tank[J]. The
Chinese Journal of Process Engineering, 2007, 7(1): 14-18.

GRISAFI F, BRUCATO A, RIZZUTI L. Solid-liquid mass transfer
coefficients in mixing tanks: influence of side wall
roughness[C]//Institution of Chemical Engineers Symposium Series.
Hemsphere Publishing Corporation, 1994, 136: 571-578.

FREUDIG B, HOGEKAMP S, SCHUBERT H. Dispersion of powers
in liquids in a stirred vessel[J]. Chem. Eng. Process., 1999, 38(4/5/6):
525-532.

SBRIZZAI F, LAVEZZO V, VERZICCO R, et al. Direct numerical
simulation of turbulent particle dispersion in an unbaffled stirred-tank
reactor[J]. Chem. Eng. Sci., 2006, 61(9): 2843-2851.

BRUJES L, LEGRAND J, CARNELLE G. Complete suspension of
microcapsules in baffled and unbaffled stirred tanks[J]. Chem. Eng.
Technol., 1998, 21(9): 735-744.

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

B, B, BB, 55 TCRARIR R - [ R R R
PE[I]. W FE TR, 2008, 8(1): 1-7.

SHAN X G, YU G Z, YANG C, et al. Dispersion characteristics of
solid-liquid suspension in an unbaffled stirred tank[J]. The Chinese
Journal of Process Engineering, 2008, 8(1): 1-7.

SHAN X G, YU G Z, YANG C, et al. Numerical simulation of
liquid-solid flow in an unbaffled stirred tank with a pitched-blade
turbine downflow[J]. Ind. Eng. Chem. Res., 2008, 47(9): 2926-2940.
JAZE, M, B, . 52T LED JGUS KT s 5 il b
SR BV R R R KD AT A ). AR AR AR, 2011, 11(6):
933-937.

ZHOU H B, LI X Y, YANG C, et al. An optic method based on LED
reflection for measurement of the -characteristics of particle
suspension in a liquid-solid stirred tank[J]. The Chinese Journal of
Process Engineering, 2011, 11(6): 933-937.

LI X, YANG C, ZHANG G, et al. Experimental studies on suspension
of solid particles in a low-shear stirred vessel[J]. Chem. Eng. Technol.,
2011, 34(9): 1581-1586.

TAMBURINI A, GENTILE L, CIPOLLINA A, et al. Experimental
investigation of dilute solid-liquid suspension in an unbaffled stirred
vessel by a novel pulsed laser based image analysis technique[J].
Chem. Eng. Trans., 2009, 17(1): 531-536.

BRUCATO A, CIPOLLINA A, MICALE G, et al. Particle suspension
in top-covered unbaffled tanks[J]. Chem. Eng. Sci., 2010, 65(10):
3001-3008.

TAMBURINI A, BRUCATO A, BUSCIGLIO A, et al. Solid-liquid
suspensions in top-covered unbaffled vessels: influence of particle
size, liquid viscosity, impeller size, and clearance[J]. Ind. Eng. Chem.
Res., 2014, 53(23): 9587-9599.

TAMBURINI A, CIPOLLINA A, MICALE G, et al. Particle
suspension in vortexing unbaffled stirred tanks[J]. Ind. Eng. Chem.
Res., 2016, 55(27): 7535-7547.

KK, BBUE . TR R P R AR IR ()], TEOR KA
EAR(EARIEEAAR), 2010, 31(3): 309-313.

LAI Y B, YANG M G. Experiment on solid-liquid suspension in
unbaffled stirred tank[J]. Journal of Jiangsu University (Natural
Science Edition), 2010, 31(3): 309-313.

e, FMEZ, SKERM, S5 TR I [ e e 1 ).
UK 224 (TAE R ), 2014, 44(4): 185-190.

YANG F L, ZHOU S J, ZHANG C X, et al. Solid-liquid suspension
in an unbaffled stirred tank[J]. Journal of Sichuan University
(Engineering Science Edition), 2014, 44(4): 185-190.

WANG S, BOGER D V, WU J. Energy efficient solids suspension in
an agitated vessel-water slurry[J]. Chem. Eng. Sci., 2012, 74:
233-243.

WANG S, PARTHASARATHY R, BONG E Y, ef al. Suspension of
ultrahigh concentration solids in an agitated vessel[J]. AIChE J., 2012,
58(4): 1291-1298.

WANG S, PARTHASARATHY R, WU J, et al. Optimum solids
concentration in an agitated vessel[J]. Ind. Eng. Chem. Res., 2014,
53(10): 3959-3973.

WU J, WANG S, NGUYEN B, et al. Improved viscous slurry
agitation for minerals processing[J]. Miner. Eng., 2015, 78: 21-31.
WU J, WANG S, NGUYEN B, et al. Improved mixing in a magnetite
iron ore tank via swirl flow: lab-scale and full-scale studies[J]. Chem.
Eng. Technol., 2016, 39(3): 505-514.



6

WA P R Uik

© 2245 -

[47]

(48]

[49]

[50]

(51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

WANG S, JJANG M, IBRAHIM S, et al. Optimized stirred reactor
for enhanced particle dispersion[J]. Chem. Eng. Technol., 2016, 39(4):
680-688.

KIPKE K. Suspension by side entering agitator[J]. Chem. Eng.
Process., 1984, 18(4): 233-238.

CHEN J, XIAO W. Solids suspension study in a side-entering stirred
tank through CFD modeling[J]. Int. J. Chem. Reactor Eng., 2013,
11(1): 331-346.

#ERAL, PR, EOT, & QR R A R D R S
FIPERE[]. AR AR, 2008, 8(4): 709-713.

DU R L, HUANG X B, WANG X, et al. Measurement of stirring
power and mass transfer by a side-entering gas-liquid agitator[J]. The
Chinese Journal of Process Engineering, 2008, 8(4): 709-713.

HWEZR, P, AL MR et R ). AT
FREAR, 2009, 9(3): 417-423.

ZHENG X D, HUANG X B, DU R L. Suspension of solid particles
by side-entering agitators[J]. The Chinese Journal of Process
Engineering, 2009, 9(3): 417-423.

ke, sk, ST A Y 2 B A - R v RE L)), A
TAEEER, 2012, 12(2): 181-186.

LI Y G HUANG X B. Solid-liquid suspension in a vertical
three-impeller stirred tank[J]. The Chinese Journal of Process
Engineering, 2012, 12(2): 181-186.

TEZURA S, KIMURA A, YOSHIDA M, et al. Agitation requirements
for complete solid suspension in an unbaffled agitated vessel with an
unsteadily forward-reverse rotating impeller[J]. J. Chem. Technol.
Biotechnol., 2007, 82(7): 672-680.

YOSHIDA M, KIMURA A, YONEYAMA A, et al. Design and
operation of unbaffled vessels agitated with an unsteadily
forward-reverse rotating impeller handling solid-liquid dispersions[J].
Asia-Pac. J. Chem. Eng., 2012, 7(4): 572-580.

e . RHE SRS N B K BRI RO BT JE (D). AHIL:
TLIF R, 2013

CHE Z F. Study on the flow field and solid-liquid suspension in an
inclined inserted stirred tank[D]. Zhenjiang: Jiangsu University, 2013.
W%, FEA, TRER, 55 (OB SR RED). AR
TFE4R, 2008, 8(6): 1064-1069.

YANG F L, ZHOU S J, ZHANG C X, et al. Investigation on
solid-liquid suspension performance in an eccentrically stirred tank[J].
The Chinese Journal of Process Engineering, 2008, 8(6): 1064-1069.
W, A, TKRERM), . BRI - E R R T
D] R AR (A R RERR), 2012, 40(11): 22-26.

YANG F L, ZHOU S J, ZHANG C X, et al. Study on the solid-liquid
suspension in eccentrically stirred tanks[J]. Journal of Huazhong
University of Science and Technology(Natural Science Edition), 2012,
40(11): 22-26.

GICALA B. Computational fluid dynamics modelling of a suspension
of solid particles in a full scale unbaffled vessel[J]. Chem. Process
Eng., 2009, 30(3): 475-484.

JEVS. A o 5P A TRV AR R SR R B E FE (D). Jbat: dbstie
TR#:,2015.

ZHOU K. Study for the flow characteristic of solid-liquid system in
eccentrically stirred tank[D]. Beijing: Beijing University of Chemical
Technology, 2015.

MERSMANN A, WERNER F, MAURER S, et al. Theoretical

prediction of the minimum stirrer speed in mechanically agitated

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

suspensions[J]. Chem. Eng. Process., 1998, 37(6): 503-510.

SRR, RNTF, SR, R A P I R S B K
EHI[]. AR TRESAAR, 2007, 7(3): 439-444.

ZHANG F T, LIU F, HUANG X B. Numerical simulation of critical
suspension impeller speed in a high concentration stirred tank[J]. The
Chinese Journal of Process Engineering, 2007, 7(3): 439-444.
ZWIETERING T N. Suspending of solid particles in liquid by
agitators[J]. Chem. Eng. Sci., 1958, 8(3/4): 244-253.

AYRANCI I, KRESTA S M. Critical analysis of Zwietering
correlation for solids suspension in stirred tanks[J]. Chem. Eng. Res.
Des., 2014, 92(3): 413-422.

NARAYANAN S, BHATIA V K, GUHA D K, et al. Suspension
of solids by mechanical agitation[J]. Chem. Eng. Sci., 1969, 24(2):
223-230.

BRUCATO A, BRUCATO V. Unsuspended mass of solid particles in
stirred tanks[J]. Can. J. Chem. Eng., 1998, 76(3): 420-427.

GUHA D, RAMACHANDRAN P A, DUDUKOVIC M P. Flow field
of suspended solids in a stirred tank reactor by Lagrangian tracking[J].
Chem. Eng. Sci., 2007, 62(22): 6143-6154.

BALDI G, CONTI R, ALARIA E. Complete suspension of particles
in mechanically agitated vessels[J]. Chem. Eng. Sci., 1978, 33(1):
21-25.

NIENOW A W. Suspension of solid particles in turbine agitated
baffled vessels[J]. Chem. Eng. Sci., 1968, 23(12): 1453-1459.
ARMENANTE P M, NAGAMINE E U. Effect of flow off-bottom
impeller clearance on the minimum agitation speed for complete
suspension of solids in stirred tanks[J]. Chem. Eng. Sci., 1998, 53(9):
1757-1775.

ARMENANTE P M, NAGAMINE E U, SUSANTO J. Determination
of correlation to predict the minimum agitation speed for complete
solid suspension in agitated vessels[J]. Can. J. Chem. Eng., 1998,
76(3): 413-419.

MOLERUS O, LATZEL W. Suspension of solid particles in agitated
vessels( I ) : Archimedes numbers < 40[J]. Chem. Eng. Sci., 1987,
42(6): 1423-1430.

MOLERUS O, LATZEL W. Suspension of solid particles in agitated
vessels( Il ): Archimedes numbers > 40, reliable prediction of
minimum stirrer angular velocities[J]. Chem. Eng. Sci., 1987, 42(6):
1431-1437.

ARMENANTE P M, HUANG Y T, LI T. Determination of the
minimum agitation speed to attain the just dispersed state in
solid-liquid and liquid-liquid reactors provided with multiple
impellers[J]. Chem. Eng. Sci., 1992, 47(9/10/11): 2865-2870.
PAVLUSHENKO IS, KOSTIN N M, MATVEEV M S. Stirrer speeds
in the stirring of suspensions[J]. J. Appl. Chem., 1957, 30: 1235-1243.
NAGATA S. Mixing Principles and Applications[]M]. New York:
Halsted Press, 1975.

KRAUME M. Mixing times in stirred suspensions[J]. Chem. Eng.
Technol., 1992, 15(5): 313-318.

HICKS M T, MYERS K J, BAKKER A. Cloud height in solids
suspension agitation[J]. Chem. Eng. Commun., 1997, 160(1):
137-155.

BOURNE J R, SHARMA R N. Homogeneous particle suspension in
propeller-agitated flat bottom tanks[J]. Chem. Eng. J., 1974, 8(3):
243-250.

MAC TAGGART R S, NASER-EL-DIN H A, MASLIYAH J H.



= 2246 -

e L %

68 &

(80]

(81]

(82]

(83]

(84]

[85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

Sample withdrawal from a slurry mixing tank[J]. Chem. Eng. Sci.,
1993, 48(5): 921-923.

BARRESI A A, KUZMANIC N, BALDI G. Continuous sampling of a
slurry from a stirred vessel: analysis of the sampling efficiency and
affecting parameters[J]. IChem. Symp. Ser., 1994, 136: 17-24.
KUZMANIC N, KESSLER E M. Continuous sampling of floating
solids suspension form a mixing tank[J]. Ind. Eng. Chem. Res., 1997,
36(11): 5015-5022.

NASR-EL-DIN H, SHOOK C A, COLWELL A. A conductivity probe
for measuring local concentrations in slurry systems[J]. Int. J.
Multiphase Flow, 1987, 13(3): 365-378.

MAC TAGGART R S, NASER-EL-DIN H A, MASLIYAH J H. A
conductivity probe for measuring local solids concentration in a slurry
mixing tank[J]. Sep. Technol., 1993, 3(3): 151-160.

BOHERK, RISEAK, W, SRR R P TROR ) 0 A7 D).
T 5k, 2002, 53(7): 717-722.

HUANG X B, YAN X B, SHI L T, et al. Liquid velocity distributions
in solid-liquid stirred vessels[J]. Journal of Chemical Industry and
Engineering(China), 2002, 53(7): 717-722.

MICALE G, GRISAFI F, BRUCATO A. Assessment of particle
suspension conditions in stirred vessels by means of pressure gauge
technique[J]. Chem. Eng. Res. Des., 2002, 80(8): 893-902.
LASSAIGNE M, BLAIS B, FRADETTE L, et al. Experimental
investigation of the mixing of viscous liquids and non-dilute
concentrations of particles in a stirred tank[J]. Chem. Eng. Res. Des.,
2016, 108(s): 55-68.

BLAIS B, LASSAIGNE M, GONIVA C, et al. Development of an
unresolved CFD-DEM model for the flow of viscous suspensions and
its application to solid-liquid mixing[J]. J. Comput. Phys., 2016, 318:
201-221.

D, EIUR, EIER, 55 BIUSIR A AR R DR R
Trk——GHEIA]. A TAR, 1990, 18(1): 58-61.

MA G H, HUO Y S, WANG Y C, et al. A new method for
measurement of solid concentration in the solid-liquid suspension
system — photoelectric measurement method[J]. Chemical
Engineering(China), 1990, 18(1): 58-61.

YAMAZAKI H, TOJO K, MIYANAMI K. Concentration profiles of
solids suspended in a stirred tank[J]. Powder Technol., 1986, 48(3):
205-216.

ANGST R, KRAUME M. Experimental investigations of stirred
solid/liquid systems in three different scales: particle distribution and
power consumption[J]. Chem. Eng. Sci., 2006, 61(9): 2864-2870.
FERREIRA P J, RASTEIRO M G, FIGUEIREDO M M. A new
approach to measuring solids concentration in mixing tanks[J]. Adv.
Powder Tech., 1994, 5(1): 15-24.

TAMBURINI A, CIPOLLINA A, MICALE G, et al. Particle
distribution in dilute solid liquid unbaffled tanks via a novel laser
sheet and image analysis based technique[J]. Chem. Eng. Sci., 2013,
87:341-358.

MONTANTE G, MICALE G, MAGELLI F, et al. Experimental and
CFD prediction of solid particle distribution in vessel agitated with
four pitched blade turbines[J]. Chem. Eng. Res. Des., 2001, 79(8):
1005-1010.

HOSSEINI S, PATEL D, EIN-MOZAFFARI F. Study of solid-liquid
mixing in agitated tanks through electrical resistance tomography[J].
Chem. Eng. Sci., 2010, 65(4): 1374-1384.

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

HUI L K, BENNINGTON C P J, DUMONT G A. Cavern formation
in pulp suspensions using side-entering axial-flow impellers[J].
Chem. Eng. Sci., 2009, 64(3): 509-519.

SARDESHPANDE M V, KUMAR G, ADITYA T, et al. Mixing
studies in unbaffled stirred tank reactor using electrical resistance
tomography[J]. Flow Meas. Instrum., 2016, 47: 110-121.
CARLETTI C, MONTANTE G, BLASIO C D, ef al. Liquid mixing
dynamics in slurry stirred tanks based on electrical resistance
tomography[J]. Chem. Eng. Sci., 2016, 152: 478-487.

LARACHI F, CHAOUKI J, KENNEDY G, et al. Radioactive
particle
applications[M]// CHAOUKI J, LARACHI F, DUDUKOVIC M P.
Non-invasive Monitoring of Multiphase Flows. Amsterdam: Elsevier,
1997: 335-406.

RAMMOHAN A R, KEMOUN A, AL-DAHHAN M H, et al.

Characterization of single phase flow in stirred tanks via computer

tracking in multiphase reactor:  principles and

automated radioactive particle tracking (CARPT)[J]. Chem. Eng.
Res. Des., 2001, 79(8): 831-844.

FANGARY Y S, BARIGOU M, SEVILLE J P K, et al. Fluid
trajectories in a stirred vessel of non-Newtonian liquid using positron
emission particle tracking[J]. Chem. Eng. Sci., 2000, 55(24):
5969-5979.

FANGARY Y S, BARIGOU M, SEVILLE J P K, et al. A
Langrangian study of solids suspension in a stirred vessel by
positron emission particle tracking (PEPT)[J]. Chem. Eng. Technol.,
2002, 25(5): 521-528.

BARIGOU M. Particle tracking in opaque mixing systems: an
overview of the capabilities of PET and PEPT[J]. Chem. Eng. Res.
Des., 2004, 82(9): 1258-1267.

FISHWICK R, WINTERBOTTOM M, PARKER D, ef al. The use
of positron emission particle tracking in the study of multiphase
stirred tank reactor hydrodynamics[J]. Can. J. Chem. Eng., 2005,
83(1): 97-103.

PIANKO-OPRYCH P, NIENOW A W, BARIGOU M. Positron
emission particle tracking (PEPT) compared to particle image
velocimetry (PIV) for studying the flow generated by a pitched-blade
turbine in single-phase and multi-phase systems[J]. Chem. Eng. Sci.,
2009, 64(23): 4955-4968.

GUIDA A, NIENOW A W, BARIGOU M. PEPT measurements of
solid-liquid flow field and spatial phase distribution in concentrated
monodisperse stirred suspensions[J]. Chem. Eng. Sci., 2010, 65(6):
1905-1914.

LIU L, BARIGOU M. Lagrangian particle tracking in mechanically
agitated polydisperse suspensions: multi-component hydrodynamics
and spatial distribution[J]. Int. J. Multiphase Flow, 2015, 73: 80-89.
WIERE, EUETS, FHACR. BRI 2 REES RS B S b Rk
FE I ET]. 4k 224, 2006, 57(9): 2062-2067.

HUANG Z L, WANG J D, YANG Y R. Measurement of slurry
concentration in stirred vessel based on AE measurement by wavelet
transform[J]. Journal of Chemical Industry and Engineering(China),
2006, 57(9): 2062-2067.

FEUR S, Fyg 0y, TRBEXR, . FIF A R 4T H AR I & 5 b 5 1 it
FRTFREN]. LR, 2008, 59(6): 1383-1389.

REN C J, WANG J D, ZHANG X H, et al. Measurement of slurry
suspension height in stirred tank by multi-scale analysis of acoustic
emission Journal of Chemical

technology[J]. Industry and



6

WA P R Uik

© 2247 -

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

Engineering(China), 2008, 59(6): 1383-1389.

(EHREE, FyE0y, BHACR, 5. 5kl 7E B R 5 r I8 480K I
SRRV T R[] AL, 2008, 59(8): 1986-1991.
REN C J, WANG J D, YANG Y R, et al. Measurement of critical
suspension speed for solid particles in stirred vessel based on
method[J].
Engineering(China), 2008, 59(8): 1986-1991.

WM R, BIEZE, Fuh1S, 2. & T Hilbert-Huang 8t (1145 $: 5
I S 2V 5 TR A P R SRR [T]. A L2441, 2012, 63(1): 36-41.

HU Y C, HUANG Z L, WANG J D, et al. Measurement of critical
suspension speed in stirred tank using acoustic emission technique
based on Hilbert-Huang transform[J]. CIESC Journal, 2012, 63(1):
36-41.

MONTANTE G, PAGLIANTI A, MAGELLI F. Analysis of dilute
solid-liquid suspensions in turbulent stirred tanks[J]. Chem. Eng. Res.
Des., 2012, 90(10): 1448-1456.

FAN L, XU N. Experimental investigation of fibre particles in a
turbulent stirred tank with DPIV[J]. Powder Technol., 2016.
http://dx.doi.org/10.1016/j.powtec.2016.10.065

GUIRAUD P, COSTES J, BERTRAND 1J. Local measurements of
fluid and particle velocities in a stirred suspension[J]. Chem. Eng. J.,
1997, 68(2): 75-86.

DIETEMANN P, RUEFF M. A study of fibre suspension flow by

means

acoustic Journal of Chemical Industry and

of  Doppler ultrasound
analysis[C]//PAPTAC 90th Annual Meeting. Montreal, Que., Canada,
2004.

EIN-MOZAFFARI F, BENNINGTON C P J, DUMONT G A, ef al.
Measuring flow velocity in pulp suspension mixing using ultrasonic
Doppler velocimetry[J]. Chem. Eng. Res. Des., 2007, 85(5):
591-597.

SARDESHPANDE M V, JUVEKAR V A, RANADE V V. Solid
suspension in and CFD
simulations[J]. Can. J. Chem. Eng., 2011, 89(5): 1112-1121.
SHAMLOU P A, KOUTSAKOS E. Solids suspension and
distribution in liquids under turbulent agitation[J]. Chem. Eng. Sci.,
1989, 44(3): 529-542.

MAGELLI F, FAINER D, NOCENTINI M, et al. Solid distribution
in vessels stirred with multiple impellers[J]. Chem. Eng. Sci., 1990,
45(3): 615-625

RASTEIRO M G, FIGUEIREDO M M, FREIRE C. Modelling
slurry mixing tanks[J]. Adv. Powder Tech., 1994, 5(1): 1-14.
SESSIECQ P, MIER P, GRUY F, et al. Solid particles concentration
profiles in an agitated vessel[J]. Chem. Eng. Res. Des., 1999, 77(8):
741-746.

MICALE G, MONTANTE G, GRISAFI F, et al. CFD simulation of
particle distribution in stirred vessels[J]. Chem. Eng. Res. Des., 2000,
78(3): 435-444.

DERKSEN J J. Highly resolved simulations of solids suspension in a
small mixing tank[J]. AIChE J., 2012, 58(10): 3266-3278.

MO J, GAO Z, BAO'Y, et al. Suspending a solid sphere in laminar
inertial liquid flow-experiments and simulations[J]. AIChE J., 2015,
61(4): 1455-1469.

PRAKASH M, CLEARY P W, HA J, et al. Simulation of suspension

of solids in a liquid in a mixing tank using SPH and comparison with

velocimetry and  image

stirred tanks: UVP measurements

physical modelling experiments[J]. Prog. Comput. Fluid Dyn., 2007,
7(2/3/4): 91-100.

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

DECKER S, SOMMERFELD M. Calculation of particles
suspension in agitated vessels with the Euler-Lagrange approach[J].
IChemE Symposium Series, 1996, 140: 71-82.

CHEN X Q, PEREIRA J C F. Computational modeling of a dilute
turbulent liquid-solid flow using a Eulerian-Lagrangian approach[J].
Int. J. Num. Methods Heat Fluid Flow, 2000, 10(4): 409-432.
DERKSEN J J. Numerical simulation of solids suspension in a
stirred tank[J]. AIChE J., 2003, 49(11): 2700-2714.

ZHANG X, AHMADI G Eulerian-Lagrangian simulations of
liquid-gas-solid flows in three-phase slurry reactors[J]. Chem. Eng.
Sci., 2005, 60(18): 5089-5104.

SRINIVASA T, JAYANTI S. An Eulerian/Lagrangian study of solid
suspension in stirred tanks[J]. AIChE J., 2007, 53(9): 2461-2469.

LI Z P, DERKSEN J J, GAO Z M. Models and applications for
simulating turbulent solid-liquid suspension in stirred tanks[J]. J.
Chem. Eng. Jpn., 2015, 48(5): 329-336.

CHOI Y, HUR N. A numerical study on particle suspension in a
stirred vessel with Rushton turbine impeller[J]. J. Chem. Eng. Jpn.,
2015, 48(5): 367-373.

BARRUE H, BERTRAND J, CRISTOL B, et al. Eulerian simulation
of dense solid-liquid suspension in multi-stage stirred vessel[J]. J.
Chem. Eng. Jpn., 2001, 34(5): 585-594.

KHOPKAR A R, KASAT G R, PANDIT A B, et al. Computational
fluid dynamics simulation of the solid suspension in a stirred slurry
reactor[J]. Ind. Eng. Chem. Res., 2006, 45(12): 4416-4428.
MURTHY B N, GHADGE R S, JOSHI J B. CFD simulations of
gas-liquid-solid stirred reactor: prediction of critical impeller speed
for solid suspension[J]. Chem. Eng. Sci., 2007, 62(24): 7184-7195.
KASAT G R, KHOPKAR A R, RANADE V V, et al. CFD
simulation of liquid-phase mixing in solid-liquid stirred reactor[J].
Chem. Eng. Sci., 2008, 63(15): 3877-3885.

GUHA D, RAMACHANDRAN M P, DUDUKOVIC M P, et al.
Evaluation of large eddy simulation and Euler-Euler CFD models for
solids flow dynamics in a stirred tank reactor[J]. AIChE J., 2008,
54(3): 766-778.

TAMBURINI A, CIPOLLINA A, MICALE G, et al. Dense
solid-liquid off-bottom suspension dynamics:
experiment[J]. Chem. Eng. Res. Des., 2009, 87(4): 587-597.
HOSSEINI S, PATEL D, EIN-MOZAFFARI F, et al. Study of
solid-liquid mixing in agitated tanks through computational fluid
Ind. Eng. Chem. Res., 2010, 49(9):

simulation and

dynamics modeling[J].
4426-4435.
PANNEERSELVAM R, SAVITHRI S, SURENDER G D. CFD
modeling of gas-liquid-solid mechanically agitated contactor[J].
Chem. Eng. Res. Des., 2008, 86(12): 1331-1344.
PANNEERSELVAM R, SAVITHRI S, SURENDER G D.
Computational fluid dynamics simulation of solid suspension in a
gas-liquid-solid mechanically agitated contactor[J]. Ind. Eng. Chem.
Res., 2009, 48(3): 1608-1620.

TAMBURINI A, CIPOLLINA A, MICALE G, et al. CFD
simulations of dense solid-liquid suspensions in baffled stirred tanks:
prediction of solid particle distribution[J]. Chem. Eng. J., 2013, 223:
875-890.

TAMBURINI A, CIPOLLINA A, MICALE G, et al. CFD
simulations of dense solid-liquid suspensions in baffled stirred tanks:

prediction of suspension curves[J]. Chem. Eng. J., 2011, 178:



* 2248 « th T % % 68 &
324-341. 3295-3314.

[143] LJUNGQVIST M, RASMUSON A. Numerical simulation of the [161] HUILIN L, GIDASPOW D. Hydrodynamics of binary fluidization in
two-phase flow in an axially stirred vessel[J]. Chem. Eng. Res. Des., a riser: CFD simulation using two granular temperatures[J]. Chem.
2001, 79(5): 533-546. Eng. Sci., 2003, 58(16): 3777-3792.

[144] FLETCHER D F, BROWN G J. Numerical simulation of solid [162] OCHIENG A, ONYANGO M S. Drag models, solids concentration
suspension via mechanical agitation: effect of the modeling approach, and velocity distribution in a stirred tank[J]. Powder Technol., 2008,
turbulence model and hindered settling drag law[J]. Int. J. Comp. 181(1): 1-8.

Fluid Dynam., 2009, 23(2): 173-187. [163] TAMBURINI A, CIPOLLINA A, MICALE G, et al. Influence of

[145] ZHU H P, ZHOU Z Y, YANG R Y, et al. Discrete particle simulation drag and turbulence modeling on CFD predictions of solid liquid
of particulate systems: theoretical developments[J]. Chem. Eng. Sci., suspensions in stirred vessels[J]. Chem. Eng. Res. Des., 2014, 92(6):
2007, 62(13): 3378-3396. 1045-1063.

[146] ZHOU Z Y, KUANG S B, CHU K W, et al. Discrete particle [164] WADNERKAR D, TADE M O, PAREEK V K, et al. CFD
simulation of particle-fluid flow: model formulations and their simulation of solid-liquid stirred tanks for low to dense solid loading
applicability[J]. J. Fluid Mech., 2010, 661: 482-510. systems[J]. Particuology, 2016, 29: 16-33.

[147] SHAO T, HU Y Y, WANG W T, et al. Simulation of solid [165] WEN CY, YU Y H. Mechanics of fluidization[J]. Chem. Eng. Prog.
suspension in a stirred tank using CFD-DEM coupled approach[J]. Symp. Ser., 1966, 62: 100-111.

Chin. J. Chem. Eng., 2013, 21(10): 1069-1081. [166] ERGUN S. Fluid flow through packed columns[J]. Chem. Eng. Prog.,

[148] PEPIOT P, DESJARDINS O. Numerical analysis of the dynamics of 1952, 48(2): 89-94.
two- and three-dimensional fluidized bed reactors using a [167] PINELLI D, MONTANTE G, MAGELLI F. Dispersion coefficients
Euler-Lagrange approach[J]. Powder Technol., 2012, 220: 104-121. and settling velocities of solids in slurry vessels stirred with different

[149] CAPECELATRO J, DESJARDINS O. A Euler-Lagrange strategy for types of multiple impellers[J]. Chem. Eng. Sci., 2004, 59(15):
simulating particle-laden flows[J]. J. Comput. Phys., 2013, 238: 3081-3089.

1-31. [168] AUBIN J, FLETCHER D F, XUEREB C. Modeling turbulent flow

[150] GOHEL S, JOSHI S, AZHAR M, et al. CFD modeling of solid in stirred tanks with CFD: the influence of the modelling approach,
suspension in a stirred tank: effect of drag models and turbulent turbulence model and numerical scheme[J]. Exp. Therm. Fluid Sci.,
dispersion on cloud height[J]. Int. J. Chem. Eng., 2012. 2004, 28(5): 431-445.
http://dx.doi.org/10.1155/2012/956975. [169] MONTANTE G, MAGELLI F. Modelling of solids distribution in

[151] LOPEZ DE BERTODANO M. Turbulent bubbly two-phase flow in stirred tanks: analysis of simulation strategies and comparison with
a triangular duct[D]. New York: Rensselaer Polytechnic Institute, experimental data[J]. Int. J. Comput. Fluid Dyn., 2005, 19(3):
1992. 253-262.

[152] SIMONIN O, VIOLLET P L. Modelling of turbulent two-phase jets [170] FENG X, LI X Y, CHENG J C, ef al. Numerical simulation of
loaded withdiscrete particlesfM]/ HEWITT G F, MAYINGER F, solid-liquid turbulent flow in a stirred tank with a two-phase explicit
RIZNIC J R. Phase-interface Phenomena in Multiphase Flow. New algebraic stress model[J]. Chem. Eng. Sci., 2012, 82: 272-284.

York: Hemisphere, 1990: 259-269. [171] DERKSEN J J. Long-time solids suspension simulations by means

[153] BURNS A D, FRANK T, HAMILL 1, et al. The Favre averaged drag of a large-eddy approach[J]. Chem. Eng. Res. Des., 2006, 84(1):
model for turbulent dispersion in Eulerian multi-phase 38-46.
flows[C]//Proceedings of the S5th International Conference on [172] DEEN N G, KUIPERS J A M. Direct numerical simulation (DNS) of
Multiphase Flow. Yokohama, Japan, 2004, 4: 1-17. mass, momentum and heat transfer in dense fluid-particle systems[J].

[154] SCHILLER L, NAUMANN Z. A drag coefficient correlation[J]. Z. Curr. Opin. Chem. Eng., 2014, 5: 84-89.

Ver. Deutsch. Ing., 1935, 77: 318-323. [173] SVEC O, SKOCEK J, STANG H, et al. Free surface flow of a

[155] MORSI S A, ALEXANDER A J. An investigation of particle suspension of rigid particles in a non-Newtonian fluid: a lattice
trajectories in two-phase flow systems[J]. J. Fluid Mech., 1972, Boltzmann approach[J]. J. Non-Newtonian Fluid Mech., 2012,
55(2): 193-208. 179/180: 32-42.

[156] CLIFT R, GRACE J R, WEBER M E. Bubbles, Drops, and [174] BISWAS P K, DEV S C, GODIWALLA K M, et al. Effect of some
Particles[M]. New York: Academic Press, 1978. design parameters on the suspension characteristics of a

[157] ISHII M, ZUBER N. Drag coefficient, relative velocity in bubbly, mechanically agitated sand-water slurry system[J]. Mater. Des., 1999,
droplet or particulate flows[J]. AIChE J., 1979, 25(5): 843-55. 20(5): 253-265.

[158] GIBILARO L G, DI FELICE R, WALDRAM S P. Generalized [175] OZCAN-TASKIN G, WEI H Y. The effect of impeller-to-tank
friction factor and drag coefficient correlations for fluid-particle diameter ratio on draw down of solids[J]. Chem. Eng. Sci., 2003,
interactions[J]. Chem. Eng. Sci., 1985, 40(10): 1817-1823. 58(10): 2011-2022.

[159] GIDASPOW D. Multiphase Flow and Fluidization: Continuum and [176] NOGUEIRAE S, PINTO J C, VIANNA JR A S. Analysis of energy
Kinetic Theory Descriptions[M]. San Diego: Academic Press, 1994. dissipation in stirred suspension polymerisation reactors using

[160] BRUCATO A, GRISAFI F, MONTANTE G Particle drag computational fluid dynamics[J]. Can. J. Chem. Eng., 2012, 90(4):

coefficients in turbulent fluids[J]. Chem. Eng. Sci., 1998, 53(18):

983-995.



