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Table 1 Dimensionless numbers corresponding to the rheological parameters of non-Newtonian suspensions
Yield .Plast.ic Averz.ige YVield .Plast.ic Averz.ige
stress/Pa viscosity/ veloci‘iy/ Re, B; stress/Pa viscosity/ veloci‘iy/ Re, B;
(Pas) (ms ) (Pas) (ms )
40 1.5 1.0 120.00 2.67 120 1.5 1.0 120.00 8.00
60 1.5 1.0 120.00 4.00 80 0.1 1.0 1800.00 80.00
80 0.5 0.7 252.00 22.86 80 0.3 1.0 600.00 26.67
80 0.5 1.0 360.00 16.00 80 0.7 1.0 257.14 11.43
80 0.5 1.3 468.00 12.31 80 0.9 1.0 200.00 8.89
80 1.5 0.7 84.00 7.62 80 1.1 1.0 163.64 7.27
80 1.5 1.0 120.00 5.33 80 1.3 1.0 138.46 6.15
80 1.5 1.3 156.00 4.10 80 1.7 1.0 105.88 4.71
100 1.5 1.0 120.00 6.67 80 1.9 1.0 94.74 421

WA B B B IR BT I R S IR, BER
1 ATH1, SRR SHOAAF T Bingham A LR
JE T HOROAE N 1800, it b A HF 78 STHR H BT 43 #r
2 I A R VA 21007, 2000~25000 AN T Iif
W 23200%%, 1800 H/NF UL E=ANEIE . Kk,
T TE N AR IR AR BT DD S shid AR R 1 R stk
AR, AT DI BRI T A

2.3 BUEMTEMNMHIE

ARUBUE SRRy — B K 1 m, B
0.1 m FEE, FrindEmmecssky, HE/N
15 mm, INEALE I EETEAN I 0.2 m, Fringfe s
J£ N 2700 kg/m®. [l RDPM J5 ¥ 3R FIT AT 5 i) ks £
TEZAMARRTG, A RRAEATR T BRIt A4 4 5 A
BT, M 2 MM EAER . 7ERLR0R B
B IUR, B0k AR A AL fR 0 s ok
SRR BTG HR Y o SR UE AR S, JEE T =
FRAS R FRPRLBURL BLAR SRS RE B, 4000 3:1. 501
H8:1, AR R g T =P T S
K MPM BRI, JHURLE B ) 45 JL I 52 1 TR) 25K
DRG] o B 1] 25K P e B 5 25 18 380 TR 1) 5t TR B ]
JE BHAECO /N A ST H B T8 3% = J7 K 35 . MPM. A
RGN )25 R /NF LR st B ) 1% Ay
IO DKM, A FIEEL T 5X107°, 1X107
AT 1X107° s X =Rt b &

B % VA A A S A T S 1 VA L AT O 3B 7
HUAE 0.5 s TR TR, RHORL7E 8 T8 Hh 1) e 4 L A
FAE R T icHE, RIURLRORI/E R 18 N3 3) 0.5 s BF, X
PRl Y ARl Z MBAE MR S Mg TE %
PEIGAE SIS TS KT ISR, FHEH R LI

TR (R AL 2R b, AR T AT IR ST EE
51, WHAZEK N 1X107 s,

3 MHESBRALIBAENEEESR
T

3.1 EFmEFRRTSHAZ0
311 JE RS AH B R RSO # AR ) 5

XN 1, BUARA-MIE R IR i AR B B AR N
40, 60. 80. 100 11 120 Pa, HIBMEREEEMERFN 1.5
Pa-s AR o X RLTAN R e IR B 04, 4 IAE &S Y-Z
i W) =R AR S Th YA R (VA /Ay T O 1
K NS B A8 FR (0.2 m, 0 m, 0 m)5(0.2 m, 0 m,
0.03 m). ALK KA T, FEAN R JE RS A I,
BN R AL IR +Z Bl AL KR 7 ) 2 RE R R A
HESRSY TR7I BV ) i3 5 T WA & ) 1= 4 b 0 L S
FIIM#SRL+Z #7718 A A 2 an i 5 Fl 6 Fin
No

HHE 5y, BESE TR RS A A3, B E (A
PEIH X DL B BT 2 X 58 L s i, BPAEEY )
i) | RS EN G B3 by N (11 ) ) [ B EN G B 8L R R
1K B RN B U IR (B 3G, AHRER T
FG S BT UE A, {435 % Bingham 3P4 i AR AE L
SRR I X ek ) 3 BE T 7 R AE A, 3K T AEBT DN
XIRAITEE . B 6 nlkn, 755 RN /AR ) R
H, 7R 0 m ARFIFRRLAR S A A FE AN 0 my BEHA T
AE B DI 3l X 35 N SI0REJE AR ASAELE A A2 170 7 1) B Ao
s BEE RN AN, 75 0.03 m ARk
SR Y PSR 2= RESL s e e A E P i =5



228 4555 10

PTE, 55 BEREE

T ik R BRI 7S B R M R 3R 2 2149

Jost Bl 7 T 0 7 BE D75 TR RIS 8, RUARE 0 PR B )3 A< 22
Vit 5 e I L 70 L A SN T I, R0 ph B D3 2 22 5
I B AR S, W AE RIUREI B 47 1A (RO A X o
AL -

(a) ——40Pa
£
=
k3)
]
2
0 O 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05
+Z axis position coordinate/m
120
(b)
100
—=—40Pa
T, 80F —— 60Pa
2 —— 80Pa
§ 60 —— 100 Pa
3 —— 120Pa
% 40f
20+
O 1 1

0 0.01 0.02 0.03 0.04 0.05
+Z axis/m

5 AFEIRNIE F+Z H7 1R A5 B UE S o A1
Fig. 5 Velocity and shear rate profile along +Z axis under

different yield stress values: (a) Velocity profile; (b) Shear rate

profile
0.008
—=— (Om

s ——0.03m

= 0.006 F

Q

g

3

é_O 004 -

2

[

2

= 0.002 -

Q

[=4

O i 1 1 1 T 1
40 60 80 100 120

Yield stress/Pa

6 AN EIRELIE TR +Z 7 1A A S 8%
Fig. 6 Relative displacement of particles along +Z axis under

different yield stress values

3.1.2 VBPER (R RE E RMURLIE B R I 5 )

(1) AT %0, Bingham %3944 S8R B (AR R
T B VIR ) —BYUIE R M 26 R AR R A 7EAH R BY
VIR R, BOR A B B 8 5] i KB b
Jisa, [Nk, BBVERL RN T B VIR sl X i kY
VIR ah X sk AR E AR EE e . X Rk 1, HY
JE AR R S RS BN 80 Pa fRFFAAE, %M
FHFEEAEMIEL 0.1. 0.3+ 0.5, 0.7+ 0.9, 1.1. 1.3, 1.5,
1.7 A1 1.9 Pa-s, 7E 0.03 m AbIN#RARL . ASINEISURL I
R, TEAFBEFEER, B8N N RIR+Z
A 7 1) 2B (I A it 2 A B BY U e Sy A
M 7 fis. 78 0.03 m AP EkivE+Z 5
] AR A R A A P 8 B

B 7 AT, BEE EVERE EEAEAIE R, Hh AR
X DA K 2 BY V13 2R X 1) 9 PR ek )y, A T AR 1 )
BYD) B DX A2 50 18 K, T A B D) B0 X 302 ) o
FEFR T X FEE RSP RE U, 7EAE
UR7IBY eI AA 0P (o N L S R SN S S
b 8 1 286 P 2 /I P B VRORT 82 (14 B ) I 7 3 e A

1.6 (a)

- — ———— D

—=— (0.1 Pars — 1.1Pa-s
—— 0.3Pa:s —— 1.3Pa-s
04l — 0.5Pas — 1.5Pa-s
——0.7Pa-s —— 1.7Pa-s
—— 0.9Pa-s —— 1.9Pa-s

Velocity/(m+s™)
(]
o]

0 0.01 0.02 0.03 0.04 0.05
+Z axis position coordinate/m

b

200-( ) ——0.1Pa-s
—— 0.3 Pa-s
——(0.5Pa-s
150~ ——0.7Pa-s
—— 0.9 Pa-s
—— 1.1Pa-s
—— 1.3 Pa-s
—— 1.5Pa-s
—— 1.7 Pa-s

100 -

Shear rate/s™!

(9,1
(=)
T

0 0.01 0.02 0.03 0.04 0.05
+Z axis position coordinate/m

B 7 AFPEVERE AR N+Z §i7 1RGE S A 5 B R R oy A

Fig. 7 Velocity and shear rate profile along +Z axis under

different plastic viscosity values: (a) Velocity profile; (b) Shear

rate profile



2150 T EA O8RS

20184F10 A

0.007
0.006

T

0.005

0.004

T

0.003
0.002

T

Relative displacement/m

0.001

T

0 0.4 0.8 1.2 1.6 2.0
Plastic viscosity/(Pa-s)

El 8  AFEZEER G T BURLIY+Z Bl 7 1] BAR X F2
Fig. 8 Relative displacement of particles along +Z axis under

different plastic viscosity values

BOK, AEMNEE oL B TE R I BT VN AR I AR
b, JCBTYIN ) REACbR I B IR AE A K, PR
AEBIY AN XV FA/ N ] 8 W, £E 0.03 m AL jN
RRRPRORL, AR 16 (S il A 28V 20 2 (Y 38 KT A 7
Ko X T ELPR IR e e S T 1) 2 il 2 07 170 R 3,
P INASRTORE B30T 1 B 173K 3 22 i A 2 41 28 R A 484 KT
BER, ARG A A0 e 22 1 R A R 82 A I
DN
3.1.3  FEDUUSE B R RUBORLIT R MU 52
NG5 JE B W SR 5 R B e A BT
BIYIEh DXk A BRI AR 17 AL A2 FORE I, (8 G A
) 5 DU R WF FE 18007 W A2 2 U3 A JIUREAR: [ oz
BRI . XK 1, ERMTA R EDIE BT,
££0.03 m A& AN RO RURLIT A% 17 (7 4% {2 B T DUB R
AL TE LA 9 TR

0.008

e

=

S

X
T

0.004 -

0.002 -

Relative displacement/m

0 i 1 1 1

0 20 40 60 80
Bingham number

B9 AR FSE N BRI HT+Z Sl 7 [ AR X

Fig.9 Relative displacement of particles along +Z axis under

different Bingham numbers

B 9 AT, FURLIHY AR ] A A% I 0 Ul 4 44
I, JF HAE S DURECN 10 24T R oy W
2, MO JE RS 5 YRR FE (80 Pa, 0.9 Pa-s)Al
(80 Pa, 0.7 Pa-s) M A ZH & 1f L . FEIXPIAPALE T, 0.03
m BRI IEA N 0 m. fE—ERER. EiE 55
REPERSHURAE T, BB A2 32 2 1) s ST A 0.03 m,
KT AR I SR 75 BY 1R 3 X35 N A= 559 BE S (1)

iz,

3.2 EEPHRESEE R BRLT AR

XL 1, HUEVEIR T RS 770 80 Pa, YHPEZ
FE53 515 0.5 Pass A1 1.5 Pa's, {E+0.03 m Abhn# EHAZ
9 15 mm FPRRIORE o [F]IS 23 ) 1 T N AL ) T3
WIEN 0.7, 1.0 A1 1.3 m/s, FLRCRIAY Z Sl AR AL FE
W 10 i

0.008

0.006

0.004

0.002

Relative displacement/m

0_-; -

07 08 09 1.0 1.1 1.2 1.3
Average velocity of pipe flow/(m+s™")

10 ASFEVETE VB~ BRI+ Z 57 13 AR A2 A%

Fig. 10 Relative displacement of particles along +Z axis

under different average velocity of pipe flow

EH I 10 AT, $BIRFEREA 0.5 Parss B, 7E 0.03 m
A TR VBRI A2 7 Al A A R A FE AR 0 m,
UEI b T AEBY RN X I, B T T3 i o HAE AR
] 77 1] b BIE Bh BE A TC R o X AN [R] [~ 25 ek
0.7.1.0 #1 1.3 m/s, HIRVERG B VR EL Rey, 7371 252
360 F 468, HFKLAE A EIIHGR 0 m, A WIE—
SEMRVERON R, a8 ZRARASR, Bingham
LA 1 28 8 T T v IO BORE AR 1) 3 #8328 B 5 A
N THAESBIEZEEE N 1.5 Pass I, 7E 0.03 m AbJn#k 1)
SOURLYES A5 7 ) (AL X AN 6 {1 i o5 65308 1 Y4 30 ek 1 1
T3, eI S 8 B W 500 3 844120 FT 156,
MR NETORE, BRLE RN REEE Re, (1]
BEORTIR, VEHHTEREE RN, PR RLR A2
HBERURL AR A AL



2528 B3 10 B E, 4.

TR RAE T ik P RLBURLE A B 520 (R 30

2151

4 g

1) x5 REURORE (0 1A TS ORI A T & s 1k
R BY D AR BAR KNI 7 1 BT U1l X 5 AR B D)
WX o R ZWBRAER MPM, 735 EH50 A X
S N RORLIZ B IRF REEAT T BB AR, BSOS
M IR R 2R

2) FLBORLAE BT YD 8 XS A AR [ Ar % 5 B
VB J AR S A S AR S, T R 2R R L TE A
Ko Jyitt, T LA I 4 R S Al A
RSN 5 2 B R a N RS I A BT DDAl X3, 3t Gt
2 JURLAE I DX I A B 7 BE T 17 48 IR IEAS 3G R
E 8

3) I A S P R VR AL Rey, 5 SR ER
By RERA WG R RS (BB TR ) R PE RN (2R
1 285 ) M 8 AP 250 (e 2 73 B ) RELURE A [ 32 114
SO . TR B HRURLAR AL S AURORYE, IR H.
FAE— D RAL A 5 5 DUUBEOR A RORE R 42 [ 3D 72
AHEFCF, Pl A 5D N 100 FEJRTARE T,
ERVERE TR VREL Rey, W RURLAR A1 XE 78 R R R & R AEAE
—E RN 2 T, FEBURLAFAEAR [T RS 1 251
N, HAESRURLETE E E IR R

REFERENCES

[1]  RER, EHRL SR EEFRERGSEORM]. b &
AR, 2015: 25-43.

WU Ai-xiang, WANG Hong-jiang. The theory and technology of
metal ore paste backfill[M]. Beijing: Science Press, 2015:
25-43.

[21 FOUT, BAR, REH, B W, B, BHE, AR

ANFRLE RO B AR R RERT 7L WL 59Tk, 2014,
34(7): 59-62.
WANG Hong-jiang, LI Gong-cheng, WU Ai-xiang, YANG Peng,
PENG Nai-bing, YANG Xi-xiang, ZHOU Fa-lu. Study on
rheological properties of paste with different coarse aggregate[J].
Mining Research and Development, 2014, 34(7): 59—-62.

[3] MEE, P, SMEE, REY, & M, B IR, BER,
G, ARV, BEILRD. PR IR R AR FE I
BEIOFEIR[T]. SRR, 2015, 40(6): 1320-1325.

FENG Guo-rui, JIA Xue-qiang, GUO Yu-xia, QI Ting-ye, LI
Dian, LI Zhen, FENG Jia-rui, LIU Guo-yan, SONG Kai-ge,
KANG Li-xun. Influence of the wasted concrete coarse
aggregate on the performance of cemented paste backfill[J].

Journal of China Coal Society, 2015, 40(6): 1320—1325.

(4]

[10]

[12]

[13]

[14]

[15]

[16]

EBNL, REErE, HIE, Gk, &, MRS R
BRI E A R AR R[], &JEF 1, 2009(11):
1-5.

WANG Hong-jiang, WU Ai-xiang, XIAO Wei-guo, ZENG
Pu-hai, JI Xue-wen, YAN Qing-wen. The progresses of coarse
paste fill technology and its existing problem[J]. Metal Mine,
2009(11): 1-5.

e, B A RARAT 9 LB R R R ST (D). dbxt: b
HBHIK 2, 2015: 48—68

LIU Xiao-hui. Study on rheological behavior and pipe flow
resistance of paste backfill[D]. Beijing: University of Science
and Technology Beijing, 2015: 48—68

RIERE, SRS, T, O, SUESY, RIBOE, XHE.
BT IR AR R IARAL[T]. R R 2 R (H AR
Ji), 2013, 44(8): 3370-3376.

WU Ai-xiang, JIAO Hua-zhe, WANG Hong-jiang, LI Hui, YI
Hai-bao, LIU Xiao-hui, LIU Si-zhong. Yield stress measurements
and optimization of paste tailings[J]. Journal of Central South
University (Science and Technology), 2013, 44(8): 3370-3376.
BOGER D V. Rheology and the resource industries[J]. Chemical
Engineering Science, 2009, 64(22): 4525-4536.

TEMZE. - AR R IM]. 6 ik D R, 1996:
64-96.

YUE Xiang-an. Liquid—Solid two—phase flow foundation[M].
Beijing: Petroleum Industry Press, 1996: 64—69.

FENG J, HU H H, JOSEPH D D. Direct simulation of initial
value problems for the motion of solid bodies in a Newtonian
fluid (Part 1): Sedimentation[J]. Journal of Fluid Mechanics,
1994, 261: 95—-134.

JOSSIC L, BRIGUET A, MAGNIN A. Segregation under flow
of objects suspended in a yield stress fluid and NMR imaging
visualisation[J]. Chemical Engineering Science, 2002, 57(3):
409-418.

MATAS J P, MORRIS J F, GUAZZELLI E. Lateral forces on a
sphere[J]. Oil & Gas Science and Technology, 2004, 59(1):
59-170.

MERKAK O, JOSSIC L, MAGNIN A. Dynamics of particles
suspended in a yield stress fluid flowing in a pipe[J]. AIChE
Journal, 2008, 54(5): 1129—-1138.

MERKAK O, JOSSIC L, MAGNIN A. Migration and
sedimentation of spherical particles in a yield stress fluid flowing
in a horizontal cylindrical pipe[J]. AIChE Journal, 2009, 55(10):
2515-2525.

OVARLEZ G, BERTRAND F, COUSSOT P, CHATEAU X.
Shear-induced sedimentation in yield stress fluids[J]. Journal of
Non-Newtonian Fluid Mechanics, 2012, 177: 19-28.
AGRAWAL M, BAKKER A, PRINKEY M T. Macroscopic
particle model—Tracking big particles in CFD[C]//Proceedings
of AIChE 2004 Annual Meeting, Austin, 2004, 268b.
OOKAWARA S, AGRAWAL M, STREET D, OGAWA K.



2152

T EA O8RS

20184F10 A

[17]

[18]

[19]

[20]

[21]

[22]

Quasi-direct numerical simulation of lift force-induced particle
separation in a curved microchannel by use of a macroscopic
particle model[J]. Chemical Engineering Science, 2007, 62(9):
2454-2465.

CHHABRA R P, RICHARDSON J F. Non-Newtonian flow in
industries:  fundamentals and

Oxford:

the process engineering

applications[M]. Butterworth-Heinemann,  1999:
207-255.

SOFRA F. Rheological properties of fresh cemented paste
tailings[M]. YILMAZ E, FALL M. Paste Tailings Management.
Berlin: Springer, Cham, 2017: 33-57.

ATAPATTU D D, CHHABRA R P, UHLHERR P H T. Creeping

sphere motion in Herschel-Bulkley fluids: Flow field and drag[J].

Journal of Non-Newtonian Fluid Mechanics, 1995, 59: 245-265.
MERKAK O, JOSSIC L, MAGNIN A. Spheres and interactions
between spheres moving at very low velocities in a yield stress
fluid[J]. Journal of Non-Newtonian Fluid Mechanics, 2006, 133:
99-108.

VAN DER HOEF M A, VAN SINT ANNALAND M, DEEN N
G, KUIPERS J A M. Numerical simulation of dense gas-solid
fluidized beds: A multiscale modeling strategy[J]. Annual
Review of Fluid Mechanics, 2008, 40: 47-70.

WADNERKAR D, AGRAWAL M, TADE M O, PAREEK V.

Hydrodynamics of macroscopic particles in slurry suspensions[J].

[25]

[26]

[27]

(28]

Asia—Pacific Journal of Chemical Engineering, 2016, 11(3):
467-479.

MITSOULIS E. Flows of viscoplastic materials: Models and
computations[J]. Rheology Reviews, 2007, 2007: 135—-178.
SORIA J, GAUTHIER D, FLAMANT G, RODRIGUEZ R,
MAZZA G. Coupling scales for modelling heavy metal
vaporization from municipal solid waste incineration in a fluid
bed by CFD[J]. Waste Management, 2015, 43:176—187.
AGRAWAL M. Drag force formulation in macroscopic particle
model and its validation[C]//Proceedings of AIChE 2009 Annual
Meeting, Nashville, 2009, 163b.

Biia 5t FEDUBHALA ) LBM-DEM Jy ik K B % Sl L R 2%
AWIFL[D]. dbxt: WHHEKREE, 2014: 69-73.

CHEN Song-gui. Development of LBM-DEM for Bingham
suspensions with application to self-compacting concrete[D].
Beijing: Tsinghua University, 2014: 69—73.

WASP E J, KENNY J P, GANDHI R L. Solid-liquid flow slurry
pipeline transportation[M]. Stafa—Zurich: Trans Tech Publications
Ltd., 1977: 51-56.

WHRE, R TRRE ML A e Tl A,
2007: 67-91.

XIE Zhen-hua, SONG Cun-yi. Engineering fluid mechanics[M].
Beijing: Metallurgical Industry Press, 2007: 67-91.



3 28 4255 10 ) PUNTE, S5 B AR ik o ORI R B S R 25 20 2153

Analysis on influencing factors of coarse particles migration in
pipeline transportation of paste slurry

YAN Bing-heng"?, LI Cui-ping" %, WU Ai-xiang"?, WANG Shao-yong' %, HOU He-zi"?

(1. School of Civil and Resource Engineering, University of Science and Technology Beijing, Beijing 100083, China;
2. State Key Laboratory of High-Efficient Mining and Safety of Metal Mines,
Ministry of Education, Beijing 100083, China)

Abstract: The paste backfill slurry with coarse aggregate had the problems of coarse particles settlement and wall wear
serious in pipeline transportation. It was difficult to analyze the influencing factors of coarse particles’ radial migration in
the pipeline sections by conventional pipe flow experiments. In this work, based on the law of movement of particles in
viscoplastic fluid and the actual situation of paste backfill technology, the influence of rheological parameters of paste
slurry on coarse particles’ law of migration was studied by numerical simulation. For actual production, the ratio 4 of pipe
diameter to coarse aggregate particles diameter was relatively small, coarse aggregate particles could be regarded as
macroscopic particles in particle-fluid coupling analysis, and the Macroscopic Particle Model (MPM) was used for
numerical simulation. Taking the dimensionless numbers of Bingham fluid, i.e., plastic viscosity Reynolds number Re,
and Bingham number B; as quantitative evaluation indexes, the influence of yield stress and plastic viscosity of backfill
slurry on coarse aggregate particles’ law of migration was analyzed. The results show that the radial migration of coarse
aggregate particles in the shear flow region is inversely proportional to the yield stress value and Bingham number B;, is
directly proportional to the plastic viscosity value, and is directly proportional to the plastic viscosity Reynolds number
Re, under a certain viscous effect.

Key words: paste backfill slurry; macroscopic particle model; influencing factors; rheological parameter; dimensionless

numbers
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