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Research on pebble slagging stagnation of slurry balance shield drain pipe
based on CFD-DEM coupling

TONG Li'’*, LI Da*", LI Shuchen', PENG Kefeng'®, CHEN Yi'"’

(1. School of Qilu Transportation, Shandong University, Jinan 250002, Shandong, China; 2. China Railway Fourth Survey and
Design Institute Group Co., Ltd., Wuhan 430063, Hubei, China; 3. Institute of Geotechnical and Underground Engineering,
Shandong University, Jinan 250061, Shandong, China)

Abstract: Three-dimensional modeling was carried out for the curved pipeline of slurry balance shield, and numerical simulation
was carried out using CFD-DEM coupling to reveal the migration law of pebbles carried by slurry, analyze the causes of the slagging
stagnation of pebbles, explore the influence of pebble deposition on the flow field in the pipeline, and provide optimization guidance
for the solution of the delayed drainage problem in field construction. The results showed that the problem of slagging stagnation was
due to the low drag force provided by the low flow rate slurry, and a large number of particles were deposited at the bend of the
pipeline. The larger the curved pipe was, the later the critical pointed at which the particle formation velocity and slagging velocity
reached the dynamic equilibrium, indicating that the more the number of deposit particles. Particle deposition made the effective flow
area smaller, the slurry flow rate was obviously stratified, and the stratification of flow field was more unfavorable to the migration
of sediment particles at the bottom, which aggravated the problem of hysteresis. The larger the viscosity of the slurry, the greater the
drag force of the particles between slurry, and the larger the average migration velocity of the particles. Slurry density had little effect
on the horizontal movement of particles, but when particles were transported upward, slurry density could provide higher buoyancy,
which was conducive to preventing the stagnation of particles.

Keywords: slurry balance shield; slagging stagnation; CFD-DEM; pebble transport

Y75 B #7:2024-02-23

E&WH: HEARFFRESTBIWIH ( 51879150,41831278) ; Hrra 1li “ wikk 20 457 ¥ BT H (2020GXRC046)
E—1EHEENEH(1999— ), 5, WAL BGEA W5 A, EEPFIE T A E 4 TR . E-mail : tonglil9990909@ 163.com
« BISMEEE N 2K (1990— ), I BePE M A, TR, W+, EEMF5 0 10 A RIS TR, E-mail: lida_csu@ qq.com



5 2 1]

# L, 45 3L T CFD-DEM HE 5 B Y 7K V- JE AL HESKAZ I 0 i HEIE 5 115

0 5=

E AT, G 5 i T AR GE AR LA b 2 B e
AAIRE it TR R SR L, © 28 iU UL D
BRI B Tk, eRORTRAKEM I« k"™, &
VR 18 S F A2 i A R 42518 K 4 R 7 iR
VG A TR A HE , B2 7T B DTE R R i AR TE )
FRAb VKA RIS A TE DTS, JE i g HE
MG, FHZEE i HER B0 2 H N TRFHEL,
WHES 45 38 B 2, 48 18 TR ) 3 R 3 3om P 45
Ut BT RS () 48 i i B B, B IR i Uk & A
DO HEXT OR B e 7K i 4 v S8 A B R 3

TR K G R T I TG R R AOREL B A HE
R TR AL, SCRR L 1] B2 T JR /K G A4 0t 2 5 K
7 R 85 A 32 R0 I A 5 1 J2 e st BT Sk () R
YRATRN 5 A B RO B B R HE S o8 5 HE 1, S8
“UrHE" L & AR K HE R84 25, S T B
TR HER TFBE, SCHRT 2 7 & X Ue 7K ST I A4 i i2F it
TR rh b B ] 325 Ve Ao N Tl | 0 i R 3
S T REAHAR I A i R 18 A5 ) A, DT IR FR A 45
il T B R G AR AL P S B ) T B
PRAETy I, 42 R ELAR PR KA 5 M 7 R A b2 4%
15T HE 2 ¥ By e HEXT 5

BE T, SCHR[ 3] %6 T CFD-DEM # &
TR, e BRI S i 0% o o V0 9 1) %88 B85 el /N 2
LRSI, R IR 260 R O R LA P e 3
AR, SCHR[ 4] EE 7 R OK G A IR IR R G AL, S M
T NURR I R B R Ao A O, e B 7 4 2k
558 3K % B R KGR T e He, SCHER[S T R A
CFD-DEM #i& J5 1L WF 58 UKL IE AR X2 it 1 52 il
TR BERFSE T 328 B8 o B v A b (9 453 2% o o
T YIRL G 23 A LA K URE T AR 3 S e, SC Rk
[ 6] CFD-DEM ¥4 J7 vk 3 A /K JE #4461 &R
B AV B0 0 0 TR HE 15 ), BE Y T ) Ak i
R BHIROA 1 3 8 AR S 725 AR o s 174 Ak P K
o SCHRL 7 ISR T 7K G W0 TR ALE TS 455 U 2
kL R UKL Y R B PT DL K A Ok S
JEIRA P IO | J0RE 1 1 5 R 28 R )
T KGR S R T8 ARG I 0 R AR DU, DU
AT I RO T AR, SN T B SE A AU

28 PRI 5 T, SCHR [ 8 ] 23 i) 38 ik it 28 1
SHEER R T BRI T AR R AR BN
W BRAT TR BIFFE T e 56 AR R0 B £ ()32 4

F AR IR A7 7EAS [ 149 48 T8 Hh HA AN TR B3 A2 A
3o SCHR[ 9 | 3 T oo~ f8 E AL FIE 55 41 O e,
ST T SR FEXS AR B RN T LA K A T AR T Y 5
Wi 73477505 , BRI R G AR A B T bR
FE o SCHR[ 10 ] L 22 P b BR 5 ¥ B G it T o BF 52 7%
S WESE T RE EIRAAR E A HAAR  EE A A T T
RO RS T R 15 BE ) R, R A B F2 )
Al A TR0, s o A0 i 2 R g B 101 SR R i s D
AR M B2 B BN SR AR RO I, SR 11 ] X 2R
VBB A1 FIE SR 1)z B ML B o3 A IR 2 2R AT
S, ATERVE Iz Sl B ] A A SRR R )
R, S Bt 47 AR RV 1 5 T 45° 20 A It DU i
HEHCAG™EE, SCHRL 12 T 1 & R, I RAE
TRV IRARIN R G0 Rk PERE, 20T 1 O A
iz A S E

ST LTI & B, HHT{E CFD-DEM #i & it
A I AR 7K 73z B4t A A T AR 280
R A FURE Py 3 A% R , AR D T 58 ROBURE B A1 )
A HEIDE 8 I A B HE R A P A B o AR
R R A0 IR TR X 98 AH 1) 5 M AR K, e 2y
A A B ST T 3 6 R 832 B AR T 18220
TRURLH A TE N IR B . AR S B U K S
P SIZB B 25 A7 B 1 A B AT = 4R A5 A CFD-
DEM & #EATBAERN , 58 PRI S HOT IR 41 (112
PRSI, 53 B 8 A0 4 A2 DR i kA HILER, AF
FERURLICRRRAE T8 PN I 32 B8 5 W, Sy B0 373 it T e e
fi e R AL A 5

1 Bl

CFD-DEM # & J7 ¥ & i+ B it 1k 2 )y %
( computational fluid dynamics, CFD) il & # T} %
(discrete element method, DEM ) ¥ A9 31 5B A5 AU |
Bl AL AR 5 ] A 5 ORL AR BLAVE . 7R B HK
(e (A SRURLA 132 2l 2o B BT, 1207 ok
A5z 2y AN T AN URE T 3 S U AR 1) 3t 3l
1 JR1 0 SE-14) Navier-Stokes J7 B fid , 1% )7 #2 0] DA
FAEGE R T+ 5 T AR 2l g % 05 W oR Ak, it M AH Al
PRAH Z T] 1 A B A FH ] AR 10 408 = R AL, A
YBE 8K A FLUENT 4803 14 AH , F1lF Rocky
DEM #EU B HLA IR A7,
1.1 REEEMER

BB I - VR IR 1T A S 3 ST AR U 2
FA Ui Bl it A AR o~ 1E E | 3l i E E AT RE



116 TR N NI

it (T 2% W)

55 %

TSR E A, TAARAH B 4a 6 05 R o0l Ry i S T
do, py
ot

+V - (a,p,U;)=0, (1)

d
$<afpf Up)+V-(a;pUp)=

-Vp+V-a, m+a,pg+F,, (2)
D) RS /7R o, U, Flp, 5
SR AR AR B B R IR ) 7
FVER Sy ki F o A 0RO A iy 7y, :0(2)
TS AR S sFE R, Bl Navier-Stokes HFE
fgi Ve S — R AR A W A, I AR M e
TR DU TR A A Ak B — A e
5N 1 I FHEA TG T 8l HECE e Ak

u
T=To+ﬂaiy=70+/"f).” (3)

P, RS, o KRR T,y R0 I
R YRR AR K B S

T LU A FLUENT it K B AR TR K & 4 rh
TerK G2 AR K, Ve ¢ i 1 45 18 B0 e K o ik
K, PN A 2 R B A s TSR B I Bl 2
AP, B BCR I SCER 14 18 P T 12 k—e
it P ABE A A AL i Ui, 1A AU AE T AR S i AR 3] T
SN, A

a(pr)  Olpreu,) =8H,u+'u'j GK} +G,-pe, (4)

ot ox; 0x; o) ox;

d(pe) d(pru;) 9 Noe]| C.e &’
ﬁ_*' i Iu‘i — |t : GK_CZé‘pi,
ot ox; ox; o, )X, K K
(5)

K2
lu’t:pcu R (6)

&

Kk MR AR, & AR MAFEHOR , u, i i 2h
FE, G, AT Y R B 5 | A B4 i 3 2 B AR R T
C..,C,, ,C, AL HEL, AT FT T AR A 45 2 50 B
HanE 1 foR,

RS

Table 1 Parameters of fluid phase

TR ] g WRIE 0 R o/
PR/ (kg-m™ C C C
(m-s’l) {}E? u.:E/(kg m ) (mZ.s,z) (mz.sq) le 2¢ u
2345 1100,1 150.1 200.1 2501 300 0.03 0.061 5 1.44 1.92 0.09

1.2 FhE BT B AR

VI AR B 41 AL B OBURLAH , B9 A1 5 %
TRAETE 7 HE R A 5 A4 i 22 Mz gl e B, Y
YA s I o B B ) S T D R el
CR:UEES WA EC LS L) b i KA P )
A1 1432 2l FIRE 1 ATl A 005 a2 gl e TR oo
ok A, BB AEAR R 2 ¢ A oy R AT

ik
v, , "
mi Tt':mig-i-z (Fc,ij+Fd,ij) +(Fc,iw+Fd,iw) +Ff,i’
Jj=1
(7)
dw, &
I,—=) T+T, 8
i dt j; ij w ( )

S m, U, 0, Rl o, 5030 i BT
WL SRS L | F, , F, 1 T, 4 5 1]
Bl Sy BRI BT i 5 ) 2 A F
Fy o T SR 0B ¢ AT RE 2 IR 350y B B
Je RIS, F, L R IR T i i,

YR I et ORI 2 OB O FE T ),
VR H3E 7 | L7 1 A K O 50— B, %
R Tk WAL T AR J, ORI )
Fh 0K TR | LA — 7 4 1 37 RO
DT I B S, V8K R HEE A P B A [

o5, AL R R 3 & 14 5 BURL I 30 #Y. Ergun
JrRE TR ORI T T Rk

F,=m,D(v,=v,), (9)
1800 lv,—v, |

D=0.5( ”+2]pf L (10)
Re Py

Kb, m, HPRBE, D NS v, v, 53002
VR 8 B FORL TR L L p, R UKL B2 p, Ry It MR
JE,6, AR 34, r, R EAR
1.3 CFD-DEM &g

AHIF 5% A FLUBNT 3K fif i 3 7 72, FIH
Rocky DEM P15 T R GE 32 sh M 1 4508, SE 8
T CFD-DEM WI#i& . i35 MUk Z [8] /Y it 1 | 3
T FIRE 2 %) % 38 Sl Ao o o B RO S, W
PE R 1 R 3 A8 46 T o 8 i R R AR LA
R, B AT 22 18] 14 58 B 75 B2 00 FH R B 5 R il
TEAMFF P, RS WUk (8] 1 2 AR Al 72 5% &
R AERA B RPN, R FLUENT oK fif % 22
TR CSEL, A5 B B s 1% 33 45 Rocky DEM
SRR BR8] B A AR R W SR aE oy
FERR A, 1T 5 B WM R T A0 B0 L RS RN
FLUENT =K fi#t %% M\ Rocky DEM =K fiff- £ 3K AU
HE— 2SR figt o UKL 2 9 BB X, K SE AR TR T
— ANt a5 TS, CFD-DEM #34 A E 1 iR,



5 2 1]

# L, 45 3L T CFD-DEM HE 5 B Y 7K V- JE AL HESKAZ I 0 i HEIE 5 117

DEMAERIFT IR 1L

v
HOPTRTRIAR L

CFDWMIAILH 1L

A4

HATRIA ML HAIT IR, AIE

> DEMHEFH1 <

A 4 /

T DEMARALL B 21 =nAr

\ A 4

HHEDEMBAY HE=nAt,,,

< CEDWIHEARAL

BESE R

e

CFD-DEM#E&

K1 CFD-DEM 4 iife
Fig.1 CFD-DEM coupling process

2 EM R FEM AL

2.1 E_#ﬁ
T LIS K B G H i HER A TE A N

ﬁ}%,}é*@ﬁé 15.07 m, J& A4 1 e R Bl v,
20 mm/min, # 3 HHKE HREHR 0.5 m, &
2m, I AHZEEEEL N p =210 g/ecm’ . I
FIRZIE KB BE LR p,, = 1.20 g/em’, HEHAE Y
P VCIK I 298 3.02 m/s, FFHZHE 4 i
SR KGR S IR A KB L R p,,, =
1.30 g/cm’, J& ¥4 HEJ 4 10 AL 1Y U8 3K % AN
1.3 g/cm’ AR & #4510 B2 v Je 35 i B 4 A 10 HE
WAG N2 N 3.41 m/s, Rl T WFFE IR 7 i
XA B B BB, I B PR T 4 ok 2.3,
4 5m/s,

iz 1] ANSYS B4 g8, 78 45 JE w5 U
G IE I B T fe A5 BAH N A A A
iﬁﬁﬁé d=0.5 m, S E MK FEHERKE L, =

m, 45 A AR BB L, =2 m, 35l A
r“;@ 60° (34N T 30° 1 90° (A5 Hh 45 1H ) , f R 4%
r=0.5 m, HEIRAE MAE B AN A 2 B

_/

K2 R PR A
Fig.2 Grid model of slurry pipe

22 VRFHERBFAEG

TR B 2 R AR ’Id‘LDL%LIX
BN EE AT 42 RS A T 42 1 v SE B 1) U8 2 R
FE SR, A2 A4 HE IR A5 Ve R U B 3 m/s,
B T A R R ) e AR HER A N B e
FHEE B BN Uh ST 43 A FURE 1Y) i % s HE AR
A, AT A EE RO BB AS = 4E 05 B EE
Wh g=9.81 m/s*, £ DEM FEAId 75 A DAL &
—ANBDE R T, 3 S2 AN W A R, e IR S
BAR 15.07 m, J& W B B K 4 oE ok E v, A
20 mm/min, % R 2 100 kg/m’ , 16 B Pokr r= A4
R H 156.00 kg/s, HE R

0 wd*
=
S 4 max

=4.46 m’/min, (11)



118 TR N NI

Mo % M) 555 %

m,=0, p,=156.00 kg/s, (12)
K, 0, NIEM BB IZRE, d 12 A
T8V B B KA B, p R UKL 25 B m, Ry
JE FA RS2 T 6
2.3 HETEEBGIE

ORI AEAR R 0.1 m AR HE A 0.3, B p

oM 1000 MPa,, &5 HOGCH UKL BT 1Y 12 Bl
K FHH HI Y Hertz-Mindlin TG SR | BF A3 88 0 1%
B, B RS T N BE AR D, R ZZ ] R —
B RE ] AR Ml )1 A S BB A AR ST B
JCBIAR S EANER 2 B

2 BEHOTBIHRXSH

Table 2 Parameters of discrete element model

PIESR WEEREC SEERR R R

LR SR T STA 0.2 0.05 0.3
Wk 45 BE 0.3 0.10 0.3

WORLTE LA 132 Bh E 2E a2 W s ], HURRAE
I [F1) Ay JOURY 5t 75 i 1) 7 A B4 2 A N, Bt
IF ] /N, URL B AR 0.1 m, HR AR i ] 29 78
107 st g, M4 SCHR [ 19] BOBIF ST, I 1A AH A I 1)
AR AT DR OR AR B 26K Y 10~ 100 5, FEAHE
R AR RIS B A 0.02 s, JURE AR s [E] 25
FKAE N 0.002 s,

B ANSYS B x5 25 i i) HE S 4 R0 43 A
25 pH A T ST A R P D T K DO A6, A £ D) A ol
HERTHTEE T, DU A A% fE BEORS B b 335042 il 14 1
BRRE, BRI S T IR AR E SR, CFD AL
IR A 2385 K 1 2R TS RT3 5 R ) M PR A R
SO, AN[R] A % BT T SRR IR SURL B K iE #S
SR X E N 2 B Bl AR S0 i3, #E R
KIEHE N, WURL e K o 7% 3 B 3 W 422 30 T (4]
LREREE , YIS 25 BEH/INE (FROTECHT 914) [ BUE
BEFUZE R 5 WS 2 25 A iR 22 3k, 5 AN
XM 954 196 /> I A% % AH bb (DY AR 9 3 Kl
2 cm) ,3 404 939 MRS BRI BT A 2K A5 2 (H
i1 RO o N AT A R 3 S | VS 0 T A )
e K A2 B R T 422 30T V8 3K A 0 B R SRR T4
THABERY Y HERPE . AS B 5 B5O(EA5E 180 11 X A% 2 B2 B
BN G R, SO FER /N I B ] A A 43
A 3 fios,

I FH 226 50 30 e B2 B K LA i A it T S 4
PLSHIE CFD-DEM 1158 25 % i v w1 , 037 A e %
EIEME 4 PR, BHDE5 SRS I WA % L an
K15 s % L HE SR 48 38 (R R 5t Il CFD-DEM #5

R 45 % 1 CED-DEM A3 45 5 5 30 47 B0 e
ZREBUN BUE TSRS I W B R ) A R

414

—o— ORI HiE R M LI

34 e —m— ]

=~ 33
&
w32t
b
2
M3t
i‘i‘ -
z
- @
3.0 —],
2.9 '/- - o
7914 62327 954196 3 404 939
[ BT AR A

B3 AR RS R T AR I RIUURL i Kz 7% i
Fig.3 The calculation time and maximum particle migration
velocity were calculated at different mesh densities

K4 BIZURHAE
Fig.4 Slurry pipeline

50
e 40
=

g 1 ~
E 30p — ez |10 £
= —— ;
i i E
o 20k 20 =
H I
= 1=

10+ 10

1 1 1 1 1 I] 1 1 1 0

100 200 300 400 500 600 700 800 900 1000

Hs 1) /s

K5 PR ARRRI 0 L

Fig.5 Slurry volume flow comparison
3 ButiE A EREENT R

31 BRIEHER RIS
A FLUENT #1500 806 13 3, A 114)
U N 3 /s, i A R 23 A AR anTE] 6 (a)



552 L2 5T CFD-DEM A3 1 U8 K-V o A4 HES A UF 1t HERIT 52 119

Bz, B AL RORE AR ) R B A & 6 (b) BT Bl 6(c) Fizn . i T IR ISl IS , Je 25 A4 e i i
MNo TEKSFAEE I RO B YRR R T XA R A R T i A Y e I RE D R 3 it
Ji A AL S VK T A AR W = EORAHE LT,

T/ (mes™) B/ (mes) B/ (ms)
TG E=0

i) s 4879 4.179 4.179

3.659 3.135 3.135

2.440 2.090 2.090

1.220 1.045 1.045

0
0 0
(a) WL BE oA A e ] (b) 1-14%1f () 2241

B6 REMBRY
Fig.6 Initial slurry flow field
TERHHE RN 3 m/s IR (TR HEE R (R kA flffE .,
1 200 kg/m*, 5 4 0.02 Pa-s) AU R, Bk Y ,
B = B 7 frs, B0k A it B 2.55 :
m/s BRI ZE VIR 13 B T ATk, Rl 7E A
TV T % R 00ROk 22 [ 5 2 5 8 308 IR 38 2 e

AR, 2 S BUBURL 30 BE 19 BRI, 380 9K A 279
RLTEAE T8 125 i Ak K A= ORI 7 FT DL AR it 7 o —
(RS SR 54066 43 B S, TR 9 v 531 T4 .:‘Z ¢ %4
JEEHT, KRR K A T R HE '
'S (a) PUBUBURLLZL
0°®
I/ (m.s™)
!
I/ (ms) 277 /
| | 2.04
2.77 i -
130, 4
1.86 S —
| 0.57 -
.0-94 . 090050 (b) KUTTBUBRLEL
003 eeSeseC T El 8 Pikiiz il
&7 Yk An Mas ke K Fig.8 Particle migration trace
Fig.7 Cloud map of particle distribution and migration velocity 40T
ORISR AR DA URL 1 32 B 3 B Flis B2 A 35k R
RRH BRERBL I § B e
WpE 9 FroR ., BORLAE MU 1R A FEEAERT T s oif o
SIPRE R Bl AR IR R SE B, e
AL BRI, SR AR A B Ah, DURRBURL 220 % ad
BRI B BEJm | 12 5% 388 75 25 il Ak K R IR, 22 Er 15
Dy 224~/ INR R 0, S PR R 13 38 % o R AR i/ T 10
P ORI 0 41, SRR 1 1 2 L s
AR, URUIURE 22 2 /I B8 1 111358 % 2 42 A Rl e, e
TR B RE L S TRk AT R 3K 9 0 T A 0.20.40.6081.0121.41.6182022242.6283.0
51 TR TR, R S IR 1 T 377G gl

‘ X Ko ks B £k
i, R A 25 7E BR AT o R v Pl 4 AR H5H Fig.9 Particle migration velocity curve



120 TR N NI

it (T 2% W)

555 %

WURE A A RS, DUBR A JORE B0 4 A 70
JZ B R A EE A AN IE 10 B, KFAIE A
PRI R g $ 72 | A T IS ) T SR A A T A
B EER, BURME IE PN A TE R B Y8 AR, DORR
TOURE S B R0 I T ARAZ /I e 3R v U XA

M/ (mes™)
4.879

] =1.980 s

3.659

2.440

1.220

(a) L3R E o3 A i 4]

(b) 114

TEATE LV, A0 AR 70 JURL RE A8 7 48 38 L 30 fmf
1B %, MR 73 TR A AP 0 X S DT, A5 A
At HESS SR 1) 00 )2, 50 J2 B S 3 IAS A
TRRLIIE R TP B EERE

HE/(m's™) T /(m-s™)

| 2.090

2.090

1.045 1.045

— ] —

(c) 2-27 i

K10 A kS i i s 5]
Fig.10 Velocity cloud image of flow field after stagnation

3.2 AEEES il BEEx BRiE HE

R TR UE I AE T Y S i R X U i B8 R
52 A58 3B T 30° ,60° Fl 90° Ay 25 il 45 38
A4 A ED AR HRES 0.5 m, Jew)in R
JEER N 3 m/s, BN 1 200 kg/m’, B E N
0.02 Pa-sPE LT, A [F] 25 il B 45 0 457 18 P B0kL 2
P = B 11 s,

HEE/(mes)

-

2.92

B 2.38

AN TR 25 g B ) A TE P O 3 1) R B s A T
12 7R KA TE NI B RE 29 0 3 m/s, 8
OI TR YA eI T A Ak R R
VeI T AR i Ab IR F 5 m/s., 60° A I8 PR 2K IR
Y JZ f W UKL B TR HE IR T e 3% i
(73 2, A T R FR A IR AL 38 D8 K XE DL s

1.84

1.31

(b) 60°

BlTL AR 2598 AR o A1 Bk BE = ]

Fig.11 Particle distribution and velocity cloud images in different bends



5 2 1]

# L, 45 3L T CFD-DEM HE 5 B Y 7K V- JE AL HESKAZ I 0 i HEIE 5

121

(a) 30°

5.883

4.412

2.941

1.472

0

(b) 60°

K 12

HHE/(mes™)

I/ (m-s™)
5.602
4.201
2.801
1.400
0
M/ (m-s™)
6.077
4.558
3.038
1.519
0
(c) 90°

AR E N EE = K

Fig.12  Velocity cloud image of flow field in different bends

1200 kg/m’ iR 0.02 Pa-s (5L
T ANTRIAS T 2 R 500 J0RE S 1 o R il 2k an 1
13 fis, PRVIGRHE R 3 m/s B, K27 0.6 s 1Y
B[] 20 5, de e A R SR i2 # 22 25 i Ak, s 5
BERE R R R, B 12 BT, 90° Ay A il A
T P R D o R e K, 60° Y S A IRz, TR
WA EE N2 m/sh, K2 1.0 s R EIZEJS  fi
SeE L RIS B8 2 A i A, JURL 5 A8 RE R A Al
TG, E I T KA, 3 RS A P IR )

287
2.4
£ 20
-
RS
)i 1.6
=
H_
1.2
900
08 1 1 L 1 ]
0 0.4 0.8 1.2 1.6 2.0
A ] 25 /s
40T (a) 2 m/s
3.6
g 3.2
=
® 28
& ——30°
B —— 60°
24+ |——ope

2.0 P T S S S
0 020406 0810121416 1.8 2.0

i E) 25 /s

(c) 4 m/s

Bl 13

R/ (m-s™)

b

3

SRR/ (mes )

S H4 T ARG, WURL AR B I o G A
BTGNS (K32 7%, Je KA 4R KT 4 m/s B,
Tk Az # R P UKL fE 98 I 1Y 32 72, 30° Y
25 Ah A T PN IBURE  A5 RE Tl e U d /) HESE B
BE A IS = F 60° 1 90° , ZF [ rads | e 3K 1Y ) b ik
FERFFAE 4 m/s ZEAT A B, Al AR T e e
WHEE BEESHEFR IS REEN
I 7 7 B o URE Y i 5, 7 2 B I6 i HE 1)
W EE T B,

3.0

2.8

2.6

2.4

2.2

2.0

1.8 1 1 1 1 1 1 1 1 1 J
0 020406 0810121416 1.8 2.0
Al 25/s
48 r (b) 3 m/s
4.4
4.0
3.6
3.2
2.8
24+
20 Il 1 L L 1 1 L L 1 ]
0 020406 0810121416 1.8 2.0
] /s
(d) 5 m/s

AN [RIJE AT iy T ) R - 2403 B 3

Fig.13 Average particle transport velocity at different initial slurry velocities



122 TR N NI

it (T 2% W)

55 %

ANV i T8 AR RN AT 14 B, R DL AR 5
R B RE AEAF IR E , 8T PN A UKL KA T 14
FIRPNEAEL, 1 UKL A= sk S5 A o T R Tk
BBV, e A A T Y A ORI 2 i HE UKL
B, WHANRTRIE N 3 m/s B 4516 25 B AR

350

——e—— 3()°

300 [——60°

—— 90°

250

200

kit kg

150
100

50

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0
) 25 /s
(a) 2 m/s

180 - i utn o,
160 | |[—=—30°

140 [ 60"

120 |
100 |
80 -

90°

WikiiE/kg

Wil
60 ok
40
20

1 )

04 08 12 1.6 2.0 24 28 32
A ) 2B /s
(c) 4 m/s

ki kg
=
(=)

ki e /kg

TR A 3 38 A 3 38 1K 81 30 25 1 A4 1) v B
SRS T A O s R B, AN TR T UL
KOanTE 15 B, 18 125 il BEROBOR , e K BB iR
RSN URE Ay i HE RS B

—e— 30°

60°

90° e

il

—_
'S
=

T T T T T T T T T T T T T 1

04 08 12 16 20 24 28 32
IR a2 /s
(b) 3 m/s

140

120F |

60°
100 " 90°

80

60 .
e
40t WOk

20

02 04 06 08 1.0 1.2 14 1.6 1.8 2.0
s B 2 /s
(d) 5 m/s

Bl 14 R b T F) A P R

Fig.14 The amount of particles in the pipe at different initial slurry velocities

250

200

150

100

W EUR i kg

P15 A P ORE s HE R
Fig.15 The amount of particles hysteresis in the pipe
3.3 RRFENBKISE E R0
ANTR 266 B2 114 e %] URE 1) 3 B 380132 114 52 Wi 4
Kl 16 Frzi , AT ULE 3 6 B MO, 8 3 MABURE %2 A= 3

LIV ORI b o N U =W SRR Y By ST
B, UL AGSF- Y BEAETT 0.5 s PYInDR, IR B G
16 60° B A B N (WK 16(b) ), RIK B IR T
£]0.04 Pa-s DI )5, FR R IR R, Bk s
TIOR3 R BRI R S
g F it T 67 A AR K A Ak B K T R
B IURL Y R B B ZE RN, W DL VR IE R AN
AR WAE /N, TP YRR 0.04 Pa-s £ 4
HH,

TE 30° M i A T N (WL 16 () ), AR R
FAUE SRR FURLE B o 5% ) B B ) 3 U5 B A e
TSl b e S A B R 4 B s AR R
VeI FE B, Yo N BURL & A= 55 U1 7= A= 1) 4 2. )
FEK, FE90° I A N (WL 16(c) ), 23K
FEKT 0.04 Pa-s J5, WUk 735 88 59728 LR
i



52 W #WIP 45 . BT CFD-DEM #i& iU /K A S b HESR 45 B0 A iy HERAF Y 123
3.4r ——0.02Pas 3.4r 3.21
——0.04 Pa‘s 32k ——0.02 Pa-s
3.2 —0.06 Pas . ——0.04 Pa-s 30k ——0.02 Pas
3.0 ——0.08 Pa-s ~ 3.0f *ggg 532 > — 332 Ea's
fop r S . i R ° n —— 0. a-s
w 2.8 010 Pas ; 2.8 ——0.10 Pa's ; 2.8 ——0.08 Pa-s
§ 26 E\; 2.6 < L6 ——0.10 Pa's
il 5 24r w4
24 ool H 4l
g 2.2 & 2.0} B
2.0} 1.8l 2.2F
1 L 1 1 L L 1 1 L I ]6 L 1 1 L L 1 1 L 1 ] 20 1 1 1 1 1 1 1 1 ]
0 020406081.01.21.41.61.82.0 0020406081.01.21.41.61.82.0 0020406081.01.21.41.61.82.0
sf ] 2 /s st 2 /s ) 2B /s
(a) 30° (b) 60° () 90°

Bl 16 AN[RIJEI B 10 0k P 34 12 7 1 JEE
Fig.16 Average particle transport velocity at different initial slurry velocities

3.4 RIREEXBMIE R IE E R 75 0.8 s J5 FIRF )AL A 38 23 FURE A AR F) A8 1 PN 32

BUPIKAIRHSE N 3 m/s, BN 0.02 Pa-s B F5, 55 8 Y A1 J0RE 75 (B0 R} A 38 1N 9 7% 3 BE 1
O, AW RJEIE % X BRLE B A R, SEPR AR, Y8 00 %5 5 i 25 BUE A8 1 4 7E
17 B, AT WLAERT 0.8 s IS N RIS SAmrim, JESR I B BEANEL R T 1 300 kg/m”, 42
IR LA ], G TAERT 0.8 s RYISE]  SRABFRIIRIE I, JeIR B LG8 T, o8 T IR
A R KA T N IE 8%, T B B PR IRA TE AR A4 S Ay, IO 32 308 o O | R s 8 45 T
FRHEE R B9 ), XN BURL B KB B A R, B e R B PSR

32r 327 3.2r
3.0 3.0r 3.0
o 28t o 28y 528
i 2026 E
E 26 & 24 =26
= ——1100 kg/m’ 240 [==T 100 kg/m’ i
W 241 —} ;(5)8 tf;mx ® 22f |1 150kgm’ W 24 o ke/m®
D I g/m’ N\ ——1200 kg/m’ T 55[ 1150 ke’
P A: ;S)g l;z;:: & 2.0F | ——1250 kg/m® B 2 |——1200 kg/m?®
[ = : —— 1300 kg/m’ [ |——1250 keg/m*
20 181 200221500 ke/m®
1.8 N R N N R ' N R N N 1.6 N L L N L 2 N N L ' 1.8 . N R . N R N N R N
0 020406081.01.21.41.61.82.0 0 020406081.01.21.41.61.82.0 0 020406081.01.21.41.61.82.0
i /s Il /s I ) /s
(a) 30° (b) 60° (c) 90°
B 17 AR BE Ok F- 3412 7 1 JEE
Fig.17 Average particle transport velocity of different slurry densities
JASH) T FR T ARURL (19 32 %, in i) 0RL 1Y i HE
4 ik Bl

LA UL AU A5 R i 5 o A FORL A AP 2
B L L) KRt AR, AT AR AR LRSS .

(1) R AR dy TR A P S 11 A4 AL
JIRAR KRR ORI AR T4 3 25 i Ak 1) R, UL
A PG JEE R H 38k ) 3 25 A, A S AR
R, UKL A B 2 RIHE Hh o 38 8 391) 20 285 1 A £ 11
G RENGE , d PUTABURY Fi HE BE E E HE 4 OB R
W

(2) BORLiEHEDUR T BUE I 1A R0 I 1 R
AR/ PR v U DX I A R A I AR TR
WA IR SR DT R UL A s HE-2 Jon el 3 7 1)
Or)Z B THURR A9 3L 3 R TR, 32 R S

(3) VESKFHBEMO, BORL AN Y I K A= BT U 3 3
S A4t BT RO, TR A SF- 145 A% 3k 38 A, i
Jil T HR T L 25 S T4 2R 0 4R e 8 R B A
i 7E 0.04 Pa-s Ze47 0 HL , I BE X URL IR K- 12
Fes AN K, ABLISURE ] |32 i B, 85 B K 9 e K g
EERAL B v 1 37 1, o 6 A AT By 3 R A i
£ SRTE Ry | 3 O G R T B - w7 Y = B [
TR BRI IETE 4 m/s 240, RERS A 3BT iR
e

S 30k

(1] Z24efs, SO, BEEAR, 5. SRR T« W HE” A 4
MRS SRt os [ 7], BURERER A, 2014,51(5) :23-32.



124

2,
&

KK

»e
£

iz

(T 2% W)

55 %

[2

[

[3

[

[4

(I

[5]

(6]

(7]

(8]

(9]

ZHU Weibin, ZHONG Changping, HUANG Weiran, et
al. Cause analysis and countermeasures for “ hindered”
mucking in shield construction [ J].
Technology, 2014, 51(5) :23-32.
WS DR AR T T A8 U 7K VA i g i 22 977 R AR
[J]. HETHAR(hHE0) , 2023, 52(3) :132-139.
CHEN Huichao. Anti-stagnation and drainage technology

Modern Tunnelling

of mud-water balance shield tunneling with large diameter
atmospheric pressure cutter head [ J ]. Construction
Technology, 2023, 52(3) :132-139.

UM, HHRK, B, %L F CFD-DEM JrikmyiK
JEA IR R G eI A R T [ ] MU T, 2023,
40(12) :126-132.

JIA Lianhui, XIAO Yanqiu, ZHAO Chi, et al. Study on
mud-water shield circulation system’s slurry slag-carrying
characteristics based on CFD-DEM method[ J ]. Journal of
Machine Design, 2023, 40(12) :126-132.

Wiide, g, a4, % RERIKIEHIIRERLE
BRI BR B At e [ ] BRI 5 T TR O By
A, 2020, 2(2) :83-91.

CHEN Jian, XUE Feng, ZHAO Hequan, et al. Pressure
loss and slag carrying characteristics of large diameter mud
shield circulation system [ J |. Tunnel and Underground
Engineering Disaster Control, 2019, 2(2) :83-91.
XIONG H, WU H, BAO X H, et al. Investigating effect
of particle shape on suffusion by CFD-DEM modeling[ J ].
Construction and Building Materials, 2021, 289.123043.
GUO YD, LI X G, JIN D L, et al. Assessment on the
reverse circulation performance of slurry shield pipeline
system assisted with CFD-DEM modeling under sandy
cobble stratum [ J ]. 2023,
425.118573.

WANG J A, LI Y, ZHAO J F, et al. Simulation of the
effect of hydrate adhesion properties on flow safety in

Petroleum, 2023, 9

Powder Technology,

solid fluidization exploitation [ J ].
(3) :403-411.

GUO Y D, LI X G, SUN Y, et al. Investigation into the
flow characteristics of slurry shield pipeline system under
sandy pebble and CFD-DEM
simulation[ J]. Powder Technology, 2023, 415;118149.
LIU M B, LIAO S M, SHI Z H, et al. Analytical study

stratum; model test

and field investigation on the effects of clogging in slurry

[10]

[12]

[17

[

[19]

shield tunneling [ J ]. Tunnelling and Underground Space
Technology, 2023, 133.104957.

YANG D, XIA Y M, WU D, et al. Numerical
investigation of pipeline transport characteristics of slurry
shield under gravel stratum [ J ]. Tunnelling and
Underground Space Technology Incorporating Trenchless
Technology Research, 2018, 71.223-230.

B, B, £, 5. IA 20K E A e
EHRE R EME T[T ], BRIE A B (h33C), 2023, 43
(HEF) 1) :171-177.

REN Zhen, JIA Lianhui, WANG Shaoping, et al. Study
of slurry shield
circulating pipeline in pebble stratum [ J ]. Tunnel
Construction, 2023, 43(Suppl.1) ;171-177.

CUIJ, FANG Y, XU G Y,

performance of large-sized pebbles in slurry circulation

on slag discharge characteristics

et al. Transportation
system; a laboratory study [ J]. Arabian Journal for
Science and Engineering, 2021, 46(11) ;10519-10539.
BINGHAM E C. An investigation of the laws of plastic
flow[ J]. Bulletin of the Bureau of Standards, 1916, 13
(2):309.

LAUNDER B E, SPALDING D B. The numerical
computation of turbulent flows[ J]. Computer Methods in
Applied Mechanics and Engineering, 1990.269-289.
CUNDALL P A, STRACK O D L. A discrete numerical
model for granular assemblies| J]. Géotechnique, 1979,
29(1) .47-65.

ERGUN S. Fluid flow through packed columns [ J].
Engineering Chemistry Materials Science, 1952, 48;
89-94.

WEACHE. WP OR A 12 200 5 TR gE [ D] URR . 7
AR, 2017, 29(1) :23-65.

XIE Yonghui. Study on determination method of
mechanical parameters of sandy pebble [ D ]. Chengdu:
Southwest Petroleum University, 2017, 29(1) :23-65.
ALOBAID F, BARAKI N, EPPLE B. Investigation into
improving the efficiency and accuracy of CFD/DEM
simulations[ J |. Particuology, 2014, 16:41-53.

TSUJI Y, KAWAGUCHI T, TANAKA T. Discrete
particle simulation of two-dimensional fluidized bed[ J].
Powder Technology, 1993, 77(1) .79-87.

(%%, R3#)



