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21002867 pS ABSTRACT

ABSTRACT

At present, the collection and transportation of seabed minerals are mainly achieved by
hydraulic lifting systems based on floating platforms, which mainly consist of mining
vehicles, pumps, risers, transport ships, and other parts. As the main body involved in
hydraulic transportation, in the scenario of deep-sea mining, the riser is affected by shear
flow externally and generates shedding vortices along the surface of the riser, resulting in
the formation of an unstable wake area around it and the generation of fluid forces. The riser
undergoes reciprocating displacement and oscillatory motion under the action of fluid force.
The oscillation of the riser can greatly affect the characteristics of the internal flow field of
the pipeline. Conducting research on the internal flow field of the riser under the influence
of oscillation is of great significance for obtaining a series of parameters that affect the
efficiency of the system, such as pressure loss and transportation rate.

This paper is mainly based on the coupling method of moving particle semi-implicit
(MPS) and discrete element method (DEM) and uses MPSDEM-SJTU solver to simulate the
solid-liquid two-phase flow field in the riser under various working conditions. The coupling
method is meshless particle method, MPS is used to simulate the liquid phase, DEM is used
to simulate the solid phase, and the collision between solid particles and pipe wall and solid
particles can be calculated. It is no need for meshing, suitable for large Reynolds number
flow fields. The main work of this article is as follows:

Firstly, introduced the calculation method used in this article for two-phase flow field,
including liquid phase, including liquid phase numerical models, solid phase numerical
models, and solid-liquid two-phase interaction models. On this basis, the architecture of the
MPSDEM-SJTU solver and the boundary conditions of the physical model were introduced,
and the vibration mode of the pipeline was analyzed.

Then, verify the accuracy of the solver in pipeline flow field calculations. We conducted
research on the two-phase flow field inside the riser under the influence of vibration,
analyzed and summarized the characteristic changes of the flow field from the perspectives
of comparing static and vibrating pipelines, comparing different vibration amplitudes and

frequencies.

111



210026867 - ABSTRACT

Finally, to better fit the practical application of engineering, research on the influence

of inclined pipelines and different particle parameters on the flow field be carried out. In the
study of inclined pipelines, not only the influence of inclination angle was considered, but
also the differences in different vibration directions were analyzed.

To sum up, this paper simulates the internal flow field of riser under the influence of
vibration based on MPS-DEM coupling method, analyzes the parameters such as the
pressure loss of the field, the effects of different working conditions on the hydraulic lifting
system are further summarized to provide a reference for the optimization of the deep-sea

mining system.

Key words: MPS method, DEM method, marine risers, Oscillatory motion
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Fig. 1-7 Numerical simulation of dual fluid model
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Fig. 1-9 CFD-DEM numerical simulation of two-phase flow in pipelines
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Fig. 1-10 Numerical simulation of flow field by MPS method
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Fig. 1-13 The main work of this paper
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THECE AR T 2 8] A [ Aok 15 5 B 2 [A] (142l 71 5

(3) FEFrEMAR 73 B AR, R Ay (] B AT R S R

(4) P15 MPS Fi Rk 7 A0 A 8] T 5

(5) 115 MPS i 72, AT H R

(6) RMEEJIAFATIRE, FEH MPS K1 5 4485

N

] SAMPSE TR |

P

AW IR |
=
\ 4
| it fe— | ERHEERE e
v v
| waivpskirlnr | | mokm |
v v
BT BRI S | EDEMB TR |
Kl
y R #
| SRfiFPPE | A7
v
| AMPSHL T b

B2-5 #3867 ikt Az
Fig. 2-5 Coupling Method Calculation Process

A MPSDEM-SITU K2, HZEMank 2-6 Fros.
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= HUE T

B2-6 KiEE KM
Fig. 2-6 Solver Architecture

2. A HERDSE

2. 4.1 HEHKRE
i T MPS #l DEM ) J7iEAE, HEERPPKWAEX ], EEBR T MPS kR
WK EE R T DEM . fEAH, DEM FiERIR A HAR (2-47) #hiE:
wRyp/G (2-47)

AZLde:m
0.0163v+0.8766

AR, R FoREMAKL TR, G NKRLT BT &
MPS 77 (] 254 Wi & CFL 2544

LO

Ar<0.1 (2-38)
X, Ly Wk alEE, v SR A i R
[E] s, B TE) 25K S A2 Morris 25 1F:
Ar<0.125"2 (2-49)

y2i
Kb, h DG K. SEMAEME, 1SRN LRV
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L o 5 HUE Tk

2
Atﬁnﬁn(AtSOJeélyolZSEJZJ (2-50)

Vmax ﬂ

2.4.2 EEELA R &

"
BB B (A SR I 2-7 o, 2RI TR . 5SS R
TR RCERE, O REL ROV E BRI R BR LR . AR S AR T B T E I E AR, £
RGN PPE I, [ thasRIFEEE — S SR IS 77 N 1 ORFFE BE RO AR E 1,
R TE N AL T AN A A2 A, T8 R RS B M B 2 2R TR I R 1051, Bt
e R, WA B B, AR A BRI 2 R, RIE TR
FERIREE TE

B2-7 &AL R KA
Fig. 2-7 Boundary Conditions of Pipe Wall

2.4. 3 HANOBARFH

(a) #IERE (b) AR A A

(c) M= (d) Ha# 24z

B2-8 N iR A
Fig. 2-8 Boundary Conditions for Inlet and Outlet

28



“l‘l““l“‘ “H “ |H AT P N 73 >y
10025867 e B M

K 2-8 NETERI A LT FAT R B K . AR SCR AL B8 3h IR CRUET I Y
FrBaE, RO 1)Is sl e I RN . AERTARI 2, Rt TE B DAL, Bt
AR ARE); HRITIN R A sl A sh B scfimi, BREAL, B 2-
8 (¢) AR T & R TR £ MEATHEAT, R T4k R gk B I8
R RS, Wl %, R sSeElinda i saiis) .

2.4. 4 REISHEE

A F AR E BT 2-9 Frs, AT LU & WA RIAS Bk 748 Bl P I 4
G DL 3 2-1 NEAHABARRL TR NS, Hp AR A5 0.001ms, AR
1R 25 KB 0.01ms

k2-1 BT HSK
Table 2-1 Particle parameters

[# AH TAH
ZH Bl ZH e
R/ (kg/m?) 2700 R/ (kg/m?) 1 000
kifd /m 0.015 BN /(m?/s) 1.0x10-6
W K/ (MPa) 100 WG A A] 2 /m 0.01
ELVN=M 0.2 i [] 25K/ ms 0.1
B 0.9 — _
FEYR R H 0.2 — _
i (A5 / ms 0.001 — —

B2-9 4 1AL A
Fig. 2-9 Physical Model
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2.5 REINGS

AN 2 50 [ - PR A PR B AU 5 1 S S BOAT T 4B TR, A48
T TR B HBARE) N-S 5FE, SRR T R B0 ELAE R AR DL K B T ARG D0 5 2
B RRE FET7E  TEEAR R, AT AR s s T R AR AR Y . B Ab,
WA T MPS-DEM Hi & J5 L 0T E AL 1 MPSDEM-SITU RAESEEM) . )5, AN
BB R T A I HERA T, A T IS K R BRI, DL R R B AL A
B A AR T S EUSE BUE AL B

L o 5 HUE Tk
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B=F EF¥RMTEEETERERM

3.1 HELIE

MPSDEM-SJTU 3K fif &5 BE AT DABL LR A 3, AT DASK AR [ -9 7R A 1) o AR STk
TE A PHJRLRH S5 6 BE P S 77 T 6 SR AR 2 B0 HE R 1 24T 16 B AT

TE N IR AR R PR AR AE [ B E AT N, TSR, A R N
BERETE ORI ET T R B . RAE 3-1 FTHERA, D=0.2m, i Rk
BRI B 3-2 N R KRG , ARRL 16 & 8 O\ 1m) AT b 1 Tl B2 A A 15 O
ATLAE B, oA 56 R R A 26 1R AE

B 3-1 a5 et Fas A

Fig. 3-1 Calculation model for Poisson's flow

B3-2 ikt T iR A
Fig. 3-2 Liquid particle velocity
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LEE VRO MR by HEAT T BB S 5 B AR AT AR 6T Lo AT, T i
PR, HIEAGRRA RGN, AKX G-D Fon. WK 3-3 fir, B ARk
LRI, 206 =T NAR SO SR AR A 1 BUE RS R . ATLLE B, 7E8AR
RO P A 36 U (RS B
) (3-1)

B 3-3 AL Ty ik 5 MATRE AT L

Fig. 3-3 Comparison between numerical methods and analytical solutions

AEET Alajbegovw[loo]ﬁﬁlﬁﬁE’JIE?. ARSI s . BCE T AR AV
ZH R, I DA AR E 5 T8 A2 [n) 38 B2 23 A o RBEAT S5 SR RT LG . 1R S50
% 3-1 Piome

&3-1 R A5
Table 3-1 Particle parameters

ZH AL HfE
EHEKR m 2.5
(ESERERE m 0.1
iz m/s 1
AR kg/m? 1400
VA R S mm 1.5
SIS % 5
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B 3-4 Nl AR I A xs b, ATLUCE R, AR TR R A AR R RS S
B AR RGN REAR, FEAR M BE RS EE N 0.8 Z B BUFHIVI& o BB ARIDUAE AR i ok
b, RULMIER AR EE N 0.8 22 )5, BUEAAI A B A [ R 70 A, R ZE T e
72 TR AR BIAN R 2

B 3-4 B4R #T 1k E 5 Atk

Fig. 3-4 Comparison of velocity distribution of solid particles

3.2 EiEfkati

A, R ERGR EE R R, KL E RO SR, e KR
AIERILTR, HEZNRMEMEL, SV EE KRERSIE AR, ol AT &R

[92]

w(x)= Acos(nLﬂ)sin(a)t) (3-2)

K, A4 RRME, w IR, n NIREEEES .

FREAR KR 4m WSLE AT SR, T IR E 8 KRS
AR TR, WFFE RN, ARMMSEAS LS BRSNS BT o B LR, BB RS AR
AN T E M, N TR D B R, ARRRG e s A oy R A

w(x) = Asin(aowr) (3-3)
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3. 3 B E SiREIS EXT L 4

F RS K T i R 2 B A N [ 78 o K IS e TR, Hob it S AR
MEEFE SRS LR T ARG SHH K. UEERAEIRNALFER, 1RZ5 5 K P B
Yy, AR E AR 1S s R R A B, AR IR ISR IR S R
FNLEE, B BEXE ARSI AT AT, AR RERAEE T, Wk 3-2
B, HAPEEKERN 4m, P47 0.1m. ¥HSHEEA 1m/s, FEARR TR 10%.

L B RN TR EEESUE A

%32 i H 5%
Table 3-2 Parameters

T PRI JE
1 Om 0Os
2 0.1m Is

Pl 3-5 90 FURCEL — MR PR TN, SR TR R 2 E B . 1R
BN 7R R Y . (R LR, ORI AR A e AT IB 3, (RN, 75
VR RN B, PORCFIZ UL, BB A R, RE I e 0 2
BKHOBEFILR , LA TR SIS S , 52 14 3 5 O 0 45 1o (35 3
AL, AT AR R

B3-5 $4F & ik
Fig. 3-5 Single particle motion trajectory
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K 3-6 J9 M 0 I ZIDT 4G — Bt [ A I KSR I B0, B 1 iin 78 0 I S AT T 5
I T8) K ffism A AR 1 R sk . rTBVE B, B L8 o i Aok 7 B A B OREr 7
s HESEE, R AR PR IE O I, AR A AR BRI R 1 L o
XTIRSVEE, M =0.4s JFG, R Ris e IERI T, BAR 7B, JFTinS
B RE A A

(a) FRILEE (b) IRBNETE
(a) Static pipe (b) Vibration pipe

B3-6 #146 BF 2R R A DL
Fig. 3-6 Single particle motion trajectory

NE—% TR TE > R AR OGN R a3 1§ 0L, Xt kB 18 S5Rksh
EIE A A A R 20 AR i & 34T 7R, Al 3-7 Fos. i bEE T,
Ry BOL TS &I, AN IER B RE S P A E B O MWK 3-7 (b)
ATUVE B, [ R i sl 5 s IR s AR R, AR R — B R A RN Z) 23S F Y
TIRZS o BRRL T[RRI A1, WL 8 BE th R A Rl 1 1, XSS A 1 B2 3
JiTRy, Ry R AW O HERR, R AR TE ) QA BERTL . tkAt, eI IR R, R
TERARPLASBEI () A AP sh 2, S b ETEA R M, i i rE sk 1w 2 8
i, ZHOREAERAL.
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(a) T 1 (b) T2
(a) Casel (b) Case2
Q?’ 7 Z:]—‘;]—I—‘}L%—L%/nujsxd-bb@

Fig. 3-7 Comparison of particle flow states under different operating conditions

FE RS A FEA b, RPRLF AR N A AT BEAL AT, FE PR T, B t=0.25T
A () A3 B A T 29 A T A2 I R b TR AR AR o o A, 1 3-8 AR T IEA M)k
T KL ) 43 A ha/ﬂ, Kl 3-9 #fi 7|<T/ % [m) PR B AR AR AR o BB AR . Ik
I, K2 RELLEE R, EEBEMMERAERT, HAamBonss), sk
U HAE Z=105mm &b, R 21.6%. B IEIRsNERE T LA B0 %R lfjﬂ% (EBC
BE AL RS SR T A AN E), 78 Z=0mm PRI AIRET, R, fEEER L
4!3/\,*1%&%} A ﬁﬁftﬁ%ﬂ’ﬁllﬁl‘ éﬁ&}{ﬁc}%ﬂﬂ %EZ 150mm &b, IR E08 27%,
B KT 8, 1RO B RS) 2 B I HERR, X Fh I Gtk I e R 1] (1) A L
1 FE ilf 4%
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= RN TR EEESUE A

(a) FfILEE (b) RBNETE
(a) Static pipe (b) Vibration pipe

3-8 F A @£ T 57 B

Fig. 3-8 Particle distribution in the cross-section of the pipeline

B3-9 12 ) 3B & kT AR 2 B
Fig. 3-9 Particle volume fraction on radial distance

PL1m KEE AR NI R, 0 LB T8 SRS E TE S IR e, anlE
3-10 frzso M i AR N 220 (0 R A 0k, o Bd R ] = IR Sl i AT UL A A 2,
RET A5 2R ) e 3R R AR, RS2 5 [ s T 45 R AR A Y R G 3
KePET5 e FTLVE R, BEEETE TR RIRS), S i A6 00t 28 e 1k A
e, FIZI08 09T, T ONETEIRSNA N, BIE /3R AL A IIREE B TE Y, TS 7745
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RUEMEN 21%. LA, NPk ik, §EEE N 9.91%, REIETEN 11.65%,
PR EIE L IS TER 11.5%, KRG R T & N aE Rk, i LIXJH
T [ AL 7 T A A ANl 4 1) o R

L B RN TR EEESUE A

E3-10 & /1 K BALE

Fig. 3-10 Pressure loss variation chart

B T SR FIAIA AR B, B 3-11 45 H T LA RN R 2 4 1 ] Aok
RIS EE 3T 25 B S S 0N Tm/s, SREUH (R B A8 T8 A% R AT REAT 20 # o T A
B, AEPALTHLF, R 7 EN Tl . AR, ORI
FEAEETE O, BB, wEEmaem, AR 1 AR, X2 Tl
AR BEAE B TEAR 17 3 AR 3 B0 [ AR FEAR KRR R b e T3 o) Tl PR i A
FEIRBNETE S, WA T E L 7 BORMECAG, AR RS Z=0mm % Z=200mm
AR IR BT SY, S O R AE A BN AN R EE L. ANARER RN
BT I B R B X INE N T RS, KR OV E B R AEIRBIN, [ AR 7
AR PR 7 S, — 5 T ST E R B TR, 5 — Dy T R B A A A AR
Wi T 7 2 AR TR TR R, H R R A2 80 1 s KT AN 73 A1 AN A o
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(a) FfILEE (b) RBNETE
(a) Static pipe (b) Vibration pipe

E3-11 B A& E A&k oA

Fig. 3-11 Velocity distribution of solid phase in pipeline cross-section

(a) #IEiE (b) IRENETE
(a) Static pipe (b) Vibration pipe

B3-12 i AR 2 18 A & R L5 B
Fig. 3-12 Velocity distribution of liquid phase in pipeline cross-section
K 3-12 ik I E B SRV ETEBAHEE = B FTUCE R, #1058 TE g ioE 7y
Ay s), Hig KERE LA T EE 0 fREEES, 28 RT3 8O
P AT, AR A FE A A AR TE T R FY o 3 U BRSNS R0 [ A () FE A A, R
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L B RN TR EEESUE A

FE—ERRRE b s B P IR A T R A A 5 i L T AN [ IR A T R O A e ik
— 215 5 M [ A2 (1 Tk P AR A

P E TE R AT 7 45 3 B aT DLPRGE T R0 I S B REAE , (RARR 1S B8 i
LS R, FEN SR EIT . K 3-13 AT, & pTA EAAR T
B R BRI B B A ARSI, Z=0mm IR E G, WTUES], A EE
RLF- AR T RS P 1 ik s A8 Ak G A e 10 3 T AR T T 0 I ALK R
I3, R FE VA AR TE PO AT, R 4 AT Y R R B /N & S0 A% [
TR TS R IRENE TGS, AR E B ARl R AR ORI ERE, SR 2R
TRFEIIB BB, X FEOEZ KB EHR, [FI, T8RS 7RO ) 30 B [ o7
B, BEPOMEEENIES, XS5E B SR FEERKLZ, W LT
[ AL 38 B2 VBB A A A JE B AN [R), — D7 i, RN TE AR B A BT
JUFIREE T HEAE S, 0 10 1 AR R T8 A B R ) TR EEE I O
H—H, FEEEF, KR E R AN 0.98m/s, - FIER 0.96 m/s. IRBE
W, R R KRN 0.95m/s, T SFIAME N 0.85 m/s. 3 i B IR S 4 [ AR 745
KREZWReE, WK, XWEFAR T RIS M oA AHRENE & PR T HE
R G BT i ™

1.00 -

— L

0.94

0.92 L L . i
004 0.02 0.00 0.02 0.04
REBERZ (m)

(a) #I-EiE (b) HRANEIE
(a) Static pipe (b) Vibration pipe

B3-13 & i A B ARk T ik B 45 B
Fig. 3-13 Velocity distribution of solid phase in pipeline
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bR R, SRR TR AR TP A R AR, B RIX S i R AR
FE ISR . B 3-14 45 T [R)— Ja 33 N AN R Bk 22046 A0 [ 42 i i e ] A 3k 1
ARG DL . BB PR A AL A2 3B AT AR, EANFEIN 2, SREECE 1 AR
TIEE I 3 AT A R AL B, AR A2, e KR AT A R 2R A BEAL, XA W T8
A (] A 58 th B iR w0 8 A e e 3

(a) PRENEE (b) HRBNETE
(a) Vibration pipe (b) Vibration pipe

B3-14 &8 A B ARk T2 K 57 B
Fig. 3-14 Velocity distribution of solid phase in pipeline

AR I BB R4 B2 73 A A AL IR R, X iR 2 8 8 fnis i A b kL 712 st
IR I, WIkE 3-15 Fos. T EMEARRIS, BTN RLRS B AR AU L1 [ 32k
fro0#r, il 3-15 Ca) i A R B IANEDEIX 3. WIaaI %1, Ry H A SE R A
flEeE, Wi B A TEES LA, WEAAAEE . BERMIZET, KT AL
ERERL I R R T Iss s R, IBENAEE ORI R TR B RUR S E R A A
B, P T EOEEE A, Wi 3-15 (b) s, Ry BB b TR EI A, XU
HIH R R T Ja# . BEERTJ B tki 1 58 BE R A mlE, K71 A Bah3)iEiE
HREy, BALE CA% S TR B, Ry A BE SRR, X1 R T
A 5EEERE G EN SR SERR T IS REIR I, HUCR R R R T (10 e 7 4 L
IR NAR IR SE, RN IR RIS AR . BT RL, AR A AR R ) A
RIS %, A8 PR LR P i R T P32 e A A BE B
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B RN TR EEESUE A

(a) WIHhIE

(a) Initial position

(b) & BERE

(b) Collision with Wall

() A ek 7o f%
(c) Particle displacement after collision
B3-15 & i A Bl ARk T i 35 3
Fig. 3-15 Solid particles movement in pipeline

B x=2.4m 4047 [ 48 T M 00 AN [R] 000 [ A4 RE 1 ) i T 22404k, 1] 3-16 P .
i FE R, R IS R B (AR AR e B . T LAE B, T i e A
TR EE, B sE R TR EE . thoh, JeshFE i Bk 1 fis s R 0 T HE
N 1.5dm¥/s, #IEEITE AN 1.8dm’/s, B HEHE K 20%, XERIRS)S FRARE Aok 7
SR
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WX = RN TR EEESUE A

(a) HfILEE (b) RBNETE
(a) Static pipe (b) Vibration pipe

B3-16 B4Rt T iz £ TR
Fig. 3-16 Solid particle transport rate

r " Py 30
— Wbl

ATl

x

fiy &% Crad/s)
14 Crad/s)

'
0. 04 0. 02 0.00 0.02 0.04 0.12

0. 06 0.00 0. 06 0.12
210 EZ (m)

{2 EZ (m)

(a) #iEiE (b) PRENETE
(a) Static pipe (b) Vibration pipe

B3-17 BT A R ERHE
Fig. 3-17 Angular velocity of solid particles

Bl 3-17 ST A AT AR T 1R AR T B A58 ) 7 Tl AR A I o 7 L 5 T o A
JEE 56T e e B A A A8 T8 rh O P I F AT e KR« PR BN T8 HhoRL T A 18 B2 SR PRI S T,
HEEET LI RARIME. EEHRITH, §bEE k5K MIEEN 2.16rad/s,
PRBNETE N 33.32rad/s, R THHEEE, KM EEAEREWIT, XU HE EE
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5

H A 8 S YT [ AORE 8] ORI F Ak, T RS PORE T A R S R S
EEEMRLRE L. FRE, RIAEE H AR RE R, XMt DR 1 R ETE+
[ AR 3k P N B LA

3. 4 A REIRIEXT A ERHF N

EIEIRENEHN RN, 2 HIAFRIRSIEE . AN TE A F IR0 5 B4 T T
DUEAT AT IL, W3R 3-3 o, R AN RE A, BB 0.0m, JAIIRAIHL 1s.
Wiz LN Tm/s,  [EARLTIKEEN 7%

%3-3 RRARTEFE I S5
Table 3-3 Particle parameters

T R B (AR JE 39
1 1 Is
2 0.5 Is
(a) JRIE=0.1m (b) #RIE=0.05m
(a) Amplitude =0.1m (b) Amplitude =0.05m

E3-18 AR RMEAT RS E
Fig. 3-18 Particle flow patterns with different amplitudes
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K 3-18 SUANFERIE 0L, [R— A R AN RN ZI AR TS T 0.l T B TE AR
), PR BT BRI A 2P AIRGES . SIRIEDY 0.1m I, K 7Haris A IELE,
[ A s B ANV T RO AR AR R o B, FRRE R R T R R . IR IE N
0.05m I, 7] AT 2 ] fA kL 715 /8 B (Ol i o i DX 3N, BRORBAFAERL TR,
(EAALCEE D, fris il R SIS, SRR, SRIE AR/, A AT OREF [ O T i
FRIRGE I, X RT REFE PR A BE /N PR A 1) 2 2 3 S 1 0 il 19 2

SRR [ A [ 4Bk T 2 M [ MAORE 1V B TE AR 1] AR AR 20 B At O, anl&l 3-19 Fross,
Z=0mm NEEN L, Prek BN Dy iZAe mam N BRI ST L. AT RAE 3,
BEEIRIEIE N, BT A AL SIPEE 8. RISV 0.1m I, bl Ay (] A0k
ZRHIREALETE LA, 209 80%. IRMEDY 0.05m, BIEIEEARM 4, [ 4ok
TR BN AT 2], R R, AR R BN 20.6%, 1 L5 1
HARAR > KRN 25.9%, RIRL TR 0 Ky, AR o0 A Al e LR TE 3
FE [ AU

= RN TR EEESUE A

F3-19 7~ R Ik thd Bl ARk TR A o 4
Fig. 3-19 Volume fraction of solid particles with different amplitudes

K 3-20 YA — 21, AR R AR e A L [ A P A 2= o AN L0, e K
A AR BE PR T, (EAIRIE DY 0.05m I e ACTH 2 o0 Af [ B8 P Lo G IXARRE /MR
WIS DL B K B2 o B AMYAE A BEF AT, AT B R AR AR B O B . R — 8
T 5 R B R R PR AT R B A T v A D SR, S T 3K W e
SN [ AR 5 ORI L B R AL B
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(a) #RME=0.1m (b) FRME=0.05m
(a) Amplitude =0.1m (b) Amplitude =0.05m
B 3-20 7~ B ¥t B 481 = B
Fig. 3-20 Solid phase velocity cloud map with different amplitudes

(a) FiFE=0.1m (b) #ME=0.05m
(a) Amplitude =0.1m (b) Amplitude =0.05m
F3-21 ~RE k@R R TACE

Fig. 3-21 Pressure loss with different amplitudes

[FFEEL 1m &KX RN A FERIE NI IE RS0, b 3-21 Fioas. BT
JESAAATR], R 30 O B H M AR A KRB R . $RIEA 0.1m B, & 3 06 N
33.3%, “FIMEN 19.5%. JRIEH 0.05 B, JE 78I N 20.3%, “FH{EN 11.6%,
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ANH

73 HBEHT AR 39%F1 40.5%. BT UL, IRMEGEE/DS, S 0 i /R JAIG, REE IR AERD,
£ RE L AR B TE IR R] S LT RESR R

= RN TR EEESUE A

B3-22 R ki Bl AL T i R R ALK
Fig. 3-22 Solid particle transport rates with different amplitudes

[— #R#E=0. 05m

FIEE (rad/s)
8

0 ! 1 )
0.12 0. 06 0.00 0. 06 0.12

FREEEZ (m)

(2) #RIE=0.1m (b) FxiF=0.05m
(a) Amplitude =0.1m (b) Amplitude =0.05m
B3-23 IRl Ikie AR E TR

Fig. 3-23 Angle velocity with different amplitudes

3-22 JAE[R]— A IS IR Z0RE 7 faris R AR S DL . IRENIB{EDY 0.05m I [
PORL T 18 2 BRI RIS AR AN, R sl SEINAR 2, WM 1.91dm’/s. V-2
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IBHEN 1.5 dm’/s. PRIER 0.1m B, KRS EBHRKIEE), X2l TR 1%
L SHEEAFEE, RIKMEN 0.47 dm’/s, “FEIMEN 1.12 dm¥/s, NF/NMRIE L.
] 3-23 S [ ) Z1) 6 T Hh (AR (%) F 3 B 23 A, 4% 1R] AR R=0.06 I T 10
METSCH AT AT, HROE DY 0. 1m I, RE - f R A 3852 HH I AE B [ BT, HL 32 2 p ] Ao
T 5EEERE P AEIRIEY 0.05m THLH, AT LUE B B 440k 7 1) A 285t 2 I Eg i
EEEE, EEP RS, EIFRHE . X FEAET I SIRIERN 0.05m i, [EART
o SRR AR, HRZUREEEEART 0.1m PRI T,

L B RN TR EEESUE A

3.5 NEBAM AL ERAF W

EIERAFIRSNEESAMADAEIRIEA R, ARSI E SR, it —
D1 A FIRENE A T BTSSR AR AU, AR BT A R IRz 4 e B P 4L LE
TOHEAT MR FE, IR 3-4 o, [FIREHL, 8408 0.1m, Faiz o 2 A0 [ AR 7
WIEBLE S 3.4 1A A IR B0 T5 1A e A, 3R 5 B AR LEEIE 1, RIRIE Y 0.1m.

&3-4 TR BRI A
Table 3-4 Particle parameters

TH PEIE/EE (A/RD JE
1 1 Is

2 1 0.5s

K] 3-24 g5 T AR A T AR A BE R A8 L. nTRLE 2, AN 0.5s
THF, Bk BERAAERENS, BEEM 1s THAFRPRZ, F1H5RER
RO, #E%, HE2R-FomEgEE PRt TRE, B, NEPIREIEAE
TFH S AR o Ak, MR IR EIRAS RS, AN 0.5s THLHRLFI B sh it
BN 1s TOLHESE, K58 BERAM AR /N, S B3RS A A 32 B 0T DL
B N AR IR SR AS

Kl 3-25 95t —IF 20, AH [E]A% [r AT F [ 44 0 -3 8 TE A% 1m) AR AR B A . A
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(a) Ji=1s (b) JHH=0.5s
(a) Period =1s (b) Period =0.5s
F3-24 1B A AkTiRS R
Fig. 3-24 Particle flow patterns with different periods

P3-25 7~ [ B AR Bl AR AL TR AR o R
Fig. 3-25 Volume fraction of solid particles with different periods
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B 3-26 J9ANRIIR B I 00 iz e 4 Sk B I T) AR A O o iR 50 J 3008 1s I8
Titds s 7345 S BEI 8] SRR B, B RAE N 37.1%, /NN 2.4%, “FEIMEN 19.3%.
PRI 0.5s I, BB, AR ERIEN 26.1%, RN 4.4%, TEEN
13.1%, FERION 1s TOLRRAR 6.2%. I 0L, £ i [l N 48 /N IRah ) 39T mT DL R AR
IR, RIS ORI o b o ] (AR 1 15 B 2 TA) PRl A3 2 A B 4

L B RN TR EEESUE A

EER I AEISH K
(a) JHM=1s (b) Ji#H=0.5s
(a) Period =1s (b) Period =0.5s

E3-26 R BEHRS R KB
Fig. 3-26 Pressure loss with different periods
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(a) fi=1s (b) JH=0.5s
(a) Period =1s (b) Period =0.5s
’3-27 75 B 3 Bl AR iR B0 =
Fig. 3-27 Solid velocity distribution with different periods
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X [ A A S e e /MBS I B 5, BT DA, R R/ o] L — s R FE b 42 B T ) s g
7o

(a) J=1s (b) JHHI=0.5s
(a) Period =1s (b) Period =0.5s
E3-28 R A2 Bl kA T e 2 F R LE
Fig. 3-28 Flow rate of solid particles with different periods
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Ulo AW 0.5 I, Rl LA P a5, OGEEBA NN 1s TOUE L EIE
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Fig. 3-29 Schematic diagram of pipeline flow field

(a) J=1s (b) JEHI=0.5s
(a) Period =1s (b) Period =0.5s
B3-30 A B B 0 Bl ARk F ik X T AL
Fig. 3-30 Velocity of solid particles with different periods
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() FH=1s (b) JiH=0.5s
(a) Period =1s (b) Period =0.5s
K3-31 R B BT AR R T
Fig. 3-31 Angle velocity of solid particles with different periods
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4.1 FRIBIFRTFRE RN 534

DNPRFURL TR BN iz i FR M, 38 508 AT N 11 A3 N ) o] A R B iR
SEHUIR RS, AR TS, 508 Smm, EIESHORN NS EEH 5 ESCH .
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K4-1 RRIRAE LTI
Table 4-1 Parameters
TH K R /m IERIE
1 10% 0.1 1
2 15% 0.1 1
3 20% 0.1 1

H4-1 ZFHAD TR
Fig. 4-1 Angle velocity of solid particles with different periods
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XA RSN S E WAL T IR EEAT b, Sl se i ke, TRl I 20 R L
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L FIE KT S HO SRR

B4-2 RRK AT RS B

Fig. 4-2 Particle flow patterns of different concentrations
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K4-3 RRREIE ) R EACHE

Fig. 4-3 Pressure loss of different concentration
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Fig. 4-4 Solid velocity of different concentrations

AT DA [ R P55 T 0, A [ — Ao 8 AT ) [ Ak Tz T e, 15 3 HP s il %,
Wl 4-6 FIom o B3R T iy, 018 ORLT- 208, 3 [ fAokr 74z i R B bE 2 T s
B LT o R B PRI IR B 15% LU B 10% BTz s R 32 T 40.1%, REH
20%EL IR BN 15% %S 3 RIR T 12.6%, X5 040 Hr A [ Aok 738 B i B AR A
TR R ST R LA %

(a) KE=10%
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(b) HE=15% (c) WE=20%
(b) Concentration=15% (¢) Concentration=20%

K4-5 ~RE K EBWRETARESH R

Fig. 4-5 Solid angle velocity of different concentrations

Bl4-6 T Fl oK B B #kke T 4 i 5

Fig. 4-6 Flow rate of solid particles angle of different concentrations
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TEAR AN 3mm, 6mm Al 9mm. FAKHEEN 1m/s, [BEARLTHOERH 3X3X300
s, BIEIRSN TR AIRSIESS 4.1 A,

(42 TR 2T
Table 4-2 Parameters

RVA LA B ¥ PR 1% /m Ji /s
1 3mm 0.1 1
2 6mm 0.1 1
3 9mm 0.1 1
() KiftN 3mm (b) HFif£H 6mm (¢) Kifty 9mm
(a) R=3mm (b) R=6mm (¢) R=9mm

B4-7 R R AEE RS B
Fig. 4-7 Flow field diagram of pipes with different particle sizes

Kl 4-7 AN AR BAR TOL N EERD G, "TUES], AR RN
AR P EAF RIS IE . RARN 3mm I, Ryfis EIREM D HOMEES, B
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(a) Fif£=3mm (b) ¥if£=9mm
(a) Radius =3mm (b) Radius=9mm

K4-8 NRFAFEATIRE R
Fig. 4-8 Particle flow patterns in pipelines with different particle sizes
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ko

4.9 KR4 AR E ) A B

Fig. 4-9 Pressure loss diagram of flow field with different particle sizes

E4-10 R R k24T o P39 i A A
Fig. 4-10 Comparison chart of average export speed
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H4-11 mR# 2z 23 tb A

Fig. 4-11 Comparison chart of average flow rate of solid particles
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AR BT I BURVE TEIT RIS TT, b 1R SIRSVEE RS R IEXHRET FAE
B A R RS T B 45 08T o

5.1 B LR EEHERLIMR

N T RURLE TE NI RE, R E B AR E E AT R T, IR R
1 FEXHEERIZ R, VBRI 5-1 s, EIEKEE LA 4m. AT EA
MEETAL, HESEIE 5-1 s, BiEmHAMEEE R 100, 307, 457, 70° ,
[ 4RI BN 10%

B 5-1 s E A AR R
Fig. 5-1 Physical model of inclined pipeline

%5-1 REMRAH A K T
Table 5-1 Different inclination angles

T fifh a/° HHZH HiH
1 10 IR S5mm
2 30 P T Y53 1m/s
3 45 KU FE 10%
4 70 EIEF1ED 0.1m
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(a) oA (b) 7-BeorAii
(a) Concentrate (b) Segmentation
B5-2 7R ) 046 B 2 0 T R
Fig. 5-2 Development of particle distribution
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B5-3 AR A FE AT RS E
Fig. 5-3 Particle flow patterns in pipes with different inclination angles
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Ca) [ AASIURL Y- 3503 52 (b) RURLAR [ B AT BE B
(a) Average velocity of solid particles (b) Radial dispersion of particles

B 5-4 B4k T 093 E 5 A 1F L
Fig. 5-4 Velocity and distribution of solid particles

B5-5 Bl kAT 89 A2 E oA B
Fig. 5-5 Distribution of angular velocity of solid particles
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Table 5-2 Parameters

Tt Wi 4535 1 f
1 30° — -
2 30° Is 0.Im
2
o

K 5-6 it H AR A
Fig. 5-6 Calculation Model

FEIS 18] t=10s I, HUEE A AR RS AT 08, il 5-7 Fros. #fILETE
PR ) T2 B3l MRS) 2 T B0 T 0 A AN SIRHERR . fEf IR EE T,
PR LA A 7 P BB B 50, s ESeVE iy . EIRAVEE T, fTRENE Y By
(] AR R L AR 34 S WL AN 5 T R P T SRR, A 7 T P {00 1) B i P
Ry 58 BERAR IR, 1R B 2 (IR EhRE, fniaESVERE . IAh, RSVETET R
AR 2150 73 [ Ao 5 S DS Al o

(a) FRIEFEE (b) RBNEHE
(a) Static pipe (b) Vibration pipe

B5-7 #.E Bk EFEETRS
Fig. 5-7 Particle flow patterns in stationary and vibrating pipelines
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(a) FfILFEE
(a) Static pipe

(b) RENEE
(b) Vibration pipe
B 5-8 Bl Rk T % E A B
Fig. 5-8 P Solid particle velocity distribution

(a) #fi-EIE
(a) Static pipe

(b) RBNEE
(b) Vibration pipe

B5-9 Bkt Tk B =B
Fig. 5-9 P Solid particle velocity distribution
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(a) W IEBURVEE (b) IRBBURIE B
(a) Static pipe (b) Vibration pipe
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Fig. 5-10 Probability distribution of radial velocity of solid particles
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Table 5-3 Different vibration direction settings

T PRBN 77 PR30 & PRl
1 B U Y S — —
2 NCICE WA D Is 0.lm

B 5-11 A FEIIRED T I BTRVE 8 A B TR s IRES . A mdikash R s
RS, ATCLBEE R, [R5 78 M e B B, 5 AR 2 A] B e 5
mzesr, AATEENAH, Ry AMCSEE R, 85808 LR A A Al
. IR, PR TA G E R, DAAEEEFEEIR T REES,
MR FIREN T, Ky ZAAEEIE Tzl .

(a) HEFIRES)

(a) Transverse vibration

(b) hIafka)
(b) Longitudinal vibration
B5-11 AR R 7 @4 iR

Fig. 5-11 Particle flow patterns in different vibration directions
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(a) FHEHRSD

(a) Transverse vibration

(b) HhrR3)
(b) Longitudinal vibration
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