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Development of CFD and DEM coupled solver and

its application to scouring phenomenon

Seong Jin Song

Department of Ocean Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

In this study, the Eulerian-Lagrangian approach was used to investigate the fluid
flow and the behavior of sediment particles around a subsea pipeline exposed to
a current. A solver was developed wusing the open-source libraries for
computational fluid dynamics (CFD) and discrete element method (DEM). The
solver used the averaging method based on the kernel function to overcome the
grid dependency. To improve the accuracy of the drag force acting on the
particle, a modified void fraction is presented in the drag model. The settling
velocity of a single particle, the angle of repose, and the incipient motion of
particles were simulated and compared with the experimental data to validate
numerical methods. The ratio of the grid size to the particle size had no effect.
This developed numerical solver was applied to a scour phenomenon around a
subsea pipeline. The fluid flow around the subsea pipeline was analyzed and the
motion of individual soil particles was tracked. It is possible to deepen the
understanding of the scour phenomenon using the information on individual
particles, which consider particle to particle interaction as well as the interaction
between fluid and particles. Finally, the scour around the subsea pipeline was

predicted and discussed.
KEY WORDS: Computational fluid dynamics (CFD, X4 438}); Discrete
(2

o -2 1A
¢t HH), Kernel-based averaging method (@718 B3}t 71H)
Pipeline (3§14 I}o]ZtRl); Scour phenomenon (M= &)

element method (DEM, ©|4t8 4W), Euler-Lagrangian approach

, Subsea
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vortex
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Flow
Lee-wake
Down flow vortex

(a) scouring around monopile

C Vortex

(b) scouring around pipeline

Fig. 1.1 Vortex structure around offshore structures

AlZe] BAstE WAUSS oldlsty] flal Be dAFAEel s ddF A ¢
TAH AF7F AEHO R 73 JTHWhitehouse, 1998; Sumer and Fredsoe, 2002;
Dargahi, 1989; Mao, 1086; Chiew, 1991). A= A7-¢ Z7]d B2 AFASS Tt
B 2o Eawda golzjle] HY AlEAE dEske Bdde
A A SFATHSumer et al., 1992; Sumer and Fredsoe, 2002). Z4HiA < 8H(Computational
fluid dynamics, CFD)& ©]&3% X% d7e D #% R (single-phase flow
model)¥} o} & EZo] vt Y e R FA M FHst T
o wed A ZES AR =A Rt FERE=CA FES] "olA Us
Hiedo] Zgshs AESHE V|FoE FERE FHlA WA A A9-sH

Al ik

AsE Adtst] AEidst Ada d9E d53H(Trygsland, 2015 Park et al, 2017).

ﬂ.lO

Collection @ kmou



tr

Ot

a8y Y s 2R A Anke TAskE BEYY IS s X3k #A
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Euler-Euler HTHo®2 FA9L dA8 foe AFA=E 7HHsto djdsk= 2 74
2 (twofluid model)o] Ut 3iA AW

Mde o]8ste] 128t tH(Yeganeh-Bakhtiary et al, 2011; Mathieu et al, 2019). 2
A B Frjos g2 A HEo® A AwhS mA 4 Qi) whHo| A
ARk Azt FEE FE NEe ol&ste] EARs] fla] HuzQl FAA o]
a7HH dA Z71e] ARE YehA sk Alde] ok fle] rMEL siA
Ak fA 5] A3 aEsky] Asl AFA wiiEaTE Besty ARk
FAES st dA A719 ARE AFd F gl AV UTHL and Tao,

2018).

o]4FQ 4~ (Discrete element method, DEM)> A & 3| =ojollA 713 de]

AREEE 71 F sttt ojdtaalolA fdAke] AEe AR o] mAd 2719
Axe sl st WAk whdEol| ofs AlLtEd. ol e JAre e
AsE AT F ds By ol 1ddt FE EES o83 B ¥ dAE
A 7 e Aol UthKloss et al, 2012, Zhu and Yu, 2004). ©]4tSAH S
HFh4  fr(granular flow), T

98K power mechanics) 1131 U4 G8H(rock
mechanics) SolA HA3} BRH T EAS ddsked anbzQl

AREEDL T SHAIRE JAF ol mE AXE M8 FTEE QS 2 HHe X
2olaiA A =719 AAMEE WEFA7]7] o] thSakai and Koshizuka, 2009).
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AHo=z <l E}Oo‘:?} Ak g ?374]’5‘}04 TP tHZhu et al, 2007).
Aot dApAtol o] Fz A dARREY] FEARS 1HE F

A ZaeAd Hod SHoA e AA EE2ET FElstth(Zhu et al, 2007).
o= CFD-DEM QAIRES o83 AL FF53 AlE A7t =] o
UTHHur and Jeon, 2011; Schmeeckle, 2014; Sun and Xiao, 2016). Li and Tao (2018)+=
CFD-DEM QA Rd< o]gste] AZ&3 mefo] w7zt FHoA MAsk= B3 =57
AZE A3k,  Yeganeh-Bakhtiary et al. (2013)% Yang et al. (2018)&
iAozl FH A2 E4S s A Ante s Be do 4R
GO WE AL vlgow <l YA T7E F/MAA FX =29t CFD-DEM
AARD S o] &3 dAFE st FAE dA A7l mE AR o= s

TE= FHAA nHE A T8 AE B AS5] e ATl .
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CFD-DEM 94 29L& resolved CFD-DEM A 293 unresolved CFD-DEM

AARdZ FEZ 4 9t Resolved CFD-DEM A Zdlo)x Jzfo] ZF&sh=
FAES 493 £S5 ol&st Axtdth HAFAS MM ALY A sES
Ad7] $18 =4g AArE F2sth(Uhlmann, 2005). ¥HH o2 Jx} F7]o tidt Az}
A717F 171080 25 uf A3 AAE A F vk wA E ALt g o= Qe

2 3719 YA frEell A8o] AFHEATHVango et al, 2018). Unresolved CFD-DEM
AA 2o ALSAEAY £x9 Uz BRuoRS-S IIst:E AYA siEndS
ARSI} e &S A7) 8l 2Ee AArt 27EA ZETHKloss et al., 2012).
dutrow QA Arlel Wik A =77 3 Eok 2 o) AR AHAE IS F

ATHPeng et al., 2014). W2HA unresolved CFD-DEM Al =dle the] 47k f-%
Mol ths &E&#]thKloss et al, 2012; Askarishahi et al, 2018). A3}z o=z
CFD-DEM ¢A =dl& Az =7]d tigk AzF 27171 1/1028 =7 36 Ko} 2He
W fES ARE JeRA ZEka, ole A R st As 9ngith
Unresolved CFD-DEM Al ZdoA Axke] o]Fe ae3str] & Z+ AA}(cell)oll A
YA} A A s R &S o|l&3th Fig 12v A7 &5 mE 73 EMEds
4 dAe] FEEE JAE T HolErh HAS Abraham (1970)9] H @4
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Fig. 1.2 Numerical instability by grid dependency in settling velocity
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AxE Yehdth Fig 129 22% A3t A& 2710 Uik Az =27 vlo] mEfA)
B o] Bl EE(q,) S PP Fig 12()c U4 271 B A 27171 49 2 o
ANE BTy, A 277 dA 27|Bo &8 2 W 74| 314 2= Abraham
(1970)°] A@AFH & A8 FHHoRE Moty widHo| A A77F YA
G710 ZHE u oz BAsi Fo& s A= Abraham (1970) 23}

Zpol7F Uis AS Fig. 120)oA ST 4 itk dAE 23S AAfollA 74
dgel FARE(q)0] FHHR FTaste 39 Aziele] HARE(a)H Aol7}
G olw) A 2|7k YA A9k IARASES F9 ARe] FuEE(a,)9)
Apol7b AAUAM FAZ ERAgol AR A FHo FIEE(a) S AANA

YA HI E g (a) 2 HE AHHA

UAke] FulEE(a,) AEHAE YA T4 719 (Particle-centered method, PCM)}
B&H QA H31 7]9(Divided particle volume method, DPVM)©] 7}g de] A&
HGovina et al, 2012). YA 4 7]HAA JAFe] Rojs Az T4 23 o]
Je T ARl dAke] Fy7t 235 aHdETh ol ofF Il HIHoE A

UAEG - F o g ojet 2, EFE AA F3 ZRelA O]X}-‘ﬁ
= Z‘IXP‘?i(cell face)oll o3 E&d FuvE At &€ AR 73 7
ofg] Alojzo tiaf U T4 ZHEG ¥ ¢l d3E HoFETH(Zhao and Shan,
2013). vk F Y BT Az 7P 432 270 2HEAY ¥ AL Beels
44 o2]7} Y THGoniva et al, 2012 Jing et al, 2016). #UFA e Azp}
gt 32719 YAIA unresolved VI AR AlFE ZAE
of7] g+t Capecelatro and Desjardins, 2013; Wang et al, 2019; Askarishahi et al.,
2018). Unresolved CFD-DEM Al EdoA Az ERE FEaL7] 9] thaddd
TR 7ol AAEIL ATHWu et al, 2009; Zhu and Yu, 2002; Jing et al., 2016; Wang
et al., 2018; Wu et al., 2009).

i

P FIEs ALk fs Ad F7t A8t (Capecelatro and  Desjardins,
2013). A e dALE FAHE5 S (Smoothed particle hydrodynamics, SPH)<}
22 FAAEAA AR BRE FH o= TARE] f8) AREETH E =wddlMe
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unresolved CFD-DEM %A ZHo| Az} oJF
71e A&k 7Ad 71Nt Fd 71 5242 AR} FulE ARAs A Azl
S2EAl EANAL, Az Z710 fEeHA Gv A RS Fre= otk 7d
7IRb Bk 7S TP Qe e Ad e S8 CFD AAE HAbsa,
CFD 3i4S 9% dA &3S B3}t 7S &3l 2AE ItKSun and Xiao, 2015).
oz 7Ad FEE Gaussian wE  F(Glasser and  Goldhirsch, 2001)<}
Johnson's &3 3 (Johnson, 1949)7} Ut
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B =5 532 7d 7Ink Hest 7ol A% unresovled CFD-DEM 94
2dS Adske Aotk A 7k Best 7e FE AA ERE FEITH
FANe Hall £2FEvE FTHECl e gelBHE ARESAH. dAkeAQl
DEM< 913 LIGGGHTS(LAMMPS improved for general granular and granular heat
transfer simulations)® CFD3]4& 9§t OpenFOAM©| AR5 THGoniva et al.,
2012). AE FE o83 YA FuEe Al ZEE Uk o] o] &3 s}
7IM3 49 Y 2do tigk 225 FA8sITh Ad 7Nk sk 7ol tigh
Hast A= FPEAT 7 A 58 7¢E unresolved CFD-DEM 1A Ed&
o]z}l FH oA Bst= A= T
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2 =2dAe 7 g4 4R HdYF HEil(forward interpolation)® FAIEEE
olg3te] YAl st FHE ALtEATHXiao and Sun, 2011). YA FAlolA

AR () e T o] vkl S Yt

up = YW, 2.16)

b

A71M, N A 71927} e AA 445 TR u,,, = AR mollA Aldtd

FAEENH, w,,, = A% molA A E A&} 7HsA ot

Fig. 2.1 Example of particle information averaged over support region (R,)
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23 Ad 71k P78} 7)Y

d ol Az A719k ZHE o 7heARE A e A Y A
A zo] Fag 9TS FTh(Esteghamatian et al, 2018). o|EX o= 7Ad &
ol&3t WA FyEE At BEE AR 4 HA AAFY Fwol vl sk
37t (Xiao and Sun, 2011). WebA A 4= ALt F5e £017] 98 Ad 99
Woll A IHETHSun et al, 2009; Xiao and Sun, 2011). Fig. 2.1+ 22+ FH3EA oA
479 AAe} FY YA “A7E RoFEth HHAE R, 92 4R “A79] XY Yol
Y G FAL JA FAHY GAEt, SAE(R)E 4A A vlEst YeRd
T AR, = Kd). K= &=olH A4t vlg3t =S agste] A AF9f 3wz
B8}t (Xiao and Sun, 2017). WAIE (R)ol LD AAE U3 “A7e] o5 GFL

W 1 9% Ad B4E o8B dAe AENE EAED 9% “Are)

Wy,e = N, - - (217)
Z g(fE - xrn) Vm

1 exp <_ |‘r—‘rm|2)
gla—=x,)= (by/2m ) o2
0 ,(|.’E_"Em|§ Rs)

,(|x—x |<Rs)

m

(2.18)

714, N, £ A7 “A7e] WA (R)o] Y AA AR<olThFg. 21914 N, =3). 7}
Aok A B A9 A WolA AR AT A FA el A(|o—x,|)e) &
 bE A9 B4 bandwidthE oIFIakH b= kd = UERE 4 itk 74

=2
e o83 YA TR (wy) T Y] A 20& W3 THZhu and Yu, 2002).

H
el
i
o

Z wA.,m =1 (219)
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21(2.9), (2.10), 1D 72 T2 Tl 2HE AR 7FAIE e85t CFD 3i4< 9

3 YA T AT,

24 38 299 EFH

Unresolved CFD-DEM <A EdolA iz} Z7]o] ek Az =7] wlol] we}
WAske A BUAAEE didshy] Al okt Hus JEe] AAENH
(Capecelatro and Desjardins, 2013; Alobaid, 2015a, 2015b; Cheng et al, 2018).
Ao Ik Ao ZESAel s dA Tl AT AY AR A9
FEnt JHor HA4HrtEE A97F HAYrh(Askarishahi et al., 2018). Ireland
and Desjardins (2017)% &7HH o2 AR JxF BEoA Az =7] vlof tigtk +X]4
A S FHstL FY AFY AIR=E R Hs Y FY AF e

=

=
Fole @Y oo AUEE AMs] 99 +RE R

o

v (2.20)

me
of
12

A7NH, N, Vv, DB B = AR A u)
ag3 Y walel #Y ASE 22 v g7} 1
“big particle” YA} LI E-E AL 7MY} FAB IR E(a,)S 4 (212914

G2 52 9 AeHAh

Z2AM ZFHel Qe W, Y] AFAE A AN ZaAMe] Fn
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wgo] wEEojop Itk Fig 22& YA AL FHH F ZEAAZY] AAE
Rojzoh WA de T TN AAE Uehdth AW 99 v de AR
oA, Z2AA [0]olMe] Ax FAL W Yoz FAFY, I2AA [1]dA2 AR
A Rl AEow FHEEHIS AW 9 v AR AL $EoE Uehdth
UAF “A7S] FAlL ZEAA [0]2] 59 AR A3 ATk 4R “A”9] CFD AALE <]
B ol MR FYH U,

—

R

(i) Fig 22(a)oA 2+ Z2A|MoIA AAF “A”2] A H A7} A H ATk Z2A|A
[0]2] 51 Azle} Z2AA [1]2] 0 Az} A=

(i) Fig. 22(b)olA A4 YS9 Wl sk AA g2E7F 4 Z2A| M) wEojxi.
Z2AA [0]9] 3HE AR Yl 2EE 5, 1, 2, 4, 80]H, ZEAA [1]9] 3% 4
A} Y 2EE 03 20]Th

(iii) Fig. 22(c)oll A 3 AAE 7t R i3S 53l 2 Z2 A A4 Ak “A” <]
7¥EA7} ALk,

(iv) 7VEA (1w, )8 o183 a,, (u,) LI £,0 Aol Fast

Processor [0]=5 IProcessor [1]=0

™
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W s H{xﬂ _xﬂ) o = g(x.-! _xﬂ)
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Fig. 2.2 Data transfer between two processors
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Fig. 2.3 Influence of data transfer between processors in settling velocity
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S gHe mEAAzle delH mitel AFE w Asely, Wik Hue
ZR2ANZS dlolE] m@ol ABHA W& W ARNE UEhITh YA 12 224
Z2AN AAE AT Z2AAze) dole mEe] ABEA 2g W Yl
EE S0HOR QFE Ae BolFET A Foo] AN AU SH 1)
199 ol ANT A AN b BaAEA A (2199 AFH 21
] S8l QA AEAIE doiHos Fka 1 A3 YA FAol AN
Adel M A RoRge BasEA Yael Agshe FEo| Fkskel ARt
&7t ANHoR Zadr W, EEHWZ_PP/] dolg metow <l A
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]
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rr 18

&2

ot

_16_

Collection @ kmou



START

DEM solver *
N+ 4>| Initialize the system |
n++ Solve panicle motion equations |

CEDsolverT™ = 7 7 T TN T T it e i i i o i i i it et e e
Yes
Atepp = nitpgy —— /| Particle data(x,, v, 13, -+-) from DEM solver are passed to CFD solver |
I v

| Identify cell IDs located in particle center position |

I

| Evaluate particle weight using Kernel function |

Determine particle volume fraction (a,,) &
mean particle velocity ((u )) for each cell using averaging method

i

Evaluate fluid forces acting on each particle (f7 )
from particle volume fraction

! !

| Evaluate fluid and particle momentum exchange (Ry,,) |H Fluid data (ff ;) are passed to DEM solver for the next step
I

. g oy |
| Solve fluid motion equations in CFD solver | " CFD and DEM coupling inferface

No

Yes
End

Fig. 24 Flow chart of CFD and DEM coupled solver

2.6 CFD-DEM A 2499 3&E%

Fig. 24+ CFD-DEM QA EHe] 555 uUehith. CFD-DEM A EHojA
ojaka e At AifAls| Aol Ao R APHTh 2 sA Sl AtE HRE
nfe] A AN HH wgho] o] FofXrh WA, o]ika4d)A EH(Solver)oll A
z718ke ARE wEeR A 5 A4S Fth Unresovled CFD-DEM QA
L A AZE ZEAC] o]ika Al ARG Z 534S 7
ojpfaseid e ne  WHE AR F S AR nAt,g)°0l  ANFAEA
MO A(Atepp)? EAE W AldE A& AR (z,), F=(v,), WAE(r,) BEE
A A SWE dAET AiaAsd SWAe AR EeEe AR S8l
P&+ T4l HEE g o Z A9 AR WI(cell ID)E Aol AE ¢ SIESEI

=
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r
:{o
)
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AR FAH AT

31 2 JA HA

NEE  unresolved CFD-DEM 1A EWolA &L ARl 2Est=  FA-UA
AE28-S A3 A8l FAlA Ykl thFst vAll YA 13 FH A

311 EAA A Fetee 2 4R

g mds A3s] fal EWAA AR deteke Eﬂ% U] TG L£=Ut
THEHAJT AMkE T &5+ Abraham (197002 A 3243 vlw sttt Fig. 31904
E F AUxol, At 49 2= 25d, B, 25d, & 181 75dp Folojt}. oi7]A,
dE YA AEola A A7)E de=1dpo|th Table 318 A4F 2714& HA

AN
o &

2 QAo A2 Z7F 0125 mm, 025 mm, 0.5 mm, 1.0 mm, 20 mmo|t}. B
Azol HAde Z47F 99825 kg/m’$F 1.002108Ns/m*lth Zh A} =27] ¥ Fd &

B2 Abraham (1970)9] & £EE /)30 oF 1~ 5160] DT Y=
&&= glo] miERoRRY 74d, =oloA A HelRTh bandwidth (b)eF AA

2719 Wl(Az/d) dF FFE 2ARAT T 7 AR W (Az/d, = 1, 4)°]
el bandwidth= 1d,, 3d, 6d,5 L3It Fig. 3.2014 A4k 23= DPVM A4k
A7}e} Abraham (1970) @43 Hlastgith. A4 271 vl (Az/d,)7} 4 ), AHE
719 B35t 7]Ho] DPVM Al A3 9 A2 & dAjske 21 HoEthFig
322). AY FA(R)°] AR ZA7|RTE 2] W&ol bandwidthe] @S HERIA
ofokth Fig. 32(b)= AR 371 Hl (Az/d)t 19 W AAE BoEoh AY 99
(R \7F AA Z71Rt 37] wEol, bandwidth’} S5 $HE AdE HAFETh

e Ass 4943 Z IAD DPVME ATelA FXH wEs A2zt
Zrol7b vEbdTh Azp A717h g Arlell 24T W, A FEE(o)0] B
%7] wEoltt. Fig 33& DPVM A%E 39 mde] WE(Chay,|up—u,|.u,u,)el
el vepdnh 39 29 Hes 5 A4z 27) 8l gis) e 23E ot

l
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L4

h =75d,

X

L xW x H=25d, x 25d, X 75d,

A

'hi - 74dp

1=25d,

Fig. 3.1 Description of single sphere settling in water

Table 3.1 Simulation conditions

Diameter of | Density of | Density of | Viscosity of
Case Reynold
particle sand water water
number number (-)
(mm) (kg/m3) | (kg/m3) | (Ns/m2)
1 2 2463 998.25 0.001002 516.1
2 1 2488 998.25 0.001002 146.5
3 0.5 2523 998.25 0.001002 337
4 025 2571 998.25 0.001002 7.8
5 0.125 2494 998.25 0.001002 13
- 20 -
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Fig. 33(a)c A 7] vI7F 49 of &8 2l M4E RoEh Az 277 44
7)Y FE3| F W WMFES A G BFETh Ax F7] ¥l 194, A
AZLe] fr Al FEE(ap)0l & o2 wWEsiy Hogol Zaskth (Fig 33(b)).
A AR FA BIEE (o) AR D77 AR 27 2RSS A
ol2 3l Yz FAol EFH owner AR} F9 AR neighbor AR FA
o EE(a,)9 Aol7t AT Neighbor Azke fAl R E&(a))9 Aol=
HIAEARl e EEE FUdth(Vango et al, 2018). Owner ZAfolA A oS4

FA FAEE (o) FA 2F FaE gudTh A Aol IHHoE Fad

owner AANH A EEE RAYA JEAGOR s Yoo Zrah

Z7h2 3 AR FUEEE PAIU Hg 33028E A4 27h YA 271
SAY W HAD fA F0ER(e)e FY BN AY AR fA Sxo

=
H5 3 h(Wang et al, 2018; Peng et al, 2014). WHHol|, Fig. 34+ 74 7|RF 3}
71 Ak A3y AR A7) vloll BAIRle] Y Ede| Wgso] Aoz ALk
A& RoZFTh Fig 34(b)olA AR Z717F A 2o 2H-E W) Fx18 W
WAEEA] otk ol YA B3V} neighbor ARk G2FA EEES] owner
Axere] FA £= Aol7} wHlstth= Ae oudith o g AAEREH, Ad FHo]
A 27185 A3 b>3d,Q W A ko] SEFH A 7] Hld BE dFe

HAxsid 4 Slrh AA 371 ¥ Az/d, =13 bandwidthe b= 6d,Z = AT

0E FE 58 HoEn A 29| 2= Abraham
HojErh 2 dAb A 5ol ofF 2L A golezavt
A o o] HA dgFHUTH(Ireland and Desjardins, 2017). whehA]
B =RoA Hes gy md THX(Di Pelice, 1994)7 &% A4(Abraham, 1970)
U2 AFol 025 mm EHT IZAY Ze o 9 Al it FEES AgshA
oS3t

Table 3.2& %}74} 7‘]%—01

(1970) 73

=

él
l

ru -L
e
X
ook
m[o

stokes+&

I
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Fig. 3.2 Settling velocity for various bandwidths (b) and mesh size ratio (Axz/ d,)
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Fig. 3.3 Drag model variables with DPVM
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Fig. 3.4 Drag model variables with kernel-based averaging method
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Table 3.2 Settling velocity

Diameter of . :
Case Settling velocity (m/s) Difference
ticl Re (-
number particke et Empirical formula (%)
(mm) Present

(Abraham, 1970)
1 2 516.1 0.2590 0.2563 1.04
2 1 146.5 0.1480 0.1467 0.88
3 0.5 33.7 0.0742 0.0740 0.27
4 0.25 7.8 0.0313 0.0318 -1.60
5 0.125 %) 0.0101 0.0109 -7.92

312 €A At H3lshs A 7

Guo (2011)+ AA" T 7k Y38t &5 adsy] Sl FrHEE A(C)E
Sttt b Al Yelehe AAke] RbEE 33 basset forces EFIITH
RS A 43 A7) el =olA dateke 77F A5 ATKStokes, 1851;
Oseen et al., 1927; Chester, 1969). A%t FHL 115 mm 20, 30 mm F “1g]al 280
mm o]0tk dAte] A5 WEE ZbzE 318 mme} 7820 kg/m’o|THAllen, 1970).
2ol WEE 1000 kg/m301 A4e 0001 Ns/molth A= A9 eolA
ZHresl st FH £& #olERaw 244001t Fig. 3.5v 37HA FUHEAE Al
ek AETRE HoAEth C=20% UA Hot &5l tie} AFAAe} 7P Tk
A3E BAZT C,=05°14% basset forceZ7} FAIEUAY Ho] FIbollA &
=9 extz Q) YA £x7} A= o= ATHGuo, 2011).
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,l Cpm1.0 =rmem
Co=20 =rimres
0 ! 1 l I
0 0.05 0.1 0.15 0.2 0.25

s (m)

Fig. 3.5 Particle velocity-distance relationship for various C,

313 EAA A Fetee fE T

PR AFC)S A F3 . AFE)S &xo X
A Eoitt AAF F9Le 125 m Zo], 125 m Z 183 10 m =ololth YAk
Ag AxE 47 0167 m, 2567.7 kg/m’°lth. &2 W= 1000 kg/m’olH HAS
0.005416 Ns/mth. YA= Z7|&E flo] ufgdo)x 9 m EoldlA At Yatet,
T £= gojE2+ 360°|tHMordant and Pinton, 2000).

of\
R

rr

3

o

Fig. 365 E7F 1€ W, C,ol wWE A A3}E HAFH C,=0¢ u, A=
T A B E} basset force?t T E A 3kr] wj&ol] U £E7F HE=3FHA
dSdt. FrHEFE Algvt SHEEE, AR I &

(2000)9] A@AFe] 77T A dEA Y AR T £E= WHEE AT
Wdo] itk Fig 37 F/HF Ae7h 154 o, A4 73 & Aol e 9%
HojFEn A& ) 3 Al fdas ddder & dAE et A 5§
g ATt LSS, o] STkt AR 5 A AEl O we] =Edith

5+ Mordant and Pinton
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Fig. 3.6 Influence for various added mass coefficients with particle volume

expansion coefficient (£,) of 1.0

I I | I I
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Fig. 3.7 Comparison of settling velocity for various E, with C,=1.5
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314 AFE 2YAA AHF ks ULE 3
AE 2H9E AR AFRREAA Yslste L& FS AL THten Cate et
al, 2002). Fig. 3844 & & Q%] A FHO| ALY 100 mm o], 100 mm
% 383 160 mm Eololth. B T AEH} dWrE A7 15 mm, 1120 kg/m’
oitt. A= %71 &£E g§lo] vigdeA 120 mm EolA Ay Yskekth Table
=

330014 & = %ol FAARES HA] T S5 Fojszard taf U,

A= 712, &, zold &l 42t 77100 F43MATE 4AF Agol gk Azt
7] Ble 1o ZF’oh. Fg 392 47K dolszFdd ds| S=-AIRF #AE
HoAED HAde C =203 E=1.09 At A3, A2 C ¢ Eoll gk 249 At
AI}E YERIT Table 34v o3k A4FAFS ddAete] oaE yehith
gols2a7t A5 A Yot Lo disf At dSHe AEFS BoAE VK
TN A &=7F o) o=E= 21 basset forcest AlZF W3l w2 F71E<Q o]
aHEA R Ae Auigth HA el At fAY dEAPE A,
dolE257t 225 HI B (unsteady) 27 basset forced] F3Fo| F7ishe Ae
e1g 4 UtHChang and Yen, 1998). wetA BABE Alt AiolA #Holszrt
2}

252 O MY A4 ABIM Adsh fAY Rsl &3, Ae
=
=

golzzrols YAt FH FAE vAE dEol A EHo ok At AN dilute
flowoll Al &3 FEFS 3 ARk dHe Aoz AA A S¥th(reland and

Desjardins, 2017; Gupta, 2015). @WelA le] 2838l elo] Zadty FusEr:
AYgRT T AZHT. A" AL ARlA dolEzisl 24 £}
Aashe AL dolEzivl 4e4E 29 Wi 45 Aoz A3 YA o 2

28< A¥3] w2o|thten Cate et al, 2002; Alapati et al, 2015). ©]%= LBM-DNS
A AMelM dlolEaavt Aess Z7kd FEe nels) s FEsA U

W2 5ol S71eE A3t fAFSITHten Cate et al, 2002; Alapati et al., 2015).

Fl
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LxWxH=100x 100 x 160 mm

A
di’
1 U,=0m/s
2 g
E s
E =
I [
= -~
z y
i v
x < >
l=100mm

Fig. 3.8 Description of single sphere settling in silicon oil

Table 3.3 Test cases

Density of | Density Viscosity
Case Um ax
fluid ratio of fluid Re (-)
number oo
(kg/m3) | (kg/m3) | (Ns/m2)
1 970 970 0.00373 15 0.947
2 965 965 0.00212 41 0.953
3 962 962 0.00113 11.6 0.959
4 960 960 0.00058 319 0.955
- 29 -
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& _
=~ -004 & .
g
2 -0.06 i
Q
'% ten Cate et al. (2002), Re=1.5 &
20 -0.08 4 N : b ten Cate etal. (2002), Re=4.1 v —
% =EeaE— ten Cate etal. (2002), Re=11.6 [
S b fen Cate ctal. 2002), Re=31.9 A |
Present, Re=1.5
Present, Re=4.1 ———
BIE = Present, Re=11.6 ————— |
Present, Re=31.9 ———
-0.14 ' ' ' '
0 1 2 3 4 5
Time (s)
Fig. 3.9 Settling velocity
Table 3.4 Velocity ratio (u,,,,/u,) and C,/E,
Velocity ratio (u,,,./u. ) and CA/Ep
Case 1 2 3 4
1.001 0.997 0.990 0.984
Present
[2.0/1.0] [2.0/1.0] [2.0/1.0] [2.0/1.0]
0.943 0.949 0.955 0.949
Present (w calibration)
[4.0/0.275] [3.5/0.3] [2.5/0.35] [2.0/0.325]
EFD (ten Cate et al.,, 2011) 0.947 0.953 0.959 0.955
w/o 5.69 4.66 32 3.07
Difference calibration
(% of EFD) w 0.41 0.33 0.39 0.65
calibration
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3.2 2H2]Z}(Angle of Repose)

=
o
lo
o

Z A2 A WH A
et BHEM olqkassfaol A

MHAS BE 43S A AAEAh Ao e AFS As) hoppere] A2
FrelFzol MEso] Hrlpil)F FAsHe

Chen et al. (2015)9] A9 Ao} vlwstint. 4 29
7184 A|4= Chen et al (2015)94 AP LA HASIATE  baseplate®t
hopper®] 7|8}8Fd  AFANES Fig. 3100 uUeRdth olita s A Ak
A= Table 350 Yehdth 2 oS 9% AA AE(d), WA BE(p,) B4
AFE,), Zoks v e ARANA ATE e AFSSIATHChen et al, 2015).
YA} whEA P (coefficient of sliding friction)= FEl7F&€Y PlIIY H2EE B3l
SAHAL, frElTso] i =¥ vhEA S (coefficient of rolling friction)= o}
Aty 7H8IATHZhou, et al, 2001). Fig. 3112 ¢HZF HAEE 93 £33 BoE
HFT Hoppere 5 mm/sd] £52 732 WaFo g AstHA FEl7€2 59 9
o8] hopper UTEZHE HIEHTE Hopper= UAe| FAHo= % T Hw
Azt WA= FEFE Hasfel] f& 7€ HRY AU EolEd 25 o =2
A ZRE 110 mm Fol)old AAH X == hopperol A3
frelTee]l BT dEE wzbA JIFEHIIH. Table 36004 AME kS A
Aot & dAgkeE Ae HoFEth e FE gl P =& AA(H)9
baseplate A 5(D,)E ©]-&3t thg o] AMFHATHChen et al, 2015).

T2 2o E w74 2o A=
= aseplate®} hopper9]
A

Ho
o
O_n_, U‘

_l
N, L

-~

o2

180 (
a = ——Xarctan
™

H
! ) 3.1)

2 YAl ke AFEe] AR Ak HH" =T Fejeh #Hol
ek A2 FAmolA A Auke FAsHE YAE A8 BYs PAsoRR:
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SR YAF ol mWE AR WG] AFoE olitasside dak A7)l uigk
A3 WHESEy] o] Wth(Sakai and Koshizuka, 2009). wetA MlE Age] Fd3HA|
B B ARt BAdd A719 AAREE 1Pstr] fsl mhE Aol digh
gere ATE Bl HAGE AASIATE Fg 312 A HZEES 93 X
2YE HAFEH A AELS 1 mmeolw, AT V|2 BXIATE Ry dA=
1784 hopperollA Sl &3l #iE5 o] baseplateo] 2| Tv|(sandpile)”} &4tk
Table 3.7 wEAT 069014 5 ATl gk A4 AAE BAFTh Wet
z A 2 Grle] Azt 5 npEAlgl nlFste] ket npEAlge 7E
npEA 7 42 06, 019 W k7R 3212°5 YERH o= Mao (1986)2] EE|
WA 543 QAR AHERE, AE FA ZoE AT npEAss 5 vEATE
Z}7F 065 0.10] AHEE AT

250 mm

S0 mm S0 mm

_Glass beans fastened
>

__—baseplate

D= 500 mm

Fig. 3.10 Experimental set up (Chen et al., 2015)
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Table 3.5 Simulation parameter in DEM solver

Properties Value
Particle diameter d,, [mm] 5
Density p, [kg/m’] 2,500
Poisson’s ratio v, 0.24
Young's modulus E, [Mpa] 5.5 10°
Coefficient of Restitution e 0.97
Coefficient of sliding friction p 0.142
Coefficient of rolling friction R, 0.01
Number of particles filled in hopper 13,000

t=0 t=t. t=

Fig. 3.11 Simulation set up in dry condition
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Table 3.6 Angle of results in dry condition

Experimental )
Present Difference
(Chen et al.,2015)
« 22.49° 22.7° 0.9%

p W

t=0 t =t t:tfinal
Fig. 3.12 Simulation set up in wet condition
Table 3.7 Angle of results in wet condition
Sliding friction Rolling friction Aele of
coefficient (1) coefficient (12,) gle of repose (a)
0.01 26.38"
0.04 29.06°
Present 0.6
0.07 30.49°
0.1 32.12°
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33 dAY 7] &5

Z_}-

WA 27 5 A f8 QAR Ex(v)E AT AlEe AR FEo]
HAS= AAl %o et clear-water 713} live-bed ZH0E FRAY. T2EZ
e fré(approach flow)o] YA} o] WAe= A £EHTH 4% o TEE
FHANA 75" FA EF0l s A Zwke] Aol WHAUZT: Wi, ek
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Fig. 3.13 Computational domain for incipient motion
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Fig. 3.14 Incipient motion of particles
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Fig. 412 CFD-DEM %17 3i4o] A= ANGHe A7), AAZRE HoAFh
AA ARG HAAAE Fejolw  sfA Akl sjdsle d9S et
TS AltES A Zol= 17DelH, g FAolA Y7 o= 5D,
79 WFeR 12D AASHT. FAL sDolw, A ARk ol 1DE
Atk 714, DE Folzeldl A4S gty Jo|zElele A A|§hto]
A glol T, AlE HEEt 1A HA UAtkMao, 1986). HA AwkE FAHE=
Axtg el dojx= 15DE AR, do|=Zelel FAOoZRE AT W 7
Wkel Zole ZZ 4D9F 11DeIth Table 418 43 R Z{& HojFEt
olzelel  AA(D)E 005 melw, FolzeRle]l gt #HlolERg(Re )9t
E—?—E—’F(FrD)—‘E 247} 4.35x10* 7} 1.24015}(Mao, 1986). A AWrS FASE Y=

il

W, AA3+= Dirichletz27, ¢¥2 NeumannZ o2 AASIG T S7HA A
. AATFE NeumannZFA o2 AASA, 4EL Dirichlet 2702
AR d7HEdA FA SR 208 £5 X5 UEY, B #Y S5
087 m/soItH(Mao, 1986). 517 QHHAL 98] #Y HEE AZL TZH0~8s)o) A
0014 0.87 m/s7FA] F7F3tct. dfo]iZe} HfehHE no-slip S E AT Al
M 24 5SS ISR, dA dACA T 9 F718(periodic)
AAZAS ARt 3Ad Algks A&tk A €9

42+ DEM 34S g dA EAAE yeRdTh A ARke T4 d
109+ 7} olth YAk W= 2600 kg/m® oW, wpE Algel FEnLE A 47
0.6% 0.1°]th

AGANA T o]k AsA AR 1AL 77 2x10 %s, 5x10 solth o=
ol aalAl A Aol 40WAnitt  AASAIEIA T olateAs|A  AAT
o] FolXthE A& oJmlgith
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Fig. 4.1 Computational domain and boundary conditions

Table 4.1 Simulation conditions for pipeline scour

Description symbol [unit] Present
Pipeline diameter D [m] 0.05
Water depth H [m] 0.25
Seabed depth A [m] 1D
Mean flow velocity U [m/s] 0.87
Re, = UD/v 4.35x10"
Frp, = U/ /gD 1.24
Particle mean diameter d, [mm)] 1
Shields parameter 6 0.33(live-bed condition)

Az} YL OpenFOAMO] AZst= A% A A4 #9eEe BlockMeshot
SnappyHexMeshE ©]-&3te HIAE AR AAE AU 74 5834 &4
Auke] AEzg-S AEE) mEEl] A A ANt BEI mhad F9 )

AR oE ANE WANAG A% 2E AR 2719 oF 2002 AT
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42 X814 T

AFRE B4, L5F BE W, dFEd A4
SEf ol A Alrkst /\E}. UAY| o] &S EEY FFEHANCR
scheme®l|] limitedLinear® A3 28351, kgke F4A AHES 2835k
Aarsldtt. ok o] AAL PISO(Issa, 1986) YielES ARSI TE HRE
k-¢ =9 (Launder and Spalding, 1974)= Ar83lTh w2 FHEAS
Z7HA17171 Sl Algebraic Multi-Grid(AMG) 3 (Weiss, et al, 1999)=
Gauss-Seidel WHE- A4 & ARgste] tig 4 AlLkskdth

o
>~
>
oo
2&
44/
=l

43 sl Zeiel F9) AE A4

ozl FHelA BAsh= Al=e HEL AR FES F Atk (1) A=
ANZAAA Z(onset of motion), 7 OH‘FEToﬂ os wjolzZeRql FHol <k Fsirt
WA ste] wpolazEijl ool BEADE FAHEN (2) BE 4 T Z(tunnel erosion)
o] ZEjld A ARE Atololl Fo| FAEO| volzel Mow FHE #A4 B
ofsf Eeol &HH. () ¥MlFF 2 DAE(lee-wake erosion), Io]Zz}Rl} 3HX1
Ao kA o] o] AW dolxeijle] FFollA WEH obFol o) AEEe sk
Ar o2 o|oXthSumer and Fredsoe, 2002). Mao (1986)% T3 & ZXolA
ALY FoolA BAske AlEs APt B =wolie JWEE unresolved
CFD-DEM 1A B o] g3te] gtolzell 9] AlES 43 293t Mao (1986)9]
A9 Axet vwsko

dRmgo] A A ol wWald vX: FFE AvHYTh Hg 425 =11 5,
18 s, 25 solA 34 Ao kol wWah AUE Mao (1986)°) 4P Assh @
Uebileh, ¢ B2 SST ko 4 22 ke dREDS 13 SST ko
»&% Bde AZFO Zol: Fa AZHUL, = ATE A= AZHUT ke

Frde] AN dske AZF ol md AT Fet 4F Assh FAT AL
BelZth AHERE ke R 20| solZeel 79| 4} FF A5 9% w

W] 545 F AFTHE AL L & Ak

o
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Table 4.2 Simulation parameters for DEM solver

Spherical particles

Number of particles 99,738
Density p, [kg/m’] 2600
Poisson’s ratio v, 0.45
Young's modulus E, [Mpa] 5x10°
Coefficient of Restitution e 0.051
Coefficient of sliding friction p 0.6
Coefficient of rolling friction R, 0.1
Computation condition
CFD time step Aty [s] 2x10°*
DEM time step Atpp, [s] 5x10°
CFD-DEM coupling step N, 40
15
T M T
: S Crive o Mo (1)
----- Prasent, x—uS5T model
e Praanl, v - modal

3 1 2 A e
=
(@ t=11s
15
0g = L=
) "o b DEESTUGE o ]
a ik at e ]
%05 =0
L, a0
bR Felof .f’l" a?
"-._H'_:_..l.l'_'__"_ﬂdﬂ". L a Mao (1936)
sz Wi - Prasent, x-o 55T model
e Pzl v modal
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() t=25s

Fig. 4.2 Evolution of dimensionless scour depth (S/D)

Fig. 43 k-¢ GFEZC] AAE A7 sl ©E AlZ Fds BoET T=5solA
Az A BT AlEY AR FolaEjl ARt aHF Aol & oY Al
o8 F=8 AFF (seepage flow)7} FolZekel ofzf o] EAE AAWHEA LAt
(Chiew, 1990). 71€9 T4 Hf5(Liang et al, 2005) E= °F f5 =g
(Yeganeh-Bakhtiary et al,, 2011)°llA&= A= AZHS BARE 4= glow, dto]zeila
3|A] A9k Atolol] 27] kAol aFHETh AF] AIA o]FE EHF Agte Fo]zEll
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Fig. 4.3 Evolution of bed profile (S/D)
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Fig. 44 Evolution of dimensionless maximum scour depth (S/D)
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Fig. 45~4.7 Fig. 442 A& 394 (=5 s, 8 s 25 s)oll It AH}E HAFT) Fig,
458 A £x90 EXE He FY £= 087 m/sE FAYUS AARE HoFrh
AZol AZE GANA sto]zeflat sfjA ARk Afolo] 22 Fo] WAL fF&o]
gt BHE A dAdA A B2 BdE SRHY fA4 SEe ST
T A SAAM  golzE]l FHo] frEol s wEstuA A=
R AR =

Fig. 46c A9t ARt dzgor FEFHs ME AR SEEEE
Bt AlE AIE dAlo A gfo]zel]l offel] FQl el JAt F20)7] Azt
B2 R dANA jo]zel oo A7t 4 Ago=m 0;611 dHes g2
PAEo] FFAY. EF A DANA do]zejl ofefo] fso] Fwd] st
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o AL FRYFOR PAE

Fig 47¢ Qo] Agals @¢ BEE ozt dAd et R 447
W dgRt AZ A WA stelzelel ojelel sA AN Fol ol

AR B A4 gAdA FEe ol zalel ojgel B AT AwelN Z7la.
MER 04 WA fEol FEE whsle] diA A o] Awdoz Feo]

Rl ige

Fig 482 wel YAlel A8shs Al P9 218 HejFch solzekel ofzst
R GolA YA 4EAES Bd W4 WA HHE Y AT B

WFOE o5 w 7V Itk Hg. 479 BY A4 WA stolZejel ofelst we
AT HRNN frde] B go] WA AL stk BHel Fhe

A9 YASE 98 Hof me) ATE FHHAA A0 JEAGOE A3 =

r =

ATE FH o ofFdT AEA AR FEod 2 olFdl td gne
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(a) onset of motion

(b) tunnel erosion

(c) lee-wake erosion
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Fig. 4.5 Fluid velocity magnitude contour
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(a) onset of motion

. Ta—

(b) tunnel erosion

(c) lee-wake erosion
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Fig. 4.6 Particle velocity (u,)
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(a) onset of motion

(b) tunnel erosion

(c) lee-wake erosion

Drag force (M)
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oo oo | s

Fig. 4.7 Particle drag force distribution (f,)
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(a) onset of motion

(b) tunnel erosion

(c) lee-wake erosion

Total force (M)
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Fig. 4.8 Total force (f)
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