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Abstract

Gas-liquid-solid flow is an important phenomenon in large-scale industrial processes. The dif-
ficulties in numerical simulations of these processes lie in the problems of the high calculation
cost for a large-scale system, the simultaneous occurrence of dispersed and sedimented particle
flows, and the coexistence of solid particles and a gas-liquid free surface. In this study, a numerical
simulation model of gas-liquid-solid flows was developed based on the continuum description. The
volume-of-fluid (VOF) method and granular flow model were coupled in the proposed model. As a
result, the proposed model is applicable to gas-liquid-solid flows where a gas-liquid free surface and
solid-particle flows coexist. In addition, the use of the granular flow model enabled simultaneous
simulations of dispersed and sedimented particle flows. Based on the continuum description, the
proposed model has the advantage of low calculation cost compared to the DEM-VOF method. To
verify the model, the results of the numerical simulations were compared with the simulation results
using the DEM-VOF method, experimental results, or theoretical relationships. These comparisons
indicate that the proposed model is reasonably applicable to the gas-liquid-solid flows.
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Parameters and physical properties used for numerical simulations
Section Gas-liquid-solid phase Somin [F] Sfomin -] | €o [m*/N] 7 [-] p [kg/m’] 1 [kg/ms] d, [mm]
(gas) air p=1 1, =107
4.1 (liquid) water 0.57 0.63 0.9 0.4 £,=1000 w=107 0.8
(solid) glass beads p,=2500
(gas) air p.=1 1, =107
(liquid) fresh water (FW) or 998 (FW) =107
42 oo (SW) 0.57 0.63 0.9 0.47 . { 150 W) 32
(solid) polypropylene beads =910
(gas) air p.=1 1, =107
43 (liquid) water 0.57 0.63 0.9 0.3 £,=1000 1=107 2.0
(solid) various density particles »,=200-800
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Comparisons of the snap-shots between the proposed mod-
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of the Creative Commons Attribution License (Shademani
et al.'®). Copyright 2021, MDPI.

WHLF- ORCIRAIE & X R D), BRSO RE LD/
SV, BERRFIIRBREICSFET 22810k b, K
HiCld, RETNVEHOBER M5 OFERRE O g
10720

X612, BEEIEOYy b7y PR BERIRT, X6
WRT LS, ALK O 3 R TCEERT % S L 720
BFERRE e, 13 0.9 & L7220 BEEIREL 9513 047, $72bb
FRILPIER RS 05 = 25° & L7z, BEB X UK OELEL,

2:2
20
1.8 r
1.6 r
1.4 r

Present model

g
2
2
2 12
g —8— Case S1
=1 Lo -o- CaseS2
= 08 [
;§ 0.6 | DEM-VOF simulation
<
g 04 | X Case S1
=}
2 02 | + Case S2
0.0 P8 4 +
0 2 4 6 8 10 12 14
T[]

K4 AREFNVICEZBEFNERZRE DEM-VOF AICED
BUBETEIER & DRIRIERED L8

Comparisons of the runout distance between the proposed

model simulations and the DEM-VOF simulations by Shade-

mani et al. (2021)

& 1000

& —8— Loose packing (fs; = 0.57)
> :

& 500 f --0- Dense packing (f;; = 0.61)
5

£ )]
153

o

£ w500 :

® \ /

g -1000 | ;! gas

7] ' ] PP

§ 1500 b4 ; liquid

a vy m
B \ "

& -2000 ) Average range

g ol
Z -2500

00 01 02 03 04 05 06 07 08 09 10
T[]
X5 FhRARIERIAREORBANE S OREZEE
Time evolution of averaged pressure in liquid phase at the
onset of the granular collapse

1.09m
0.15m
/ gas
0.3m
ho
hy liquid
l
0

6 FERREROBESTEERM
Setup of numerical simulations for floating granular collapse

+® 3 FERDRAREOEESTE &M
Conditions of numerical simulations for floating granular
collapse

Liquid Column length, /, | Column height, 4,
Case SW salt water 0.101 m 0.096m
Case FW fresh water 0.109m 0.092m

FLIRTEIIHELRY, 72, KB L UKROME
i, TN =10 BRI =107 2 L7, ®3 1,
Case SW BLXUFW & LTERLLz2 7 —ADEMZRL
TWb, {iflix Case SW TldthEsK, Case FW TIZik/K T
b5 MIPRREAFREERIL =057 & L7z IRk 19) Tl

B A& # gk B W E4a265  (2025)



SURBBRRE BN RN EF D BRR=AROHERTET IV

7= NOBIFGEE IS R SN Twinizo, BERHE T
e NEEH L, BRINTIE, AE AR ERown
WXL T/ YAy TERMEE IV, AV F — DAL
ruae L7z,

B 712, EARRT A O RA R 2R3, Ko Bl
12 a=05 DEE#HEFELTWD, KLY, EHK T 13ER
E LB IEITENIR > TR %0 17 (b) &0, A
BRI OTIRANE S TH 505, Tk B R Clak s
WL o T T Db 5, 2O X9 %[, Zheng
LOFEETHBIISNTBY, REHEERIIERFHRE X
CHILZ.

Zheng et al.” 1%, HBEEIEE I LT OXTEBPTES &
WL T,

[=at’ (26)

X 81%, RETIVEERRLDFIENRHOLKTHL, &
2T, EBHRIL a & b OMEHED & T2, Bl
FHETIR, GEERS £=0957,  ONEITORS &
BEEES LCRIME L7z HIBIIRT LI, REFVICLD
BAEFHERE I, Case SWIZHhThA—FIIRONS D
DD, FEBFERE L W—FERLTW5b, Case SW & FW
DIENTIBAETE p, DETERLTBY, EERHOLE
LY KE Case SW D528 Case FW L 1) SIniEHE
WL R BT e DD D,

fs

1=06s

5.000e-01
: 4.,500e-01
40001 ;=g
= 3.500e-01
= 3.000e-01
mm 2590 [=gos
o 2.000e-01
— 1.500e-01
g 1000l 1,505
o 5.000e-02

0.000e+00

(a) side views
t=06s
.

5.000e-01
— 4.,500e-01 _
(| r=18s
= 4:000e-01
o 3.500e-01

3.000e-01
B ) s00e-01 1=60s
= 2= [
15001
= 1.000e-01 ,_ 190
f— 5.000e-02

0.000e+00 )

(b) top views

7 SHEHEONDZXF v T3y b (Case SW)

Snap-shots of the proposed model simulations of Case SW

H A& # 8 B W #4265 (2025)

4.3 BVWHTFOKELDZFES & UIRE

ERBEEDRATEE L) /NS WIGE, B3 R
MRS %0 B9, BEREMARK 1 O FEIE gAY SR A T
WEFEL TV TERLZBDOTH L, HOFY G0
£0, &R HISBEEE R ORI, hWH=p Ip, &7 %0
F7o, T E S EEICTNS &, ik Oft
TN AR T, =22\p Hip |g| DHIRE &R0 &
HiClE, REFWVICLDEUEEI R DS, Th oK A/H
=p.Ip, BT, =2a\p Hiplg| % iili7zd 2 L & MEET %o
X102, BEFEO LY b7y TR AR T, K
10 DY), EAOFEIERE 2 SRR IICHEE T S8 5 2 1k
TCOBMERT R % FEhtE L 720 RN ARSI B ISR E S h
TeFEARRLAL, EINC KD FEIC 2> THE T LTHEKL,
AL 2l L7t SR TIRENS 5 BEHAORRE
13200 205 800 FTEALEHE, WAARDEREIX 1000 & L7z,
PCEERRE €,=0.9 & BEIEAREL #5=0.3 & 2720 EHH ORI
ARSI £,=05 & L7zo M TIE, MK, ik, R
DFAUKT L TAY v TEthE v, TRV F—Di#is)
Blxro s Lz,

B FOELD y EIELL T O TRIL L 720

y =2l
< 2t

ZIT, BAF VA YTy 7 AR, f>095f
DENETHRBANED B WIZ, RS L7z EAR T
OHLLE g E B L7z T 2T, BEETFIIEL (=3-6 F

(27)

1.0
09 |
08 |
07 }
0.6 |
05 |
04 |
03 |
02 | 4
0.1 &
0.0

Calculation Experiment
o SW SW
o FW ----FW

Runout distance [m]

o0 1 2 3 4 5 6 1 8 9
t[s]
8 MEStEHERE & EBREER 9 ORIEIREHD s
Comparisons of the runout distance between simulations
and experiments'?

10

solid particles (fraction f5)
AY

X9 SURBHRREICETITIERDENERE
Illustration of floatation of blocked solid particles on a
gas-liquid surface



SURBBRRE BN TR EF D BRR=AROHERTET IV

EL7z B2, p /p=02, 04, 0.6, 0.8 DFE DAy,
—ORFHZALE R K&Y, FEAHE IR 2 ARE Y
LEBHBIN, RB)OIRIE & FYNIHELL p_/p, OHEIME
EDITREL 0T,

FHEAGRDY W/ H=p |p, DRIRZ /LT % 2 L Tl %

7o\, FEREIIRIEIR S b LIPS TREREOS S HE
0.40 m
0.36m
1.0m 0.05m gas
liquid
0.50 m
y
[ -
9] >-
10 SURBHAEICSH T3 FRIEREZES JUIRENCET 3

BBEtEEG
Setup of numerical simulations for floatation and oscillation
on a gas-liquid surface

0.20

0.15
0.10
0.05
0.00
-0.05

010 | °
-0.15 |
-0.20

Deviation from average position[m]

3.0 4.0 5.0
t[s]

11 FEEBOEONEDIEZEL

Time evolution of the center position of solid phase
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