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Abstract

Particle-fluid dynamics is important in a number of natural and industrial problems such as
debris flow, river-bed erosion, soil liquefaction, and fluidized bed. Itfigadilt to examine the
complex system consisted of particle-fluid and interparticle interaction with only experimental
researches. Because of these factors, the particle-based simulations with discrete element could
be of advantage for investigating these phenomena.

Numerical simulations on particle suspensions in fluid flow are qufteedit due to the com-
plexity of incorporating the hydrodynamics for fluid flow and the Newtonian dynamics for solid
particles moving through the solid-fluid interface. In this study, | have developed a direct nu-
merical simulation based on the micromechanical particle-fluid system that couples the lattice-
Boltzmann method (LBM) and the discr@estinct element method (DEM). LBM is known
as a suitable technique for simulating fluid flow in complex and time-varying geometries with
boundaries. On the other hand, DEM has attracted much attention as a useful simulation tech-
nigue for large deformation problems. With the coupling of both methods, the complex motion
of solid particles in a fluid can be simulated.

To verify this computational technique, I first examine cylindrical Couette flow. Because there
is an analytical solution to this type of flow, the accuracy of the scheme can be quantified through
a direct comparison of the numerical and exact results. Then, the sedimentation behavior of a
single circular particle is simulated in a fluid withfi#irent Reynolds numbers, and the results
are compared with the finite element modeling. In addition, the drafting, kissing, and tumbling
(DKT) phenomenon between two particles in a fluid is simulated and reasonable results are
obtained.

In this dissertation, | attempt to apply this technique to three following engineering studies:

(1) The inclined-plate separator has often been used to enhance the phase separation of the
slurry in such fields as water clarification and bitumen production from oil sands. This dis-
sertation presents the simulation study of the enhanced sedimentation in inclined vessel. To
investigate the relationship between the phase separation rate and the inclination angle of the
vessel or the grain size distribution of the slurry, the settling behavior of multi-particle in a fluid
is computed. As a result, the global convection is occurred with increasing the inclination angle
of the vessel. This phenomenon has also observed in many experiments. It is cleared numeri-
cally that this convection contributes not only to ttigaent draining of the fluid from the slurry,
but also to the acceleration of the settling velocity.

(2) The migration and sedimentation of micro particles through porous média atrongly
the hydraulic characteristics. The grout injection is performed to reduce the permeability of
rock in civil engineering. In resource engineering, the decline of oil production might be due
to the blockage of pore space caused by the asphaltene deposition in oil reservoir. Also in
methane hydrate development, the transport of micro particles with water and gas flow could
cause the production decrease. To estimate fileeteof particle concentration in the hydraulic
characteristics such as permeability, the migration behavior of micro particles through porous



media is simulated. As a result, it is confirmed numerically that the migration and sedimentation
of micro particles cause the decline of permeability. Also, it is cleared that particle concentration
has a large impact on it.

(3) Sand production means that sand grains in the oil reservoir move with fluid flow and flow
into the oil production well-bore. This phenomenon blocks up a tubing pipe and causes the
production loss. This also gives a serious damage in the well-bore and for the ground-based
instruments. | attempt to reproduce the formation and collapse process of sand arch around
a perforated cavity to clarify the mechanism of sand production. This result shows that the
mechanical disturbance of particle arrangement tends to promote its instability.

The results of the above mentioned case studies suggest that this hybrid method becomes an
effective technique for simulating many kinds of engineering problems related to particle-fluid
dynamics.
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53.0000 0500000000000
Table 5.1:Conversions between physical and lattice units
Variable Physical unit Lattice unit Relationship
Density P P P = pop
Density funtion fu f, -
Relaxation time T T -
Lattice spacing AX Ax=1 -
Time step At At=1 -
Lattice velocity = % c=1 -
Viscosity vzg( —%)AT)? 7:%(7—%) v = CAXv
Coor/Disp. r r r = AXr
Velocity u = d—T u = d—i u = Cu
dt dt
Acceleration a= d°r a= d'r a=—a g= £§
dt2 dt? At At
Hydrodynamic force Fhydro F_‘hydro Fhydro = poczAxF_‘hydro
Mass Mp Mp Mp = poAX?Mp,
Stiffness Kn kn kn = %kq
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Table 6.1:Input parameters for the simulation of circular Couette flow # 1
DEM Solid density Dx10°  [kg/m3

LBM  Fluid density 10x 10° [kg/m?]

Relaxationtime D [-]
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Fig. 6.3:Model for the simulation of circular Couette flow
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Table 6.2:Input parameters for the simulation of circular Couette flow # 2
Number of nodes [-] Discrete time st&yp [sec] Lattice spacingx [m]

Casel 25x 25 1.000x 10°* 1.000x 1073
Case2 35x 35 5.102x 10°° 7.143x 1074
Case3 45x 45 3.086x 10™° 5.556x 1074
Case4 55x 55 2.066x 10°° 4545x 1074
Caseb 65x 65 1.479x 1075 3.846x 1074
Case6 75x 75 1.111x 10°° 3.333x 10

1.0 N [
- —N-S. equation
-=-Casel, = 5

0.8 7‘\ —~—Case2,(= 7 ||
i \\ Case3, (= 9
06 | \ ——Cased, (=11 | |
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02 |

Nondimensional fluid velocity, Up/Uy.g

0.0
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Nondimensional radial length, (r-1,)/(r,-1,)

Fig. 6.4: Azimuthal component of fluid velocity
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Fig. 6.6:Model for the simulation of a settling circular particle

Table 6.3:Input parameters for the simulation of a settling circular particle

DEM Discrete time step 3.6x10° [sec]
Solid density 20x10°  [kg/md]
Particle radius 6.0x10° [m]

LBM Discrete time step 3.6x107° [sec]
Fluid density 10x 10  [kg/md]
Number of nodes 652x 32  []
Lattice spacing 6.0x10% [m]
Gravitational acceleration .8 [m/sec]
Simulation duration 1.8x 10" [sec]

Table 6.4:Relaxation times and kinematic viscosity €io@ents
Relaxation timer [-[] Kinematic viscosity coficienty [m?/sec]

Casel 0.570 2.33x 10
Case2 0.533 1.10x 104
Case3 0.523 7.66x 10°°
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Fig. 6.12:Model for simulating the DKT cycle
Table 6.5:Diameter ratidR between two settling circular particles
Lower particle diamete; [m] Upper particle diameteb, [m] Diameter ratioR [-]

Casel 1.20x 1072 1.20x 1072 1.00
Case2 1.20x 1072 1.26x 1072 1.05
Case3 1.20x 1072 1.32x 1072 1.10
Case4 1.20x 1072 1.38x 1072 1.15
Caseb 1.20x 1072 1.44x 1072 1.20

68



64. 00000000

Oe000O0O000ODOOOODO

Table 6.6:Input parameters for the simulation of two settling circular particles

DEM Discrete time step 50x10° [sec]
Solid density 25x10°  [kg/m?]
Friction codficient between particles 0.25 [-]
Friction coseficient between particle and wall  0.17 [-]
Spring stithess (normal) 25x10°  [N/m]
Spring stitness (tangential) 1.0x10°  [N/m]
Damping coéicient (normal) 1.0 [Nsegm]
Damping coéicient (tangential) 0.63 [Nsegm]

LBM Discrete time step 1.0x10* [sec]
Fluid density 10x 10  [kg/m3
Number of nodes 1502%x 98 []
Lattice spacing 1.0x10°3 [m]
Relaxation time 0.65 [-]
Gravitational acceleration 9.8 [m/sed]
Simulation duration 8.0 [sec]
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[ || .

Low Flow velocity distribution High

Fig. 6.13:First DKT cycle; CaselR = 1.00,Re= 7.49)
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Fig. 6.14:Second DKT cycle; CaseR(= 1.00, Re= 7.49)
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Fig. 6.15:First DKT cycle; Case2R = 1.05 Re= 7.92)
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Fig. 6.16:Second DKT cycle; CaseR(= 1.05 Re= 7.92)
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Fig. 6.17:First DKT cycle; Case3R = 1.10,Re= 9.03)
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Fig. 6.18:Second DKT cycle; CaseR(= 1.10, Re= 9.03)
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Fig. 6.22: The x andy components of the settling velocity of two circular particles; Casel
(R=1.00)
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Table 7.1:Data of solid particles in the slurry
Model A-1  Model A-2 Model A-3

Slurry concentration [%] 20.1 20.1 20.1
Number of particles [-] 114 114 114
Particle diameter [mm] 15.0 15.0 15.0

Model B-1 Model B-2 Model B-3

Slurry concentration [%] 20.1 20.0 20.1

Number of particles [-] 118 116 110
Particle diameter [mm] 7.3-23.3 7.8-21.7 8.2-23.0
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Fig. 7.3:Model for the simulation of the hindered settling in inclined vessel

Table 7.2:Input parameters for the simulation of the hindered settling in inclined vessel

DEM Discrete time step 50x10°% [sec]
Solid density 25x10°  [kg/m]
Friction codficient between particles 0.25 [-]
Friction codficient between particle and wall 0.17 [-]
Spring stitness (normal) 25x10°  [N/m]
Spring stithess (tangential) 1.0x10°  [N/m]
Damping coéicient (normal) 1.0 [Nsegm]
Damping coéicient (tangential) 0.63 [Nsegm]

LBM Discrete time step 1.0x10% [sec]
Fluid density 10x 10  [kg/md
Number of nodes 502x 202 []
Lattice spacing 1.0x 102 [m]
Relaxation time 1.0 [-]
Gravitational acceleration 9.8 [m/sed]
Simulation duration 1.0x 10" [sec]
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(a)t* = 0.005 (b) t* = 0.150 (c)t* = 0.300

(e)t* = 0.500 (f) t* = 1.000
N .
Low Flow velocity distribution High

Fig. 7.4: The behavior of hindered settling particles and flow velocity distribution; Model A-1
(0=0)
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Fig. 7.5: The behavior of hindered settling particles and flow velocity distribution; Model A-1
0 =20)
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(b) t* = 0.150 (c)t* = 0.300

(e)t* = 0.500

Low Flow velocity distribution

Fig. 7.6: The behavior of hindered settling particles and flow velocity distribution; Model A-1
(0 =40)
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Table 8.1:Input parameters for the simulation of a moving circular particle

DEM Discrete time step 50x10°% [sec]
Solid density 20x10®  [kg/m]
Friction cosdficient between particles 0.25 [-]
Friction codficient between particle and wall 0.17 [-]
Spring stithess (normal) 25x 106 [N/m]
Spring stifness (tangential) 1.0x10°  [N/m]
Damping coéicient (normal) 1.0 [Nsegm]
Damping coéicient (tangential) 0.63 [Nsegm]

LBM Discrete time step 1.0x10* [sec]
Fluid density 10x10®  [kg/m]
Number of nodes 501x 152 [-]
Lattice spacing 1.0x 102 [m]
Relaxation time 1.0 [-]
Pressure gradient 6.7x1072 [Pgm]
Simulation duration 1.0x 10" [sec]
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0.6 f vm
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x/L

Fig. 8.2: The trajectories of a single circular particle in a channel with the stenosis throat
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Fig. 8.9:Model for the simulation of fluid flow in porous media

Table 8.2:Input parameters for the simulation of fluid flow in porous media
LBM Discrete timestep  Dx 10 [sec]

Fluid density 1.0x 10  [kg/m
Number of nodes 50% 152 []

Lattice spacing Dx10°% [m]

Pressure gradient . Bx 102 [Pgm]

Simulation duration D [sec]
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Table 8.3:Relaxation times and kinematic viscosity iog@ents
Relaxation timer [-[] Kinematic viscosity cofficienty [m?/sec]

1.00 1.67x 1073
0.90 1.33x 1073
0.80 1.00x 1073
0.70 6.67x 1074
0.60 333x 10
0.59 3.00x 10
0.58 267x104
0.57 2.33x 10
0.56 2.00x 104
0.55 1.67x 10
0.54 1.33x 10°*
0.53 1.00x 10
0.52 6.67x 107
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Table 8.4: Input parameters for the simulation of particle transport with fluid flow in porous
media

DEM Discrete time step 50x10°% [sec]
Solid density 20x10®  [kg/m]
Friction coeficient between particles 0.25 []
Friction codficient between particle and wall  0.17 [-]
Spring stithess (normal) 25x 106  [N/m]
Spring stitness (tangential) 1.0x10°  [N/m]
Damping coéicient (normal) 1.0 [Nsegm]
Damping coéicient (tangential) 0.63 [Nsegm]

LBM Discrete time step 10x10* [sec]
Fluid density 10x 10  [kg/m]
Number of nodes 501x 152 [-]
Lattice spacing 1.0x 102 [m]
Relaxation time 0.6 [-]
Pressure gradient 6.7x 1072 [Pgm]
Simulation duration 31x10" [sec]
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Fig. 8.13:Migration behavior of micro particles in porous media; Casel
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Fig. 9.2:Model for the simulation of packing particles

FigR4o 0000000000000 00000000000000000000 800mm
(LoD 400MMW)OOOD0DO0D00ODOO00OO000OO PODO400OMMIOOODOOOOOODO
0000 CaUooommOI 0000 oB4200 000000000 Zou and He, 1997 0
ubooooobobobobooobooboooboboobooobooboboboobooan
O00000000000Table@Z0 00 Table@P30O OO D OO0O0OO0OO0DOD0O0O0O0OOOO
oooooooooobosoooooboooobboOoooooooDOooobDoOoooDo
ugbooooobooobooooo

00000000000FRgRAUO0DD0O00O00UO0NDN0O0N0O0NOO0NODO0OoOOo
uboogoobuodgbouooboouoobuoobouooboobobooobooooboon
ugbobooboooooboooo

122



92. 0000000ODODOUDODDOO

o0 O00O0oO0O0OoOpDOOooDooOoOoooDo

Table 9.1:Input parameters for the simulation of particles packed by a moving left wall

DEM Discrete time step 50x10°% [sec]
Solid density 25x10°  [kg/m?]
Friction codficient between particles 0.25 [-]
Friction cosdficient between particle and wall  0.17 [-]
Spring stitness (normal) 25x10°  [N/m]
Spring stitness (tangential) 1.0x10°  [N/m]
Damping coéicient (normal) 1.0 [Nsegm]
Damping cofficient (tangential) 0.63 [Nsegm]
Simulation duration 21x10° [sec]

Table 9.2:Input parameters for the simulation of particle transport around perforation tunnel #1

DEM Discrete time step 50x10°% [sec]
Solid density 25x10°  [kg/m]
Friction coeficient between particles 0.25 []
Friction codficient between particle and wall  0.17 [-]
Spring stithess (normal) 25x 106  [N/m]
Spring stifness (tangential) 1.0x10°  [N/m]
Damping coéicient (normal) 1.0 [Nsegm]
Damping coéicient (tangential) 0.63 [Nsegm]

LBM Discrete time step 1.0x10* [sec]
Fluid density 10x10®  [kg/m]
Number of nodes 802x 402 [-]
Lattice spacing 1.0x10° [m]
Relaxation time 1.0 [-]
Simulation duration 1.0x10'  [sec]
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(d) 1.5 x 10° step

Fig. 9.3:Process of particles packed by a moving left wall; (a)-(d)
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() 2.5 x 108 step

(h) 4.2 x 10° step

Fig. 9.3:Process of particles packed by a moving left wall; (e)-(h)

125



92. 0000000ODODOUDODDOO o0 O00O0oO0O0OoOpDOOooDooOoOoooDo

Inlet Pressure gradient Outlet

Fig. 9.4:Model for the simulation of sand production

Table 9.3:Input parameters for the simulation of particle transport around perforation tunnel #2
Pressure gradient [Ra]

Casel 3.33%x 1072
Case? 1.67x 101
Case3 3.33x 101
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Low Flow velocity distribution High

Fig. 9.5: Migration behavior of solid particles with fluid flow near a cavity; Casel
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Low Flow velocity distribution High

Fig. 9.6: Migration behavior of solid particles with fluid flow near a cavity; Case2
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Low Flow velocity distribution High

Fig. 9.7:Migration behavior of solid particles with fluid flow near a cavity; Case3
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Fig. 9.9:Sand bridge and streamline near a cavity; Case3 (a)-(e)

e)t = 0.5
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() t* = 1.0

Fig. 9.9:Sand bridge and streamline near a cavity; Case3 (f)-(j)
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