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Particulate flows are encountered in a wide variety of engineering applications such as fluid flow
in chemical reactors, waste streams with suspended solids, aerosols, and so on. Owing to their
diversity, the particle size and the particle shape in these systems vary in an extensive range. The
particle Reynolds numbers in particulate flows which are based on the particle size and its velocity
vary broadly. Due to these features, the solution of particulate systems is one of the most challenging

problems in engineering.

Several numerical methods are available to predict particulate flows. One of them is the immersed
boundary method (IBM). IBM allows one to avoid complicated or time-consuming algorithms
related to the grid generation or adaptation at each time step which are intrinsic to conventional
methods such as the finite element or finite volume methods. In addition, a relatively new approach
called the lattice Boltzmann method (LBM) has been proposed as an alternative to predict fluid
flows. Some of the features that give LBM advantages in computational efficiency over the
conventional methods are: the computation in LBM is much simpler than those in the conventional
Navier-Stokes solvers since the' time marching procedure in LBM is fully explicit and there is no
need to solve Poisson equations; the local nature of the discrete particle collision operator in the
lattice Boltzmann equation (LBE) and the fully explicit time integration of LBE makes this method
suitable for parallel computing; and easy implementation of the method starting from scratch.

Due to the aforementioned advantages of LBM, various methods combining LBM and IBM
(Immersed Boundary LBM: IB-LBM) have been deveioped for reasonably predicting liquid-solid
two-phase flows. Numerical calculations of particulate flows such as flows past a circular cylinder,
drafting-kissing-tumbling (DTK) motion of two particles or sedimentation of thousands particles
have demonstrated that IB-LBM reasonably predicts the fluid-particle interaction of stationary or
moving particles at moderate particle Reynolds numbers.

However, IB-LBM has still some drawbacks. Most of IB-LBMs utilize the single-relaxation time
(SRT) model for the particle collision term in the lattice Boltzmann equation due to its simple
implementation. Since the relaxation time, <, isa monotonically increasing function of the kinematic
viscosity v, T increases with v, i.e. with decréasing the Reynolds number. The validity of [B-LBMs
strongly dépends on T, i.., numerical errors in velocity near the immersed boundary remarkably
increase with decreasing the Reynolds number, i.e. increasing t. In addition, IB-LBM is not free
from restrictions of LBM, e.g., (1) simulation of high Reynolds ﬁumber flows with a low relaxation
time is apt to be unstable so that the spatial resolution must be high to perform stable calculations at
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these conditions, and (2) the Lagrangian nature of LBE requires that a discrete particle moves from a
lattice point to its neighbor during one time step, and therefore, the lattice spacing and the timé step
size cannot be altered independently. These drawbacks restrict the use of IB-LBM for predicting

flows for a wide range of Reynolds numbers.

In this dissertation, a new numerical method was therefore proposed to overcome the
above-mentioned restrictions and predict liquid-solid two-phase flows for a wide range of the
particulate Reynolds number. The method is a combination of an immersed boundary method (IBM)
and a finite difference lattice Boltzmann method (FDLBM). The use of the finite difference method
allows us to set the lattice spacing and the time step size independently. Furthermore, an additional
collision term, which works as a negative viscosity at the macroscopic level, is added to the discrete
Boltzmann equation for numerical stability. IBM is based on a direct-forcing method, in which an
external forcing term to impose the no-slip boundary condition at immersed boundaries is added to
the discrete Boltzmann equation. The performance of the proposed method was demonstrated
through several two- and three-dimensional calculations.

This dissertation consists of six chapters.
Chapter 1 is the introduction. The above-mentioned problems in available IB-LBM were extracted

and a guideline for development of a new IB-LBM applicable to a wide range of particulate flows

was determined.

First, calculations of cavity flows at different Reynolds numbers were carried out using FDLBM/

with the additional term in Chapter 2 to prove that FDLBM can deal with high Reynolds number
flows. Then, IBM was combined with FDLBM to deal with moving particles. The Chapman-Enskog
expansion was applied to the discrete Boltzmann equation with the additional collision term and the
external forcing term of IBM to prove that the present Boltzmann equation recovers the macroscopic
equations for incompressible Newtonian fluids. Two- and three-dimensional simulations of single
particles falling in liquids and interaction betweeﬁ two particles were carried out to validate the

proposed method. As a result, the following conclusions were obtained:

(1) The velocity distribution of cavity flows ‘at moderate and high Reynolds numbers is stably and
accurately predicted using FDLBM.

(Name :  Rojas Molina Roberto Carlos NO. 3 )

(2) The continuity and Navier-Stokes equations are recovered by applying the Chapman-Enskog
expansion to the discrete Boltzmann equation with the external forcing term.

(3) The motions of particles falling through liquids at intermediate particle Reynolds numbers -
predicted using IB-FDLBM quantitatively agree with those obtained using IB-LBMs.

(4) The proposed method well predicts the interaction between two intermediate Reynolds number
particles, e.g., the drafting-kissing-tumbling (DKT) motion. '

In Chapter 3, the applicability of IB-FDLBM to flows at high Reynolds numbers was examined. It
is known that when the relaxation time i’s decreased while keeping the relevant dimensionless
numbers constant, the spatial resolution of IB-LBM needs to be increased to stably calculate flows at
high Reynolds numbers. On the other hand, in the proposed IB-FDLBM, the additional collision
term allows us to alter the fluid viscosity without changing the relaxation time and the spatial
resolution, so that the proposed methbd is expected to be able to deal with flows at high particle
Reynolds numbers without increasing the spatial resolution. Simulations of flows past
two-dimensional stationary circular and square cylinders and flows past a sphere were carried out for
a wide range of particle Reynolds numbers for validation. Free-falling cylinders at intermediate and

high Reynolds- numbers were also simulated. As a result, the followings were confirmed:

(5) The drag coefficient, the Strouhal number and the flow structure of flows past a stationary

cylinder are well predicted for a wide range of Re, i.e. 1 < Re < 1x10°.

(6) IB-FDLBM can stably simulate flows at high particle Reynolds numbers without increasing the

spatial resolution.

(7) 1B-FDLBM gives reasonable predictions of the drag coefficients of a sphere in uniform flows
for a wide range of Reynolds number, i.e. 1 < Re < 1x10° provided that the ratio of the cylinder
diameter to the lattice spacing is high enough.

(8) IB-FDLBM accurately predicts the reduction in the Strouhal number of vortex shedding behind
amoving cylinder due to the falling-motion of the cylinder at intermediate Reynolds numbers.
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(9) IB-FDLBM also reasonably predicts the motion of the moving cylinder at high Reynolds

numbers.

IB-LBM has problems not only at high Reynolds numbers but also at low Reynolds numbers
(high relaxation times), that is, errors in velocity near the immersed boundary remarkably increase
with decreasing the Reynolds number, i.e. increasing the relaxation time. It is known that the
numerical stability and accuracy of LBM mainly depend on the number of discrete velocities and the
numerical treatment of the collision term. Therefore a remedy for the above-mentioned problem in
IB-LBM at low Reynolds number might be to improve the discrete Velbcity model and/or the
collision model. The increase in the number of discrete velocities however makes the computational
cost high. It was therefore decided to use D2Q9 and D3Q19 models, which are the most common
models for the discrete velocity. For the collision model, the single relaxation time collision model
(SRT) has been often used due to its simplicity and efficiency. It is however well known that
numerical errors increase with the relaxation time and non-physical velocity distortion appears at
high relaxation times. Therefore the improvement of the collision model was attempted in this study.
The multiple-relaxation time (MRT) collision model has been often used instead of SRT to improve
the numerical stability and accuracy of LBM. However MRT is much more complicated than SRT:
for instance, the number of relaxation times for D3Q19 model is 19 and several relaxation times are
arbitrary (no definite principle are present for these arbitrary relaxation times). The simplest
multi-relaxation-time model, i.e. the two-relaxation time (TRT) collision model, was therefore
utilized. The formulation of TRT is as simple as that of SRT. TRT uses one relaxation time for
determining the viscosity and the other for improving the numerical stability and accuracy. In
Chapter 4, TRT was implemented into IB-LBM. It is expected that the implementation of TRT helps
to remove or reduce the errors appearing at low Reynolds numbers (at high relaxation times). To
validate the method, numerical simulations of circular Couette flows, sedimentation of single
particles and DTK motion were carried out. The effect of TRT on numerical errors in velocity of
symmetric shear flows was analytically and numerically studied. The conclusions obtained are as

follows:

(10) IB-LBM with TRT does not cause a non-physical anti-symmetric velocity distribution in a

circular Couette flow even at low Reynolds numbers, i.e. at high relaxation times.

(11) Two- and three-dimensional particulate flows with moving boundaries are reasonably predicted
using IB-LBM with TRT.
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(12) The analytical solutions obtained for the velocity gradient, the boundary velocity and the
boundary slip agree well with the numerical predictions in the same conditions.

(13) The two-relaxation time collision model can remove the boundary slip velocity or accurately
impose the boundary velocity at low Reynolds numbers. However it cannot solve both

problems at the same time.

In Chapter S, the two-relaxation time collision model was also implemented into IB-FDLBM to
extend the range of applicability of the proposed method to simulations of low Reynolds number
flows. First, the Chapman-Enskog expansion was applied to the discrete Boltzmann equation with

-, the two-relaxation time collision term to show the recovery of the. macroscopic conservation

equations for incompressible Newtonian flows. Simulations of circular Couette flows were carried
out to validate the present method. Flows past a circular cylinder and a sphere were calculated to
examine the applicability of the method to both low and high particle Reynolds numbers. To
accurately deal with the no-slip boundary condition at the immersed boundaries and avoid additional
problems appearing in flows at low Reynolds numbers, an implicit direct forcing methed was

implemented into IB-FDLBM. Finally, sedimentation of multiple particles with various Reynolds -—

numbers was carried out. As a result, the following conclusions were obtained:

(14) The continuity and the Navier-Stokes equations are reasonably recovered, and the kinematic

viscosity is determined by one relaxation time.

(15) TRT implemented info IB-FDLBM reduces numerical errors causing non-physical distortion in
« the fluid velocity at low Reynolds numbers.

(16) Implementation of TRT and the implicit direct forcing method into IB-FDLBM can solve two
problems in simulation of low Reynolds number flows, i.e. non-physical velocity distortion and

non-physical penetration of flow into a solid body.

(17) IB-FDLBM with TRT gives good predictions of the drag coefficients of a circular cylinder and

a sphere in uniform flows for a wide range of the particle Reynolds number.

(18) Particulate flows with various particles are predictable with the proposed method.
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Chapter 6 is the summary of this dissertation.

In summary, an efficient investigation was conducted to extend the applicability of IB-LBM to
solve liquid-solid two-phase flows at low and high Reynolds numbers. An IB-FDLBM was
developed and its performance was tested in various benchmark problems. Good agreements are
found between the present numerical predictions and other numerical and experimental results.
Therefore, IB-FDLBM is proved to bé an effective method for solving flows including various

particles ranging from low to high partiéle Reynolds numbers.
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