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Abstract

HIS thesis describes the Lattice Boltzmann Method (LBM) and its application to
T single and multiphase flows. The LBM algorithm using Single Relaxation Time
(SRT) and Multi Relaxation Time (MRT) models are studied. In particular, a new MRT
multiphase model is developed, based upon the SRT multiphase model of |Banari et al.
(2014)). A unified LBM approach is used with separate formulations for the phase field,
the pressureless Naiver-Stokes (NS) equations and the correction of the pressureless
velocity field by solving a Poisson equation.

To validate the current model, computations for various Reynolds numbers ([2e)
were performed to simulate 2D lid driven cavity flow. Results show excellent com-
parison with those in the literature. The multiphase model was verified with two fluid
Poiseuille flow, static and rising bubbles. The method was also used to simulate 2D sin-
gle and multiple mode Rayleigh-Taylor instability (RTI). A good comparison between
the present numerical results and those in the literature at large Re with high density
ratio and various values of surface tension coefficient in single mode and multiple mode
RTT are made, respectively.

The multiphase LB model has been extended using MRT collision operator to study
various breaking dam problems with both dry and wet bed, expanding the range of the
possible density ratios and Re which was impossible with SRT. The simulations show
agreement with those in the literature. Moreover, grid convergence was studied using
both acoustic and diffusive scaling for standing wave simulations with high density ra-
tios. The use of MRT was found to improve the stability for high density ratio. Results

with density ratio up to 1000 at large Re = 1000 were obtained using MRT model.
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1.1

Chapter 1

Literature review

Introduction

Numerical modelling of multiphase flows such as free surface flows and multi-
component fluid flows due to continuous change in the location of the boundary. Fur-
ther challenges are related to flows with high Reynolds numbers (Re) or large den-
sity ratios (Iryggvason et al.|2001). Many numerical approaches have been improved
to solve Navier—Stokes (NS) equations for multiphase fluid flows (Scardovelli & Za-
leski/|1999). The most commonly used are Level Set Methods (LSM), Volume of Fluid
(VOF) method, Mass-Tracking Method, the Smoothed Particle Hydrodynamics (SPH)
method and the Lattice Boltzmann Method (LBM) (Osher & Sethian| 1988, Hirt &
Nichols| 1981} Riide & Thiirey 2004, Rothman & Keller1988). LBM has become more
widespread because of high efficiency computations with free surface flow and its abil-
ity to solve complex fluid dynamics problems. An addition, this method is relatively
straightforward for coding and parallelisation (Yu et al.|2014). A brief explanation of
the common free surface method is presented that can be coupled with LBM approaches
in section[[.2)

There are various prevalent LBM approaches for multiphase fluid flows. The Roth-
man—Keller (RK) multiphase lattice gas model is the oldest one that presented the color-

gradient model (Rothman & Keller|[1988)). The Shan—Chen (SC) model describes the
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separation of phases produced by the incorporation of an enticing force for the parti-
cles (Shan & Chen!|1993). Swift et al. (1995, |1996) introduced the free energy (FE)
based model a phase separation for one component and two phases in non ideal fluids.
The tracking interface model was described by |[He et al. (1999). Moreover, some LBM
multiphase approaches have been combined with computational fluid dynamics (CFD)
methods, for instance Xu (2005) introduced the Finite Difference LBM (FDLBM) for
binary fluid which were based on discretization of the Boltzmann equation for veloc-
ity distribution according to (Sterling & Chen|/1996, [Succi|[2001). A phase-field based
model coupled with the LBM and the Finite Volume Method (FVM) to simulate the
motion of droplets by control electrowetting as pointed out by Huang et al.| (2012).
The Front Tracking Finite Difference Method (FTFDM) was proposed by [Sankara-
narayanan et al. (2003)) to study different cases of rising bubble simulation. Lallemand
et al. (2007) proposed coupling LBM with a front tracking (FT) method to model the
movement of the interface with surface tension for static bubble and capillary waves
simulations. A brief review for each of these models is given and then explained the
approach that is used in section [I.3]

In order to update the interface, the multiphase flow is simulated by using a gov-
erning Navier-Stokes equation with either an advection-diffusion equation which deals
with diffusive interface models or advection equation is used with sharp or diffusive
interface models (Banar1|2014)). The interface is determined by capturing an Eulerian
method (e.g. LBM) or surface tracking, a Lagrangian method (e.g. SPH) (Ginzburg
& Steiner; 2003, Contreras et al.|2013). The capturing methods produce a sharp or
diffusive interface representation while the interface tracking methods assume a sharp
interface. In order to use the appropriate options, the following points must be taken
into account when simulating free surface and multiphase problems by dealing with:
(1) a capturing or tracking method for representation of interface; (2) a diffusive or

sharp interface method; (3) an advection-diffusion or advection equation for updating

2



1.2

1.2. LBM WITH A FREE SURFACE

the interface between fluids (Banari/2014).

In the sharp interface, the interface region between two fluids was considered as
infinitely thin and is given with properties such as surface tension (Anderson & Mc-
Fadden||1996). The diffuse interface model uses a technique of modelling interface
forces as a continuum force. Many authors preferred to use a diffuse rather than a sharp
interface model because the former one can be simply propagated through fixed grids

while the sharp interface models need adaptive and fitting grids (Jacqmin||1999).

LBM with a Free Surface

Several LB approaches have been developed for free surface flows. The simulations
must distinguish between the region that contains liquid and the region that contains
gas. The interface between two fluids (liquid and gas) in the simulation must be found
as part of the computation. In a free surface flow, the gas phase has a negligible effect
on the liquid phase, so it can be removed from the computations. There are several
major approaches to represent the interface of the free surface which can be coupled

with LB techniques.

1.2.1 Level Set (LS) Methods

An implicit function ¢(z,y,t) is used to describe the surface representation. The
LS methods represent the movement of the implicit surface, which is a contour in the
fluid region ({2) as introduced by |Osher & Sethian (1988). The main idea for LSM
was a numerical approach for a Hamilton-Jacobi equation to solve the time dependent
equations which describe a moving of ¢(x,y,t) (Osher & Fedkiw [2006). The surface
can be evaluated by choosing the set of points in which ¢(x,¢) = ¢. The value of these
set is a level set of ¢(x,¢). Usually, the zero level set (¢(x,t) = 0) is used to describe

the points that are located on the interface region I'. If the value of ¢(x,t) > 0, it
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means that x is located outside the interface region I', otherwise x is located inside the
interface region I' (Johansson/[2010).

The distinctive feature this approach is represented by computing the curvature (k)
of the interface from the divergence (V.) of the unit normal vector (n) which is related
to the gradients (V) of ¢. The curvature is used to control the smoothness of the inter-
face. This makes the computation of geometric quantities such as normal (n), gradient
(V) and curvature (k) easy and fast. For these reasons, signed distance functions are
best represented by using the Eulerian representation (Johansson 2010). The devel-
opment of ¢(z) is achieved by the solving of an advection equation. As a result, the
development of free surface flows can be simulated. The LSM requires a reinitializa-
tion step at every time step because of the level set function ¢(z) does not recover the
evolution equation at all time steps. However, the loss of mass is one weakness of LSM
which impacts upon the accuracy of the interface development (Riide & Thiirey|2004).

To overcome this weakness, the Particle Level Set Method (PLSM) was presented
by Enright et al.| (2002) to track water surface for fluid flow simulation. The particle
corrects in LSM by adding two sets of massless particles, plus and minus particles,
which are located close to the interface at ¢(z) = 0 (Yu et al. 2014). This correction
step is proposed to recover the evolution equation. Consequently, the mass loss can be
reduced for the most part. (Yu et al. 2014) suggested a coupled LB and PLSM (LB-
PLSM) which is a correction for LSM. They adopted the LB based single-phase free
surface (LB-SP) which was presented by Korner et al.| (2005) and Thiirey et al.| (2005])
to simulate breaking dam flow. According to Riide & Thiirey|(2004), the LS is advected
after applying the streaming and collision steps of LBM. The velocity values can be ex-
trapolated by fast marching pass during each time step because the LBM computes only

the velocity of the fluid. The fast marching is used to initialize the level set.
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1.2.2 Volume of Fluid (VOF) Method

This method was presented by |Hirt & Nichols (1981]) and was developed from ear-
lier marker and cell (MAC) methods. The first code was based on the volume fraction
of fluid € that was introduced for NASA by [Torrey et al.| (1985). Janssen & Krafczyk
(2011) presented the implementation of a VOF based algorithm by adding an advection
equation for the VOF fill level. The VOF method is used to track the interface region by
introducing € for a unit cell to represent the fill level of a control volume ..;. A fill
level of €; = 0.0 refers to an empty cell (the gas region), while a fill level of ¢; = 1.0
refers to the fill inside the liquid region. Gas cells can be separated from liquid cells by
a closed interface layer.

In a weakly compressible LB approach, the VOF fill level ¢ is not conserved so that
the finite volume method (FVM) is used to discretize the continuity equation and con-
servation of mass to derive the advection algorithm. According to Janssen & Krafczyk
(2011) the flux term ¢;(x, t) between neighbouring cells can be found from LBM by
use of the particle distribution function f;(x,t). There are several coupling methods to
overcome the difficulties when the interface is represented by using the VOF method.
Janssen et al.| (2010) suggested a new hybrid Fully Non linear Potential Flow (FNPF)
and LB (FNPF-LB) approach to model wave breaking. Also, VOF method imple-
mented with LBM to express the flux term in the free surface (Janssen & Krafczyk
2011)).

Janssen et al. (2013) presented an extension of a hybrid LBM-VOF model of free sur-
face problems with a MRT collision operator. The free surface was represented by a
VOF method and the extended hybrid algorithm was applied to several problems, such
as breaking dam, free filling jet and breaking wave during shoaling problems. Janssen
& Krafczyk (2010) proposed a VOF method based on LBM to calculate the free surface

motion for breaking dam and breaking wave.
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1.2.3 Mass Tracking Method

The mass tracking method links directly into the LBM (Riide & Thiirey|2004). This
method can be considered as a surface capturing method and includes three steps: cal-
culation of the interface movement, the boundary condition at the interface region and
the reinitialization of the cell types (Thiirey et al.|2005). The crucial point is to guar-
antee conservation of mass, since mass transferred to the liquid or mass coming from
the liquid always passes through the interface cells in which the total mass is balanced
(Korner et al.|[2005)).

The interface movement in this method is tracked by computing the mass for each
cell from the distribution function f;(x,¢). Similar to the VOF method, the movement
of the interface is found from computation of the flux between cells. A new set of
fi(z, t) is presented to evaluate the current cell density, and is computed from the frac-
tion of the fluid value e, whether the interface cell can be filled (e, > 1.0) or emptied
(ef < 0.0) (Thiirey & Riide|2009). The one advantage of the mass tracking method of
free LB is the conservation of mass when tracking the interface, but there are difficulties
in obtaining smooth curvature of the simulations for a breaking dam (Riide & Thiirey
2004). By contrast, they found the capability of the LSM to resolve thin fluid layers.
Also, the surface normals and curvature are easy to compute with LSM. Although, the
interface of LSM and VOF method are needed to reconstruct and re-initialize at each
step, this can be complicate to perform (Zheng et al.[2006). The disadvantage of the
mass tracking method is often incapability to preform interface break-up or collision

(Scardovelli & Zaleski|[1999).

LBM with multiphase methods

It is worth mentioning that the multiphase approach was classified approximately

to four main LB techniques as shown below.
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1.3.1 Color-gradient model

The original Rothman and Keller (RK) model for two-component lattice gas has
been presented by Rothman & Keller (1988). This model consists two distribution
functions that represent the two-components by red and blue colour fluid. The colli-
sion step of the RK model has been improved by adding the perturbation operator and
recoloring step that is proposed by (Gunstensen et al.[[1991). Thereby, it contains three
steps to represent the two component flow which are collision, recoloring and stream-
ing steps. The recoloring step is used to reduce the mixing at the interface (Huang
et al.[2013). (Grunau et al.||1993) developed the RK model for the hexagonal lattice
in two dimensions (D2Q7) by adding further two variables to the equilibrium distribu-
tion function in order to model the flow with various density ratios. He reported that
the simulations become unstable with density ratios more than 10. Also, the recolor-
ing step was included in the two-component model that was proposed by Latva-Kokko
& Rothman| (2005), A further collision term has been added in this model. The RK
model for D2Q9 in LBM has been improved by Reis & Phillips| (2007). The two-fluid
collision step is corrected and the interfacial tension term satisfy the NS equations in
Reis & Phillips| (2007) model and the density ratio reaches 18.5 with coalescence of
bubbles flow. In this model, a free parameter is used to dominate surface tension (Reis
& Phillips|2007).

The RK model has been used to simulate high density ratio flows to test Laplace’s
law of static bubble and rising bubbles (Grunau et al.[|{1993] Liu et al.|[2012). [Tolke
(2002)) found that simulations of bubble flows were stable only for density ratio up to
30, and computed stable simulations of channel flow for density ratio 1 and viscosity
ratio up to 100. Leclaire et al.|(2012) proposed more improvement in the recolouring
step presented by the Latva-Kokko and Rothman model and coupled with the Reis and

Phillips model. In the adopted model, the obstruction of the movement called as lattice
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pinning was reduced at the interface. He studied simulations of Poiseuille flow with
high viscosity ratio up to 10000 and density ratio of the droplet flow is 85 (Leclaire
et al.[|2012). [Huang et al.| (2013) claimed the incapability of the RK model, generally,
to deal with high density difference of two phase flows and he used BGK approximation
scheme. In last years ago, Ba et al.[(2016)) investigated the density ratios and Reynolds
numbers (Re) of a RK type model with a MRT collision operator. They used the den-
sity ratio of 1000 for the droplet flow and further implementation was applied to test
density ratio for droplet spreading radius with density ratio of 100 and Re = 500 and
for the Rayleigh-Taylor Instability density ratio reaches 3 with Re = 256, 2048. One
of the disadvantages of RK models was represented by incapability to extend these
model for including the thermodynamic phase movements which leads to not satisfy
the Galilean invariant quality and unphysical features of the interface for the fluid flows

(Shan & Chen|(1993)).

1.3.2 Shan-Chen (SC) model

This model is the most common multiphase model, firstly proposed by Shan and
Chen in 1993 (Shan & Chen|1993). Many researchers used method based on SC model
for its simplicity and rely to non-ideal gas equations of state (EOS). This includes two
types of SC model, for single component multiphase that is based on an attractive the
force between the molecules for lattice points. The phase separated according to the
properties of the non-ideal gas for a one chemical element (Sukop|2006).

In general, the difficulties of the classical SC model are represented by the inca-
pability to deal with high density ratios. It was pointed out that the pseudopotential
gradient conveniently can be computed for the intermolecular force in SC model to pre-
vent instabilities of the simulations (Markus & Hazi|2008). |Yu et al.| (2010) improved
the SC model which included the same computation of interaction force for the pseu-

dopotential by adopting new MRT-LBM with high density ratio up to 1000. He studied
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buoyant rise of a gas bubble in liquid with a low viscosity Re = 1000 and high-surface
tension in 3D. Sofonea et al.| (2004) imposed a flux limiter approach to minimize spu-
rious currents and developed the stability of the simulations for high Re. Raiskinmiki
et al. (2000) studied the spreading droplet on a rough surface in 3D. Sankaranarayanan
et al. (2002) simulated the rise bubble for different sizes with the action of buoyancy.

The second type of the SC model is known as the multi component multiphase be-
cause it contain more than one chemical component that incorporates interaction forces
to create a separation between phases. The fluids of this kind of SC models are of
major economic and environmental significance because, for example, petroleum is
commonly observed to be a mixed with water and because of the existence petroleum
with water often appears as reason of ground water impurity (Sofonea et al.|[2004). For
example, the index for the first component indicates by O and the second by 1 in the
system. The equilibrium distribution function is calculated in the loop from the com-
bined macroscopic velocity. The SC multi component model was improved according
to Shan & Doolen| (1995) (SD) model by introducing the new equilibrium velocity to
minimize statistical noise that included in Lattice Gas Automata (LGA) due to the in-
sufficiency of the Galilean invariance and calculation of the velocity from the pressure
term. Dong et al.| (2010) investigated the numerical simulation for the phenomenon of
viscous fingering in two phase fluids that moves in a channel according to gravity, using
viscosity ratio from 1 to 5.

The traditional SC model was extended according to Benzi et al.| (2006) by in-
troducing an analytic derivation of contact angles simulation in the expression of the
energy of surface tension between any pair of the liquid, solid, and gas phases. The
wall contact angle was implemented suggested by Huang et al. (2007) using SD model
for multi component based on SC model. [Huang et al.| (2015)) studied the applications
of two chemical component in the porous media flow in 3D. It was claimed that this

model generally has limits with high density ratios and kinematic viscosity ratio.
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1.3.3 The Free Energy (FE) based model

Swift et al. (1995, [1996)) proposed a free energy (FE) based LB model to define a
thermodynamically appropriate representation for the D)7 model. The key concept
of this model is constituted by introducing an appropriate equilibrium distribution func-
tion f°? constructed on FE system which is derived from the van der Waals equation to
include the thermodynamic pressure tensor /%, 5. It consists of two types of multiphase
models which are single and multi component.

In the single component multiphase model for the non ideal gas, Swift et al.| (1996)
suggested an appropriate equilibrium distribution function with gradient of density that
is structured to satisfy the zero, first and second moments constraints. The first term of
the second order moments of f“ is formed by the pressure tensor F, 5 that is obtained
from the FE density (Swift et al.||1996). By applying a Chapman—Enskog expansion,
the FE system and the constraints of the moments of f¢¢ with the velocity of the fluid
satisfies the hydrodynamic equations. (Guo & Shu/ (2013)) pointed out to the meaning of
the gradient of the density when it equal to zero (J,p = 0) that the hydrodynamic equa-
tions leads to the Navier-Stokes equations. The drawback of this models is represented
by unsatisfying the Galilean invariance with high density gradient (Swift et al.|1996).

Holdych et al.| (1998) developed this model to Ds()y by extending hydrodynamic
terms for density gradient in order to adjust Galilean invariance with second order mo-
ment. The second order moment of f°? is one of features of the FE base on LB model
by comparing with the SC model that incudes first order that leads to the first order
velocity moment with using the interaction force. Also, the computation of the surface
tension in the FE is simply calculated than the SC model. Hence, the FE model is con-
sidered as a successful technique (Guo & Shu|2013)).

In the two component multiphase model according to Swift et al.| (1996), the first

particle distribution functions was used to recover thermodynamic pressure tensor P, g
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in the NS equations and the second particle distribution functions used to satisfy the
Cahn-Hilliard equation (CH) for capturing the interface in a D,()7 non-ideal fluid flow
model. This model is similar to the single component one, but it required to impose
two equilibrium distribution functions that enforced the constrains of the moments ex-
cept with binary density and velocity (Guo & Shu|2013). These models also demand to
enforce the new constraints for the particle distribution functions that define the phases
for fluid system. The CH equation described by Switt et al.| (1996) for the FE approach
consisting of the phase separation will be explained in the next section. The thermody-
namic pressure tensor F, 3 and the chemical potential difference Ay were produced in
this FE models for binary phase fluid systems.

Takada et al.| (2000) improved the models based on Swift et al.| (1996) to study the
rising two bubble simulation in the 3D duct for a two fluid model and investigated the
buoyancy under gravity. The simulation of the rising single bubble compared well with
the VOF method in 2D. Fakhari & Rahimian (2010) improved numerically the simple
model of the FE which satisfied a Galilean invariance from Zheng et al. (2006)) is only
effective with density matched for two fluid flows.

Inamuro et al.| (2004) developed the FE model by combining it with the projection
technique to guarantee the continuity equation for the interface with high density ratio.
In this model two particle distribution functions ( f; and g¢;) are used, the first one repre-
sented the phases by using the order parameters according to the phase field model and
the second one computed the velocity by absences density. The density in the advec-
tion of the equilibrium distribution functions g;? which leads to eliminate the pressure
gradient for the binary fluid flow. Then they defined the velocity distribution function
(h;) to correct the pressureless velocity from solving the Poisson equation. The value
of the order parameters was cut off to determine the density across the interface for the
multiphase fluid flow. The implementations were applied in 3D with density ratios 50

for each capillary wave, two droplet collision and coalescence of rising binary bubbles

11



1.3. LBM WITH MULTIPHASE METHODS

simulations. In addition, 24 bubbles were simulated with density ratio 1000 with same
radius in a square duct (Inamuro et al.2004). There are various sides of this approach
by comparing with the original LBM on account of the neglecting the density that leads
to add the viscosity terms to the g;¢ and stress tensor of viscosity in the collision step
(Inamuro et al.|2004, |Banari et al.|[2014).

Recently, Banari et al. (2014) modified this model by using three equilibrium distri-
bution functions (f;?, ¢g;* and h;?) with SRT for order parameters, pressureless veloc-
ity and solving Poisson equation to correct the velocity. This technique is distinguished
from the model of (Inamuro et al.|2004) by defining slightly different equilibrium dis-
tribution functions. The interpolation values for order parameters were used to define
the density at the interface. The applications for different density ratios was simulated
reached to 1000 with Poiseuille flow and rising bubble, 100 for static bubble, 3 for
single Rayleigh-Taylor Instability and the breaking wave was nicely simulated in 2D.
Furthermore, he performed the implementations in 3D for droplet impact on a wet sur-
face with density ratio 1000 and Re = 2000, and rising bubble with density ratio 1000
and breaking wave with density ratio 855 by coupling with the Large Eddy Simulation
(LES) model with LBM. However, obtaining the pressure by Poisson equation from the
work of Inamuro et al. increases computational costs (Lee & Lin 2005).

Fakhari & Rahimian (2010) modified the FE model for capturing interface using
phase field MRT based LB approach. The investigation was applied for different den-
sity ratios 1000, 100, 5, 5 and 5 which corresponding to the simulations of the Laplace
law for stationary bubbles, Capillary wave, rising bubble , splashing of the droplet on a
wet surface and falling droplet under gravity, respectively. The Reynolds numbers reach
to 1000 with droplet splashing. One of the disadvantage of this model occurs from the
computation used to correct the pressure by solving the Poisson equation (Fakhari &

Rahimian|[2010).
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1.3.4 He Chen Zhang (HCZ) model

He et al.| (1999) suggested new LB multiphase fluid flows approach for simulating
single component by modelling and tracking the interface due to coupling of molec-
ular interactions. The HCZ model introduced two distribution functions, the first one
for tracking the velocity and the pressure and second one for the density in the incom-
pressible flow. The interface is tracked by using the index function for the binary fluid
flows. The NS equations are recovered from the distribution functions of pressure and
the distribution functions for computing the density satisfy the CH equation for track-
ing the interface. Single mode Rayleigh—Taylor Instability (RTI) was simulated with
the range of various density ratio reached to 19 at the high Re was 2048 and the density
ratio multi mode RTI results was 3 at Re = 4096, so the limitation of this method is
represented by incapability with high density ratio (He et al.[[1999).

Lee & Lin| (2005) introduced an equivalent technique to that presented by He et al.
(1999) for computing the pressure and momentum using discretization the Boltzmann
equation of multiphase fluid flows. The intermolecular forces for non-ideal gas was sep-
arated to hydrodynamic pressure, thermodynamic pressure, and surface tension force to
develop the stability of simulations with high density ratios (Lee & Lin/2005). Banari
et al. (2014)) avoided instabilities due to thermodynamic pressure by adding a stress to
the potential term. It was applied various forms for the discretization of derivatives
such as first and second order with central, biased or mixed difference approximation
in order to obtain smooth variation of the pressure at the interface. This model was
validated by comparing the computations result of 1D advection equation with the an-
alytic solution, testing a Laplace law for the stationary droplet and studying the droplet
oscillation in D39 lattice model with density ratios 1000 (Lee & Lin|2005). They
simulated droplet splashing phenomenon on a thin liquid with various Re in 3D and

the largest Re reach to 500. (Banari et al.[2014) used the same concepts of the latter
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approach with dividing of the intermolecular forces.

Usually, most of researchers pointed out different sources of the problems and inca-
pability for simulating the high density ratios with multiphase LBM techniques. Proper
discretization of density and pressure gradients is required (Inamuro et al.| 2004, Guo
& Shu[2013). Some of researchers justify to choose the appropriate equation of state to
perform the large density ratios of the multiphase flows (He & Doolen|2002, Fakhart &
Rahimian|2010). Moreover, d’ Humieres| (2002) proposed the MRT in the collision step
to improve the stability of the computations when used the low viscosity. The MRT
leads to simulate the multiphase flows with the high Reynolds numbers (Re) (Yu et al.
2010, [Fakhari & Lee|2013)).

Chen et al. (2019) proposed virtual lattices layer to realize the no-slip boundary
condition for multiphase flow and improved the interface capturing model using the
Cahn-Hilliard equation to cope with the problem of the high density ratio between var-
ious phases. They studied bubble growth and departure from two orifices is simulated.
Furthermore, the various forces effects tested on the deformation and interaction be-
tween growing of bubbles from orifices of the same or various sizes (Chen et al.||2019).

(Liang et al. |2019) introduced the model of axisymmetric multiphase LB flows
depend on the Allen-Cahn equation by phase-field theory. They used two distribu-
tion functions for solving fluid interface and hydrodynamic properties. Moreover, they
improved the numerical stability by applying MRT model. The simulations of static
droplet with density ratio up to 1000 is studied. In addition, the simulations of oscilla-
tion of a viscous droplet, breakup of a liquid thread, and bubble rising in a continuous
phase implemented with density ratio up to 100 with axisymmetric Allen-Cahn equa-

tion and hydrodynamic equations.
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Objective of the study

The main purpose of this thesis is to develop the multiphase Lattice boltzmann
(LB) approach for high density and viscosity ratios with large Reynolds number (Re).
In particular, a new Multi Relaxation Time (MRT) is used to develop multiphase LB
model, based upon the Single Relaxation Time (SRT) multiphase model of |Banari et al.
(2014)). A unified LBM approach is used with separate formulations for the phase field,
the pressureless Naiver-Stokes (NS) equations and the correction of the pressureless
velocity field by solving a Poisson equation. To validate the current model, simulations
of two dimensional lid driven cavity flow were performed with different Re. The results
of the present study are compared with the numerical results from |Ghia et al.| (1982) in
both SRT and MRT models in single phase LB.

Subsequently, the multiphase model in SRT collision operator was verified to study
the Lo-norm errors with different density and viscosity ratios for two-fluid Poiseuille
flow are compared results in current study with the analytic solutions at different lattice
grids. the n static and rising bubbles. Moreover, simulations of static bubble flow
with different surface tension coefficient values and various radius are compared with
theoretical (Laplace law). The gravitational acceleration force for single rising bubble
was studied and compared with |Sun & Tao| (2010).

In addition, this work is used to test the validation of multiphase LBM with large Re
at high density ratio. This method was studied with SRT to simulate two dimensional
single and multiple mode Rayleigh-Taylor Instability (RTI). Numerical simulations are
compared with those in the literature for large Re and high density ratio in single mode
RTT and various values of surface tension coefficient in multiple mode RTI.

The principal contribution of this thesis is the development of multiphase model of
Banari et al.|(2014)) using MRT. This extended the range of values of density ratios and

Reynolds numbers ( Re) for which successful computations could be completed.
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So this work included the extension of the multiphase method using new MRT
collision operator to study various breaking dam problems for both dry and wet bed
expanding the range of the possible density ratios and Reynolds number which was
impossible with SRT.

Finally, the contribution of standing wave simulations with density ratio up to 1000
at large Re was studied using both acoustic and diffusive scaling with various grid

resolutions.

Outline of the study

This thesis describes the LBM and its application for single and multi phase flows.
It is organized as follow:

In chapter |2 the derivation of Lattice boltzmann Method (LBM) and the relation
to the Navier-Stokes equations according to (Guo & Shu|[2013) are introduced. The
description of the boundary conditions are presented in this chapter. The algorithm of
LBM with Single Relaxation Time (SRT) and Multi Relaxation Time (MRT) are illus-
trated.

The Lattice Boltzmann (LLB) computations for various Reynolds numbers (Re) with
different resolutions to simulate 2D lid driven cavity flow with on grid and half way
bounce back boundary conditions are performed. The minimum stream function value
and the total kinetic energy per unit volume are used for the convergence to the steady
state with SRT and MRT. Subsequently, the numerical results for the velocity profiles
and streamlines are compared with the numerical results from |Ghia et al. (1982) in
chapter

In chapter 4] a review of multiphase flows with high density and viscosity ratios for
LBM in SRT collision operator is introduced. A similar model to Banari et al.|(2014)
is used so that the motion of the interface between fluids is modelled by solving the

Cahn-Hilliard (CH) equation with LBM. A unified LBM approach with separate for-
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mulations for the phase field, the pressureless Navier-Stokes (NS) equations and the
correction of the pressureless velocity field by solving a Poisson equation are used.
The Chapman-Enskog expansion for multiphase LB approach to recovery the pressure-
less Navier-Stokes equations, the Cahn-Hilliard equation and solving pressure Poisson
equation are introduced.

In chapter[5] the multiphase flows with different density and viscosity ratios at var-
ious Reynolds number Re are implemented to simulate two fluid Poiseuille flow. The
Lo-norm errors for the simulations in current study are compared with the analytic
solutions for different lattice grids. Subsequently, comparison between the theoretical
(Laplace law) and current computations for the static bubble flow is made with different
surface tension coefficient values and various radius with density ratio 100. In addition,
the terminal shapes for three cases of rising bubble with density ratio 100 are formed
and comparisons are made with Sun & Tao (2010)) results.

In chapter [} the multiphase LB technique with Single Relaxation Time (SRT) is
used to simulate 2D single and multiple mode Rayleigh-Taylor Instability (RTI). The
results are compared with those of He et al.| (1999) for single mode RTI at various
Reynolds number Re with small density ratios. The investigations at high density and
viscosity ratios are performed then the results are compared with Ren et al. (2016
and |[Fakhari et al.| (2017) results for the evolution of interface in a multiple mode RTI
at different values of surface tension coefficient, Re and various resolutions. Subse-
quently, the simulations for Z—; = 100 and 1000 with high Re = 5000 are obtained in
this study. Moreover, the evolution of interface in a multiple mode RTI with different
values of surface tension coefficient (015) is examined. The convergence with 015 and
grid resolution for the positions of bubble and spike are investigated. The result of He
et al.| (1999) for the average density profiles across the depth in multiple mode RTI with
various o015 at dimensionless time is compared with the result in this work.

In chapter [/, the multiphase of LBM is developed using Multi relaxation Time
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(MRT) to simulate breaking dam problems with different of cases. The result of the
simulation for both leading edge position and water column height results are com-
pared with Martin et al.| (1952). Moreover, the simulation of second case of the dam
break problems with (Colagrossi & Landrini (2003) is investigated. Furthermore, the
investigation of breaking dam problems of this work with wet bed is presented and a
comparison with Badarch et al.| (2016) is made. The MRT mode is implemented with
breaking dam problems especially for density ratio up to 1000 and high Re numbers
which was impossible with SRT model.

In chapter [§] the multiphase flows for LBM with different density ratio are devel-
oped to study two scaling cases with standing wave simulations firstly, with different
density ratios, based on Hodges et al.| (1996)), Zhao et al.|(2013), and secondly, for small
density ratio and both high and low viscosity standing waves, Buick & Greated| (1998)).
The results with high density ratio up to 1000 at large Re = 1000 was obtained using
the MRT model in this study. Finally, the summary of the project and the future work

are introduced in chapter 9]

Summary

In this chapter, various LB approach of free surface and multiphase fluid flows have
been introduced. Because of the highly accurate simulations of LBM with free surface
flow and its capability to deal with complex fluid dynamics such as the multiphase
flow problems, its use has become more prevalent. The most common free surface
techniques that are coupled with LBM are methods such as LSM, VOF and the mass
tracking method and their applications is mentioned. Furthermore, the development of
several significant multiphase LB approaches which are represented by color-gradient
model, SC model, FE based model and HCZ model are given. In meantime, on their
stable implementation for different application with respect to the values of density

ratio, viscosity ratio and Re for each model are focused.

18



2.1

Chapter 2

Lattice Boltzmann Method (LBM)

Introduction

The Lattice Boltzmann Method (LBM) is a relatively new scheme in computational
fluid dynamics (CFD). It has evolved into an alternative numerical technique for simu-
lating fluid flow and modelling physical problems. The fundamental conception of the
LBM is based upon the kinetic theory that describes molecular dynamics. In the in-
compressible limit of the LBM recovers the Navier-Stokes (NS) equations. It can make
computations more efficient for fluid flows that contain complex boundaries and inter-
facial flow phenomena. Consequentially, explicitly of LBM that tend to easy coding
and parallelisation (Chen & Doolen||1998). In additional, the most important advan-
tages of the LBM represented by using equation of state to obtain the pressure which
is inhibit expensive computations by solving Poisson equation to get pressure. Finally,
the LBM is useful approach for modeling single phase and multiphase fluid flows (Shan
& Chenl|1993] [Swift et al.|[1995, |(Chen & Doolen| 1998, Rothman et al.[1998, He et al.
1999, |Guo & Shu2013).

This chapter is organized as follows. Section [2.2] give the discretization of Boltz-
mann equation which is satisfy the Navier-Stokes equations. Section describes the
boundary conditions is used. Sections [2.4] - [2.5] illustrate the algorithm of LBM with

Single Relaxation Time (SRT) and Multiple Relaxation Time (MRT). Finally, summary
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of this chapter is given in Section [2.6]

Discretized Boltzmann equation

Macroscopic variables such as pressure (p) and velocity (u) in the CFD method are
usually found from solving the Navier-Stokes equations (Mei et al.||1999). There are
several techniques from which the Lattice Boltzmann equation (LBE) can be acquired.
Historically, LBE originated from Lattice Gas Automata (LGA) (Frisch et al.|[1986).
On the other hand, it can be shown that using a special discretization of the continuous
Boltzmann equation, LBE can also be obtained (He & Luo|1997b, Guo & Shu/[2013).
For simplicity and to preserve generality, the Boltzmann equation with the Bhatna-
gar—Gross—Krook (BGK) approximation (or Single Relaxation Time) is used (He &
Luo(1997b). The Boltzmann BGK equation can be written as an ordinary differential

equation:

1 1
Dif +—f=—f0, (2.2.1)
Te Te

where D; = 0,+¢.V is the time derivative along the characteristic line ¢, f = f(z, ¢, 1)
is the single particle probability distribution function, 7, is the relaxation time and f(®)

is the Boltzmann-Maxwellian distribution function in dimension (D) of the space,

f(O) _ P

—( 3w RT)DP2 exp {—QRT (2.2.2)

where R is the ideal gas constant, and p, u and 7" are the macroscopic density, velocity,

and temperature, respectively. The macroscopic variables p, u and 7" are the moments
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2.2. DISCRETIZED BOLTZMANN EQUATION

of the distribution function f with respect to the velocity c:

:/}da:/f@dq (2.2.3)
pu:/‘fda—/ O (2.2.4)

1

pe:§/@—u)f@_2/k u)? fO de, (2.2.5)

where ¢ = D,RT/2 = D,NoKgT/2, and D,, Ny, and Kp are the number of
degrees of a particle, Avogadro’s number, and the Boltzmann constant, respectively. An

assumption of Chapman-Enskog (Harris|2004) is applied in eqs.(2.2.3[2.2.4and [2.2.5).

The terms of the integral that are included a  refers to the post collision distributions

operator and vice-versa with pre-collision. From eq.(2.2.1)

d 1 1
— —f =10
=,

[

(/) f+ Lot p = Lm0

Te

)

d 1
o(t/7c) = (/1) £(0) t))dt
(@ ) = e O e )
d d 1 N
&) et /7e) £(0) t)dt . 2.2.6
dt(e f) dtTC f (Z’,C, ) ( )

by integrating both side of eq.(2.2.6) from ¢ to ¢t + At, yields

1 pekar o
— / et /) fO (3 ¢ tat
¢

(t/1c) t+At
e f =
[ ]t ;
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t+At , , ,
e(t—l—At)/ch(x + CAt,c7t + At) _ e(t/Tc) f(xjcjt) = _/ e(t /Tc)f(o)(,I‘,C,t )dt y
t

C

Thus

1 At o
flx+cAt e t 4+ At) = —e (BH/T) / e/ fF Oz et et + 1) dt
Te 0

+ e BT f(z e t).  (22.7)

By assuming the f() is smooth enough on the interval (0, At) which is made the linear

approximation:

(t+t)—t

© tet+t)=|1—
fOx +ctiet+1) { AL

] £ e e,1)

t+t)—t
+ [%} FO(x + cAt, e, t + At),

SO

/ /

I I
- —} FO.e, )+ 5 fO e + At et + A1) (22.8)

© tet+t)=|1
[Pz +et et +t) [ A7

Now substitute eq.(2.2.8) in to the first term of the right hand side of eq.(2.2.7) and

finding the integration as

1 At / , , 1 At ,
_e_(At/Tc)/ e(t /Tc)f(o) (fL’-I—Ct, c, t+t )dt — _e—(At/TC) / e(t /’TC){f(O) (.’L’, c, t)
Te 0 T, 0
t t ,
— O et) + o f O+ eAt et A Yt
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2.2. DISCRETIZED BOLTZMANN EQUATION

The right hand side of the above equation has three terms these evaluated as follows:

First term:
At ,

| O e = (2070 < 1) O et
0

Second term:

/

At 2
’ t ’
/ —ell 1 X0V e Pyt = —r, B FO (g ¢, t)+T_c Bt/ £O) (4 ¢ 1)
0 At At

72
- Kct f(o)(ZE,C, t) .
Third term:

At !
’ t ’
/ elt /Tc)A—tf“)) (z + At ¢, t + At)dt =7, e B fO (2 1 eAt, e, t + At)
0

2 2

- % eBe) O (1 4 eAt e, t 4+ At) + % FOz + cAt, e, t 4 At).

Now from these three terms the eq.(2.2.7)) was obtained

flateAt,e,t + At) — f(z,¢,t) = (7 BY™) — 1) [ f(z,¢,t) — fO(z,¢,1)]

+(1+ %(e_(m/“) — 1) [fO% +eAt e, t + At) — fO(z,e,)] . (2.2.9)

Applying Taylor Series to expand e~ (*%/) on the eq.(2.2.9) and removing terms of
second order O((At)?) as

fla+ At et + A — flo.et) = - [flr.et) — fO(z,e,)],  (22.10)

T

where 7 = X is the dimensionless relaxation time (in the unit of At). Therefore,

eq.(2.2.10) is accurate to the first order in At and is the evolution equation of the dis-
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tribution function f with discrete time. Now to calculate the hydrodynamic moment

(p, pu and pe) in eqs.(2.2.3} 2.2.4|and [2.2.5)), the appropriate discretization in momen-

tum space ¢ needs to be achieved. Then the integration in the momentum space (with
weight function f(?)) can be approximated by quadrature up to any required degree of

accuracy,

/\IJ(c)f(O)(x,c, t)de=>" W;¥(c;) fOx,ci,1), (2.2.11)

where ¥(c) is a polynomial in ¢, T; is weight coefficient of the quadrature, and ¢; is

the discrete velocity set. Then the hydrodynamic moments of eqs.(2.2.3)), (2.2.4) and

(2.2.5)) are computed by

p=> 1= 1", (2.2.12)

pu=> ¢ fi=> ¢ f (22.13)
1 1
pe= Z (¢; —u)? f; = 5 Z (¢; —u)? £, (2.2.14)
where
fi = fila,t) =0 Wi fla,¢5,t), (2.2.15)
£ = (Ot =3 Wi fO (e ). (2.2.16)
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The equilibrium distribution function f(®) can be expanded by using second order Tay-

lor expansion:

FO— P o =< exp (cw)
(27 RT)P/? 2 RT RT  2RT

2 2 2
B p —c (c.u) (cu)* w 3
~ (2nRT)P2 P {2 RT} {H rr T arre  2mr) TOW)
where u =|u|. Finally
2 2 2
(ca) _ p —c . (c.u) (cw)? w 991
I = tormmypE P {2 RT] { " mr Tamre " 2mr) @

To recover the Navier-Stokes equations for low Mach number < 1, the follow-

ing moment integral must be found exactly:
/ ¢ e, 0 < k< 3. (2.2.18)

This integral can be obtained by Gaussian-type quadrature (He & Luo/[1997b, Shan &
He 1998)):

2 2

I = /exp [Q_éT} U(e)de=> W, exp lz_ng] U(e;). (2.2.19)

To derive the velocity, here nine-bit (nine direction of the distribution function) in LBE
model is used. According to the polynomial function ¥(c), the system of Cartesian

coordinate can be written as

U,n(e) =cl'cy (2.2.20)
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where ¢, and c, are the x and y components of ¢. From the integral of eq.(2.2.19):

I=(2RT)™" 2 [, I, (2.2.21)
where
+o0 ) c
I, = exp(—=C?*) C™dC, C = , 2.2.22
/_ . p(—=C%) T ( )

and mth order moment of weight function exp(—C?) on the real axis. To find ,,, to

derive the 9-bit LBE model the third order Hermite formula (Shan et al.|2006)) is used:
3
In =) w C". (2.2.23)

The three values of (C;) and the corresponding weights (w;) of the quadrature are

3 3
01:_\/;7 02:07 03:\/;7

N3 V2 T
— w f—
6 )

g = Y1 (2.2.24)

w1 =
Then, eq.(2.2.21]) becomes (He & Luo|1997a)

I =2RT

—I—Z w1 (A)qu CZ Zwl z

: (2.2.25)

where ¢; 1s zero velocity vector for ¢ = 0. Then by discretizing the momentum space
with nine-discrete velocities ¢;, ¢ = 0, 1, - - - | 8. The nine-bit LBE model is discretized

into a square lattice space with lattice constant % = V3RT=corRT = ¢ =

wlo
-

where ¢, is the speed of sound of the model. From eqgs.(2.2.19) and (2.2.25)):

¢
W, =2nRT exp <2R T) wi, (2.2.26)

26



2.2. DISCRETIZED BOLTZMANN EQUATION

where

,  for 7 = 0, the rest vector,

%, for 1 =1, 2, 3, 4, the short vectors, (2.2.27)

36, fori=15,6,7,8,the long vectors .

These weights are essential to compute the equilibrium distribution function of the

nine-bit LBE model.

[t =powi [, e,t)

3(ew) | . , (2.2.28)

—puw; |1
po * c? 2ct 2c2

where the Dy()9 model has nine lattice velocities in two dimensions, represented by

¢i(x,y) in the x and y directions as shown in next subsection and defined as follows

(

(0,0), for i =0,

¢ =1 clcos(i — DT),sin((i ~ 1)), for i=1,2,34, (2229

cv2(cos((i — 1)%),sin((i — 1)%)), for i =5,6,7,8.

\

Then by Gaussian-type quadrature (He & Luo|19975, Li1-sh12000), the moments can be
found in the discretized momentum space. Form the eq.(2.2.10)), the Lattice Boltzmann
BGK equation is obtained

Fi(e+ AL E+ AL — filw ) — — [ Filx, t) — [0 (x,t)} . (2.2.30)

T
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2.2.1 Lattice Arrangements

The domain of the simulation in the LB technique must be divided into a lattice
arrangement. Each point on the lattice has discretized distribution function in specific
directions. The lattice arrangement is represented by D,,(),,, where n is the number
of the physical dimension of the problem and m is the number of the direction on the
distribution function. Figure(2.1)) illustrates different lattice models as D1Q2, D1Q3
and Dy()9 (Guo & Shu/2013)).

¢ C, C

C, < >C, C, < @ >C ¢ ¢
DIQZ D 1Q3

c c, c,

Figure 2.1: Lattice arrangements for 1-D and 2-D.

For simplicity, the Dy()g (two-dimension and nine-velocity) lattice structure which
is most practical and is explained in this study. it is successful to simulate two dimen-

sional fluid flow problems.

2.2.2 Streaming and Collision steps

The LBM consists of two steps: collision and streaming. The left hand side of the
LBGK eq. (2.2.30) represents streaming step so that after one time step particles move
in direction ¢; to the nearby of lattice node at x + ¢; At, for example the distribution
functions (df) f1, fo, f3, f4, f5, f6, f7 and fs at (7, j) are moved to f1(i+1,j), fo(4, j+1),
F3(i=1,5). fali,j—1), fo(i+1,5+1), foli=1, j+1), fo(i=1,j—1) and fy(i+1,j—1)

respectively, but the df at the rest velocity (c) stays at the same node as shown in Figure
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(2.2). On the other hand, the right hand side of eq. (2.2.30) of LBE represents the

collision operator which is updating these particles distribution functions (pdf).

/s A f
A
j+l f( fz fs
Streaming
j /'« »/ /1< , 7
/. /o
a 7, 1, .
' "
1, 1 A
i i i+ i1 i i+

Figure 2.2: The streaming step of LBM

2.2.3 From Lattice Boltzmann Equation to the Navier-Stokes Equations

This section shows that by a multi-scale Chapman-Enskog expansion derivation of
the macroscopic Navier-Stokes equations from using the LBGK equation (2.2.30)) for
the D59 model (Guo & Shu[2013] |Viggen|2009). Expanding the distribution function

fi(z, t) about the function f?(z,t) as follows

fi=f+efl+2f2+ ... (2.2.31)

For the multi-scale expansion the two time scale and one spatial scale are introduced as

Oy = €04 + %041, (2.2.32)

0o = €0n0, (2.2.33)
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where ¢ is the Knudsen number, which is the ratio between the mean free path and the
microscopic length scale, and 0; and 0, are derivatives with respect to time and space,
respectively. 0, represents the time scale for the fast advection, while 0;; is the slow

diffusive scale. By starting with the second order Taylor series expanding the lattice

BGK (LBGK) equation (2.2.30)), to get

At
(8t + Cmaa) fz + 7(8152 + 2@ Ciaaa + cmcm@a@a) fz + O(agfz)

1

= — [ - @] 23

where the first and second terms of eq.(2.2.34) represent the first and second order of

expansion, respectively. Inserting eqs.(2.2.31), (2.2.32) and (2.2.33) into eq.(2.2.34),
yields

At
(D40 +2°0n —|—5cm(9ao)(fi(0) —5fi(1)) + 7(62(934—2(8&0 + €201 &i0Oao

1 e
+ €2 CiaCiaOnoOno) (f1V —efM) = —— FO L ef® 4 25@y _ pleay

Equating the coefficients of each order ¢, at zero order £° is obtained:
O — pled) (2.2.35)
at first order &'
(O + CiaBno) 17 = ——— 1D, (2.2.36)
T At

and at second order £2:

—®

2.2.
TAL (2:2.37)

At
at]fi(O) + (ato + Ciaaao) fz(l) + 7(830 + 28tcﬁiaaao +Ciacicﬁaoaao) fz(O) =
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Eq. (2.2.377) can be written as follows

On fi(O) + (Ot + CiaOao) fz'(l) + %(ato + CiaOao)’ fi(O) = _i i(Q)'
Substituting eq.(2.2.36) into eq.(2.2.38), reads
0 1%+ O+ o) [0 = 52 O+ ciadn) £ =~ 1.
Rewriting eq. (2.2.39) as follows
o 10+ 1= 5] O 0o £ =~ 17
2T T At

(2.2.38)

(2.2.39)

(2.2.40)

The zeroth and first moments of the distribution function and the zeroth and first mo-

ments of the equilibrium distribution function are defined as follow

p= Zfz _ Zfi(eq) , pu = chfl _ Zcifi(eq)'

7 i i

From eq. (2.2.35) and eq. (2.2.41):
Zfi(") =0 and Zcifi(") =0 for n>0.

Now, by taking the zero order moment of eq. (2.2.36):

zi: ato fZ(O) ! ZZ: Ciaaao fz(O) N ZI: _ifz(l)v

SO

ato; fZ(O) + aao;Cia fz(O) - _i ;fz(l)a
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and
Oto P+ Ouo (puia) = 0.

The second order moment of eq. (2.2.36)) yields

; FroCia fz(O) + ; Ciaciﬁaao fz(O) = Z _ﬁciafi(l)a

SO

a150 Z Cia fZ(O) + aao ; Ciaciﬁ fz(O) = _ﬁ Z Ciafi(1)7

7 %

and finally,

1o (PUia) + Ono wﬁfg = 0.

(2.2.43)

(2.2.44)

Egs. (2.2.43) and (2.2.44)) are mass and momentum conservation equations at order €.

The properties of the generalized lattice tensor (Guo & Shu/2013)) for Dy(Q)g are used:

5 W;Ciq = E W;CinCiBCiy = E W;iCia CiBCinCisCig = 0,

D WiciaCis=CPap, P _WEiaCigCirCisCio = CY0airs+0aps+0asdpm)-
7 7

(2.2.45)

Now, by multiplying equation (2.2.35) by c;c;s and taking summation over i to give

the zero-order momentum flux tensor W((Jfg:
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0 0
77525) = Z CiaCip fi( :
= Z CiaCiIB fi(eq)
cu  (gu)r  u?
_;CiaClﬂp[l—F Cg + 2C§ _203:|

_ P P
= CiaCip Wi P + g CiaCifCiry W; Uy + —2 A CiaCipCinCis Wi Uy Us
i s g s g

1

)
=pc0up + g [0 Oy Uy Us + Oy Ops Uy Us + Oas Opy Uy Us| — 5 Safly Uy

= p 2 Bap + p Uy ug.
Thus

Wé(g =P 0ap + P Uq Ug, (2.2.46)

0 ey . .
where Wé [3 known as second moment of equilibrium function or zero-order momentum

flux tensor, with p = p c2 where ¢, is speed of sound ¢, = ¢/+/3 and ¢ = Az/At . The

zero and first order moments of eq. (2.2.40) yield the following order moment:

1 1
Z on £ + Z {1 - E} (o + Ciadao) £ = Z T Atfi@)’

7

1 1
atl Z fi(o) + |:1 — E] (ato + Cmaao) Z fi(l) _ _m Z fi(2)7
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thus
On p=0, (2.2.47)

and the first order moment:

1 1
Z cmaﬂ fl(o) -+ Z Cia {1 — E:| (ato + Cz’ﬁaao) fz(l) = - Z Cz'am i(2)7

0) 1 1) 1)y _
on Z Cia fz + [1 — —2 T} (8150 EZ Cia fl + Opo % CiaCiB fZ ) =0,
and

I (pua) + {1 - —1 Dao ™oy = 0, (2.2.48)

where W(ilﬁ) = . CiaCip fi(l). Eqgs. (2.2.47)) and (2.2.48]) are the conservation equations

at order of 2. In order to find Wélg, the eq. (2.2.36) multiply by c;,c;s and take the

summation over :

% %

1
_7' At Z CiaCip fi(l) = 0o Z CiaCip fi(O) + avo Z CiaCipCiy fi(O) )

= Do) + 030 Pagy- (2.2.49)

Also, to evaluate .3, = ZZ CiaCiBCir fi(o), the eq. (2.2.36) multiply by c;,cizc;y and

take the summation over ¢:
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0
Paﬁ'y = Z CiaCiBCiy fz( )
7

Z {1 LG (c;u)?  u? }
= C; C,;ﬂC' P —
- e 2 2 ¢t 2 ¢2

S

7

P p
= E CmaCz‘wsz‘f‘c—Q g CiaCipCinCis Wy Ud"‘ﬁ g CiaCipCinCisCip W5 Us Ug
i s s

E CiaCipCiny Wi Us Us

T 92
2cz -

=p Cg [(5a5 (%5 Us + 5(17 555 U5 + Ons 557 U5] ,
then
Pogy = p 2 [Ualpy + Uuslay + Uydag |- (2.2.50)

Substituting egs. (2.2.46) and (2.2.50) into eq. (2.2.49), yields

1
N > " Ciatig £ = 0P Sas + p ta ) + 0o [2p(Ualdsy + Usbar + Uy 0ap)]
= 3,50(C§ p) Sap + Oro(puaug) + aﬁO(Cg p Ua) + aaO(Cg pug)
+050(C3 p sy )dag
= ¢ [0 p+ Ds0(p 1)) Gas + priadio us + ug Oro (pua)
+ C? paﬁo“’a + Uq 85003 1Y + Cg paocouﬁ + Up 6040 Ci P,
thus
1
g 2 Cuatin 11 =2 B + 0r0(p 1)) b+ 5 [1o(p) + Dot

+ Uy [pO1o Ug + Do) + €2p [Onotip + Opotta) . (2.2.51)
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2.2. DISCRETIZED BOLTZMANN EQUATION

In order to evaluate the time derivatives Oy, , Oy (pue) and pOy, (us), by rewriting the

eqs. (2.2.43) and (2.2.44) on the first order of ¢ read

Bro p + Oyo (puy) = 0, (2.2.52)

Oro (puia) + Oy ) =0, (2.2.53)

from eqgs. (2.2.52)) and (2.2.53):

Oro p= _a'yo (pu’y) ) (2.2.54)
and

Do (PUa) = —0ryo W&QY) = —0yo (D 0oy + p Ua uy),

Oro (pua) = —Oao D — a’yo(loua u'y) ) (2.2.55)

Oto (PUta) = —0no D — Py Oy Ug — Uy Oryo(ptiy). (2.2.56)
The 04, (pu,) can be written as
Oro (PUe) = POiotia + Ua Orop, (2.2.57)

Substituting egs. (2.2.54) and (2.2.56) on the second term and the left hand side of
equations (2.2.57), read

—Oao P — PUW 870 Uq — Ug a’yo(pu'y) = patoua + Uq (_a’yo (PUV)),
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2.2. DISCRETIZED BOLTZMANN EQUATION

and

POrota = —0Oao P — Ply Oyo Uq. (2.2.58)

By using the same technique, yields

POotip = =080 D — Py Oy Ug. (2.2.59)

Now, by substituting eqs. (2.2.54)), (2.2.55)) and (2.2.59) into eq. (2.2.51)), yield

1
v Zcz‘aciﬁfi(l) =c? [ =0y p ty) + 0y p 1) 00p+1g [—Ono D — Oryo(plia ty) 400D

+ U [0 D — piiy o g + Dpop] + C2p [Ouotis + Opotia]

= €2 [Oaotts + Ogotia] — Oyo(plia up ),

and

1
T At

> ciacis 117 = 2p[Baotis + Dsotta] — O(Ma)?, (2.2.60)

i

where Ma = g is Mach number. After neglecting the term O(Ma)? the eq. (2.2.60

become as follow

7 = — TAtp 2 [Daotis + Dpotia) (2.2.61)
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2.2. DISCRETIZED BOLTZMANN EQUATION

combining the mass and momentum conservation equations on ¢ and £2 scales, the

continuity equation is obtained from eq.(2.2.32)) as

Oy p= €0 p+ 82atl P,

= 0o p = —€0a0(pUla) = —0a(pua),
S0
Oy p+ Oulpus) =0, (2.2.62)
and

Oy (pua) = € (pua) + 82atl (pua)>

_ ©) 2 1 (1)
= —5(%0 ﬂ-aﬁ — & |:1 — E:| &w ﬂ-oc,B'

By using egs. (2.2.46), (2.2.61) and (2.2.33)), yield

1
O (pue) + 08 p + On(p ta ug) = O c [1 — 2—} TAt p(Oqup + aaug),
T

SO
O (pte) + Onlp g ug) = —0g p+ O Vp [(aau5 + aaug)] ) (2.2.63)

By the tensor notation:

0 p+ V.(pu) =0, (2.2.64)

O (pu) + V.(puu) = =V p+ V. [vp(Vug + Vuj)], (2.2.65)
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2.3. BOUNDARY CONDITIONS

where v is kinematic viscosity given by
v=c {T — —} At, (2.2.66)

and ¢, = ¢/v/3 where ¢ = Ax/At for the DyQy model. For small Mach number
(Ma), the density variation can be removable and assuming incompressibility in order

to arrive to the Navier-Stokes (NS) equations as

V=0, (2.2.67)

1
dhu+uVu=—-Vyp+rVu (2.2.68)
P

Boundary Conditions

Boundary conditions play an important part in describing fluid flow behaviour in LB
simulations. There are several types such as periodic, bounce back, pressure or velocity
flow boundary condition, open boundary condition, symmetry condition and so on. In
this study, the bounce back method is used for moving or stationary boundaries. Also, it
is known as no-slip boundary condition which the fluid velocity is zero at the boundary
(He et al.||[1997) Zhao|[2008). Nodes located in the wall are known as solid nodes and
otherwise are called fluid nodes. Therefore the solid boundary is located on solid nodes
or between solid and the fluid nodes according to the bounce back technique. Here
two different types of bounce back conditions will be discussed: on-grid and half-way

bounce back.

2.3.1 On-Grid Bounce Back Method

This method is applied when the solid boundary lies exactly on solid nodes and

it is easy to implement (Viggen |2009). This bounce back boundary can be explained
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2.3. BOUNDARY CONDITIONS

using Figure (2.3). After the streaming process the particle distribution function (pdf)
move toward to the solid boundary from the fluid nodes. These particles hit the solid
boundary and are reflected to the fluid nodes. The particles that stream to the boundary
are known distribution functions (dfs) while the other particles which reflect to the
fluid node are unknown quantities at these solid boundaries. For example, at the left
boundary the known dfs f3, fs and f; are found from streaming step. The unknown

values f5, f1 and fg are found from the opposite directions of the known dfs.

Js= [, fi=f3 and fg = fs.

Some authors such as (He et al.||]1997, Succ12001)) claimed that the on-grid method can

be compute the unknown dfs at the boundary with second order accuracy.

T /. A
Top Boundary
/. < > 4
Left Boundary o Right Boundary
f Lo A
f, A /s /1 L
f, J, /5 1.
; < > L < >
0 Fluid 0
nodes
VA 7 s Lok
/4 fi S
/. f o d
5 Solid Boundary
< P
Bottom Boundary \ /
0 Solid nodes
/; 1 A

Figure 2.3: The on-grid bounce back method.
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2.3. BOUNDARY CONDITIONS

2.3.2 Half-way Bounce Back Method

The half-way bounce back requires that the solid boundary is located between fluid
and solid nodes. Figure (2.4 shows the half-way method. The collision process is not
performed at the solid node and it gives second order accurate according to He et al.
(1997)), Succi|(2001)). The bounce back is used to evaluate the three unknown dfs fs, f5

and fg at bottom boundary. Then,

Jo=f1 f5 = frand fs = fs.

Fluid node fs fz ﬁ
AL J+1
7, /. A Bounce back
P f after collision
i 3 1, : at (t)
Solid Boundary J 7 ! j 3 fg fl
N K YA,
. A
1, ez 1 >
j-1 -1 Solid Boundary
/' i1 i i+l il i il
Solid node
Streaming* .
Iy f /
7, S, 7.
j+l j+l streaming
. at time (t+At)
time (t) /i 1 f,
j fl /. 0 ﬁ ) ﬂ ‘ fl
j 7,
/" —
Solid Boundary " -1 Solid Boundary
7, v, 1, i1 i isl
i1 i i+l

Figure 2.4: The half-way bounce back method.

2.3.3 Specification On-grid of Velocity at Corners

This specific boundary condition is based on a conception of the on-grid bounce
back method. By assuming the velocity u = (u,, u,) is given (u, = 0,u, = 0) at the
corners and density specified (Zou & He||1997). For example, post streaming the dfs

f1, f2, [5, f¢ and fg are unknown values and p is assumed to be a known value at left
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2.3. BOUNDARY CONDITIONS

bottom corner. the bounce back method is used to evaluate f;, f> and f5 (those that
have red colours in Figure (2.5)). The conservation of mass and momentum are applied

for this boundary (Succi2001).

Ji=fs, fo= faand f5 = fr. (2.3.1)

Thereafter, the values of fg,fs ( they have blue colours) and p pressure (density) need

to determine. From the conservation of mass:

p=> fi=fothi+fotfs+ fatfs+ fo+ fr+ fs (23.2)

By the conservation of momentum, yields

pug = (fr + fs+ fs) = (fs + fo + f7), (2.3.3)

puy = (fo+ f5 + fo) — (fa+ fr + f5), (2.3.4)

From eqs.(2.3.1)), (2.3.3) and (2.3.4), the value of fs = fs is obtained then by substitu-
tion this quantity into eq.(2.3.2) as

p=fot+t it fot+t fat+fotfs+ fr+2fs.

Thus
- (T Y R S )

similar procedure can be used in the other corners.

42



2.3. BOUNDARY CONDITIONS

I f
Left Top Corner
/. /,
< >
0
£ A
\ / Solid Boundary
Fluid
nodes
/, g
f‘() 2 5
/.4 »-L
Left Bottom Corner 0 \Solid/
nodes
s VA

Figure 2.5: Specification on-grid of Velocity at Corners.

2.3.4 Periodic boundary conditions

Periodic boundary conditions are the simplest boundary conditions. It is useful
for modeling bulk system because it tend to reduce finite size edge effects, such as
flow in along channel driven by a pressure or an external force density (body force)
in the z-direction. In the Dy()9 model, the periodic boundary is applied in the left
and right boundaries as illustrated in Figure (2.6). For example, the known particles
f6, f3 and f; leaving the left boundary (at ¢ = 0) then they re-entered to the unknown

particles fgs, f3 and f; in the right boundary (at ¢ = lz) and vice-versa. It can be

43



2.4. THE ALGORITHM FOR LATTICE BOLTZMANN METHOD

written as

fk(07]7t> = fk(lxvjat)a k= 175787 ]: 07 17 27"'7 ly

fk(lxajat) = fk(oajat)a k= 3767 77 ]: 07 17 27"'7 ly

....................................... D R R
Bot:;ary B(iii:;ry
/. A
.............. /i /s /. A 5/ '
s 5
/s« >
7, 0 /i
" /
L F PPN SUU
< AT
/, 7,
v\Fluid/' ‘\Srd
rode B(:mndary
0 N\ / Ix
Solid nodes
.......................................... _’..

Figure 2.6: Periodic boundary conditions.

2.4 The Algorithm for Lattice Boltzmann Method

A simple implementation of LBM is illustrated in Figure (2.7). The collision and
streaming steps are performed for each time iteration. The arrangement of the collision
and streaming can be changed according to the process of LBM, either collide-stream
or stream-collide (Bao & Meskas| 2011, [Zhao|2008). This algorithm of the LBM with
the SRT stops by obtaining the steady state simulations or controls by choosing the

proper time (maxt) for the loop.
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2.5. LBM WITH MULTIPLE RELAXATION TIME (MRT)

Initialize f;(x,t) (particle distribution function)

e )

Compute the macroscopic quantities

pla,y) =2 filz, 1)

A

1
p(a:,y) ZZ C; fi($’t)

u(z,y) =

Compute the equilibrium distribution function f{?(z,t):

2

[z, t) = pw [1 43 (ccg“) + 2 (°2¢c-;1)2 . 321;2]

Compute the updated distribution function f;*(z,t). (Collision step)
1 e

Propagate f;(x,t*) to f;(z,t) in the direction ¢;. (streaming step)

filz + At t + At) — fi(z,t) = f(z,t*)

Y

Applying boundary conditions}—,

No

Figure 2.7: General algorithm for LBM with SRT.

2.5 LBM with Multiple Relaxation Time (MRT)

The Lattice Boltzmann Bhatnagar—Gross—Krook (BGK) model, a single relaxation

time (SRT) is used in order to describe the collision effect. This means the pdfs relax
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2.5. LBM WITH MULTIPLE RELAXATION TIME (MRT)

to their local equilibrium with the same rate determined by a single parameter. Physi-
cally, however, the relaxation rates at the collision step may be different. Wherefore, a
collision matrix with different relaxation times can be used to eliminate this limitation
(Guo & Shu/2013)). |d’Humieres| (1994) presented a 2D MRT LB model for D,()g. The

collision operator in the LBE with a MRT can be define as

filz + At t+ A — fi(x, t) Z A (filat) = f0x,1)), 5.1

or
f(z + At t 4+ At) — f(z,t) = —A (£(z,t) — £Dj(z,1) ), (2.5.2)

where A is collision matrix. Eq.(2.5.2)) characterize the evolution of f = (fy, f1, f2, fs,
f1, f5, fe, f7, f3)T in the velocity space which is represented in a moment space
(Lallemand & Luo|[2000). The relation between the distribution function and the mo-

ments vector can be defined by
m = Mf = (p, e, € Ju: G, Jys Qys Do Pay) s (2.5.3)
and
f=M'm, (2.5.4)

where M is the 9 X 9 matrix transforming f in the velocity space to m in the moment
space. In the vector m, p is the density mode, e is the energy mode, € is related to
the energy squared, j, and j, correspond to the momentum density (or mass flux), g,

and g, correspond to the energy flux, and p,, and p,, correspond to the diagonal and
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2.5. LBM WITH MULTIPLE RELAXATION TIME (MRT)

off-diagonal component of the viscous stress tensor (Lallemand & Luo|[2000).

jm =pUy = Z Ciz fz'(eq) and jy =puy

i

and the transformation matrix M is

1 1 1
—4 -1 -1
4 -2 =2
0O 1 0
M=1¢9g —2 o
0o 0 1
0o 0 =2
0o 1 -1
L0 0 0
and the inverse of M is
4 —4 4
4 -1 =2
4 -1 =2
4 -1 =2
M =aly 1 9
4 2 1
4 2 1
4 2 1
4 2 1

—6
—6
6

11 1
-1 2 2 2 2
-2 1 1
0 1 -1 -1 1
0 1 -1 -1 1]>
-1 1 1 -1 -1
2 1 1 -1 -1
-1 0 0 0 0
0 1 -1 1 -1
0 0 0 0 0
-6 0 0 9 0
6 —6 —9 0
0 0 9 0
0 -6 6 -9 0|
3 6 3 ~1
-3 6 3 ~1
—3 =6 =3 0 0
3 -6 -3 0 —1l

where a = 1/36. From eq.(2.5.4)), the eq.(2.5.2)) is rewritten as follows

M~ m(z + AL+ A) — M7 m(z,6) = —A (M m — M~ m0) ),
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=AM {(m-—m®)

_ Z Ciy fi(e(I)’

Y

(2.5.5)

(2.5.6)

(2.5.7)

(2.5.8)



2.5. LBM WITH MULTIPLE RELAXATION TIME (MRT)

by using the left multiplication to M, yield

MM ™' m(z + At t+ At) - MM ' m(z,t) = —-MAM '(m —m? ),

SO

m(z + c;At,t + At) —m(z,t) = - M AM ' (m —m? ),

thus

m(z 4 ¢;At,t + At) —m(z,t) = —S (m —m(? ), (2.5.9)

where S = M A M~ is diagonal matrix can be expressed as follows

s 000 0 0 0 0 0 0
0 51 0 000 0 0 0
0 0 s 00 0 0 0
0 0 0 s 00 0 0 0

S=10 0 0 0 54 0 0 0 0
00 0 0 0 s 0 0 0
000 0 0 0 0 s 0 0
00 0 0 0 0 s 0
o 0 0 0 0 0 sel

It is more flexible to make the remaining the relaxation parameters (Yu et al.[2003)).

S=1(1.0, 1.4, 1.4, s3, 1.2, s5, 1.2, s7, Sg), where s; = sg = w = sz and s5

1
(3U+0.5)°
are arbitrary, can be set to 1.0 (Sidik et al.|2013)). The the equilibrium in the moment

space is m*¢ = M £{°? which can be defined as
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2.5. LBM WITH MULTIPLE RELAXATION TIME (MRT)

m =

p
—2p+3 p(ul + u)
p =3 p(ul +uj)

p Uy

—p Uy

P Uy

—puy,

P (ua: - uy)

P Ug Uy

=M £,

(2.5.10)

In the practical applications, the MRT combines the evolutions in the moment space

and the velocity space. The collision process is performed in the moment space, but the

streaming step is implemented in the velocity space such as the Lattice Boltzmann BGK

approximation (SRT model). The MRT collision operator is used to obtain more stable

simulations specially for high Re numbers as shown in chapter (3| In addition, a new

MRT model is derived in chapter [/| to simulated breaking dams problems with high

density ratio and high Re numbers which is impossible with SRT model. Therefore,

a numerical comparison is made between SRT and MRT models in chapter [3] This

algorithm with MRT model has same terminate that explained in the SRT model. The

basic algorithm of a MRT can be represented as follows
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Initialize f;(x,t) (particle distribution function)

|

Compute the macroscopic quantities

pla,y) =2 filz, 1),

1 <
u(x,y = i cifi<x>t s
) p(z,y) 2 )
transformation matrix M from (2.5.6) and M~! from (2.5.7)

|

{Transform the f;(x,t) to the moments (m) according to eq.(2.5.3) }

|

{Calculate equilibrium moments (m?) from eq.(2.5.10) }

|

Colliding in the moment space:

m*(z,t) = m(z,t) —S(m —m)

|

Transforming post-collision m* back to the post-collision f* :

f* =M ' m*.

|

Streaming in the velocity space:

file + Az, t + At) = fi(z,t). Yes
Applying boundary conditions. t<maxt

lNo

Figure 2.8: General algorithm for LBM with MRT.
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2.6. SUMMARY

Summary

In this chapter, a LBM is presented because of the accurate ability to deal and couple
with various numerical techniques to simulate multiphase fluid flows with single and
multi components, and capability for treating with complex fluid dynamics problems.
Advantages include its ease for coding and parallelisation because of the lattice arrange-
ment from the discretization of lattice Boltzmann equation. The derivation LBE from
the continuous Boltzmann equation is explained with discrete time, velocity and lattice
space. Also, the Navier-Stokes equation is recovered from LBE by using multi-scale
Chapman-Enskog expansion. Several type of boundary condition has been explained
such as bounce back (on-grid and half-way) and periodic boundary conditions. Finally,

the algorithms for LBGK (or SRT) and MRT collision operator are illustrated.
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Chapter 3

Simulation of Lid-Driven Cavity Flow

Using LBM with SRT and MRT

Introduction

In this chapter, the LB computations in this study are performed for various Reynolds
numbers ([2e) with different number of grids to simulate 2D lid driven cavity flow. In
order to study the stability and the accuracy, the numerical results between SRT (with
on-grid and half-way bounce back boundary conditions) and MRT with on-grid bounce
back boundary conditions are implemented. The minimum stream function value and
the total kinetic energy per unit volume are used for the convergence to the steady state
with a fine grid in LBM with SRT and MRT. Also, the numerical results for the veloc-
ity profiles and streamlines are compared with the numerical results from Ghia et al.
(1982). This chapter is organized as follows: Section[3.2]describes the two dimensional
nine velocity lid-driven square cavity flow. In sections |3.3|- two functions are used
as a measure to test the steady state of the convergence. Section [3.5|provides numerical
result and discusses the results. Finally, summary of this chapter is given in Section

3.6l
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3.2. LID-DRIVEN CAVITY FLOW

Lid-Driven Cavity Flow

Lid driven cavity flow is a benchmark problem for computational fluid dynamics. It
consists of a two dimensional viscous flow inside a cavity that is driven by a lid at the
top of the cavity which moves to the right side (Ghia et al.|1982)). In LBM a lid velocity
Uya taken to be 0.1 (in lattice units) to guarantee low Mach number (Ma = Uyq/cs),
where ¢, = \%,c = % and Az = At = 1 lattice unit leads M a equal to 0.1732 (Hou
et al.[|[1995, Dabbaghitehrani|2013). The other boundaries have no slip boundary con-
ditions for velocity u = (u,,u,) = (0,0); see Figure (Bao & Meskas|[2011).

The results obtained from SRT and MRT simulations of the cavity will be compared

with numerical results of (Ghia et al.| (1982). The computations are performed for the

same (Re) from 100 to 10000 with various number of grids [z = ly = [33, 65, 129, 257, 513|.

The results of the simulation need to be scaled. The scaling parameters are:

where [z and [y are the number of grids in LBM. The velocity and the time as follow:

u B t % Ulid
Ulid’ N lfL‘ ’

with

Re — Ulia liL’)

where
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3.3. STREAM FUNCTION

is the kinematic viscosity and it is related to the relaxation frequency (w) of the collision

operator in the LBE (Qian et al.|1992), as follows

1 1
w=— =

T (3u+05)

Uu=1, U

lia =91

< =
Il
S o
< =
I
oS o

Figure 3.1: Lid driven cavity flow.

3.3 Stream Function

The stream function is important theoretically for visualising two-dimensional in-
compressible flow problems. The stream function can be used to examine the steady-

state of the problems (Hou et al.[[1995). It consists of solving the following equation

= 2ar+ Wy (3.3.1)
ox Jy
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3.4. KINETIC ENERGY

where 1 is the stream function and the velocity component can be define from the

stream function as:

_oy oY
u = ay,v = "5 (3.3.2)

In the current study, the stream function is calculated at lattice points as follows:
o 1. .. o 1, . ) o
AY(i,g) = §[u(z,j + 1) +u(i, j)] dy — 5[2}(2 +1,75) +v(i,j)] dx, (3.3.3)
and

i+ 1,7 +1) =90, 7) + Ay, j). (3.3.4)

Kinetic Energy

Kinetic energy is the energy of motion. It is essential for the fluid motion as a
measure when the steady state involves no change in the fluid motion. The kinetic

energy per unit volume is given by (Chen et al.[|1992) as:

Kinetic Energy _ 1 o, (3.4.1)
Volume 2

where u is the velocity and p is density then the total kinetic energy is given by:

1
E= §' L 5 Pd) [u(i, 5)* + v(i, 5)*]dz dy. (3.4.2)
,J
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3.5. RESULTS AND DISCUSSION

Results and Discussion

In this section, the measures of the total kinetic energy per unit volume and the
minimum stream function value are used for testing the convergence to the steady
state of the cavity flow for SRT (on-grid and half-way bounce back boundary condi-
tions) and MRT. The iterative process is used to examine the convergence by kinetic
energy and stream function. On the other hand, the same Re with number of grids
lx, ly = [33,65,129,257,513] are performed by SRT and MRT. The ,,;,(Re, 513)
which represents the errors 1,,,;,, at the best lattice region (513 x 513) is used to define

the error; in the simulations. It can be defined as follows

errory = | Ymin(Re, lx) — Ypin(Re, 513) |, (3.5.1)

with a similar definition for the energy error ( errors ):

errory = |energy(Re,lz) — energy(Re,513) |. (3.5.2)

Furthermore, the results obtained from Lattice Boltzmann simulation of the cavity
will be compared with numerical results of finite difference method (FDM) by Ghia

et al.| (1982) for the velocity component and the streamlines.

3.5.1 Convergence of lterative process

In order to study the convergence of iterative process, different Re and number of
lattice grids are performed for the current simulations with two dimensional lid driven

cavity flow. The measure of convergence of stream function with iterative process (e1)
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3.5. RESULTS AND DISCUSSION

can be written as:

w(”fi‘l) . w(”)
w(n+1)

man

< tol, (3.5.3)

61:|

where n refers to iteration number and the measure of convergence of energy with
iterative process (e2) can be define as follow:

Er+l) _ pn)

| < tole (3.5.4)

62:‘

In the calculations, for each Re that convergence to the steady state was achieved
when both e; < tol; and es < tol, was considered. The low value of tol; = 10~7 and
tol, = 1077 was chosen with Re = 100, 400, 1000, 3200, 5000 and 7500 to guarantee
that the current solutions are accurate and with Re = 10000 the tol; = tol, = 107°
was taken. The convergence of v,;,, with iterative process is illustrated in Figure (3.2).
It shows the relation between dimensionless time (77) and the grid sizes. The (7') from

number of iteration can be found as follows

. t*Ulid
-z

T

5 (3.5.5)

t is the number of iterations. From the results, it found that the level of convergence of
Umin With SRT using half-way bounce back boundary conditions at Re = 100 stay the
same for [z, ly = [33,65,129,257,513]. At Re = 400, the convergence has become
flatten after (65 x 65), for Re = 1000 and 3200 the line of convergence stays in the
same level after (129 x 129) and (257 x 257), respectively. A large number of the lattice
grid required to obtain the convergence flat behaviour for high e for Re = 5000, 7500
and 10000. Also, the half-way bounce back that obtained is more convergent than on-
grid bounce back boundary conditions by SRT as shown in Figure (3.2).

On the other hand, the results from MRT with Re = 100,400 and 1000 are found
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that the level of convergence stays the same at all number of the grids. For Re = 3200
and 5000 are convergent at the grids [z, ly = [65,129,257,513], with Re = 7500
is convergent at lz, ly = [129,257,513], and with Re = 10000 is stable at [z, ly =
[257,513] as shown in Figure (3.3).

Furthermore, It was observed that the level of convergences of energy at Re = 100
and 400 stay the same for [z, ly = [33,65, 129,257, 513] with half-way bounce back
boundary in SRT. At Re = 1000 the convergence has approximately become flattened
after (65 x 65) and to see the flatten the convergence for Reynolds number from 3200
to 10000 need a large grid as illustrated in Figure (3.4)). The convergences of the energy
with half-way bounce back more convergence to the steady state than on-grid bounce
back boundary conditions.

In the MRT, the same results obtained with convergences of energy except for Re =
1000 the level of convergence stays the same at the grids lx, ly = [65,129,257,513]
by comparing with SRT as illustrated in Figure (3.5). Therefore, for high Re numbers
the result that are found from MRT is more stable than SRT.

In addition, from these results the number of iterations required for large grids can
be estimated. For example, (¢ = 130000) is required to obtain the steady state of 1,
for Re = 400 with (513 x 513) in the MRT. That corresponds to the dimensionless
time (7" = 25.09551) by using eq.. Since the level of convergence stays the
same at Re = 400 and from eq.(3.5.5) the dimensionless time (T = 25.09551) with
(1025 x 1025) can be guessed. Therefore, the double number of iterations (¢ = 260000)

is required to get the steady state.
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Figure 3.2: Convergence of 1,,,;,, for cavity flow with iterative process.
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Figure 3.4: Convergence of energy for cavity flow with iterative process.
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Figure 3.5: Convergence of energy for SRT and MRT simulation of cavity flow with

iterative process.

3.5.2 Convergence with Grid

103

The energy and stream function for finding the error are used as a function of grid.

For SRT (on-grid and half-way bounce back), Figures (3.6}{3.9) illustrate the errors of
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Ymin and energy become very small when increasing the grids and they have several
order of accuracy. This means that the accuracy of these functions for SRT (on-grid and
half-way bounce back) with Re = 100,400 and 1000 have Ist order at the grids from
(lx = 33) to (lz = 129) and 2nd order at the grids from ({x = 129) to (lz = 257). The
SRT does not convergent at small grids with Re = 3200, 5000, 7500 and 10000. On the
other hand, the errors of v,,;, and energy for MRT that illustrate in Figures
with Re = 100,400, 1000, 3200 and 5000 have 2nd order after the grids (65 x 65) and
less than 2nd order with the grids (65 x 65). In general, It observed that MRT does
not need a large numbers of grids to estimate the accuracy of these functions as SRT

because the MRT more convergence than SRT.
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Figure 3.6: Error of ,,;,, with grid for on-grid and half-way bounce back boundaries.
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Figure 3.7: Error of ¥,;, with grid for SRT and MRT.
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Figure 3.9: Error of energy with grid for SRT and MRT.

3.5.3 Comparison Velocity profiles and Stream functions

The lid driven cavity flow does not have an analytic solution. There are several
studies of cavity flow that proposed by (Bruneau & Jouron 1990), (Botella & Peyret
1998)), (Sahin & Owens|[2003, Deng et al.|[1994) and (Luo et al. 2011, Hou et al.|[1995)
using FDM, a Chebysheyv collocation method, Finite Volume Method (FVM) and LBM,
respectively which are compared their result with Ghia et al.|(1982). So the results that
obtained from SRT and MRT simulations of the cavity will be compared with the nu-
merical results by |(Ghia et al.| (1982) for the velocity component and the streamlines.

The Figures (3.10}3.13) show the velocity profiles along vertical and horizontal
lines passing through the centre of cavity flow at (z = 0.5) with various Re from 100
to 10000 at different grids in SRT (on-grid and half-way bounce back boundary) and
MRT. A comparison of the results for u,-velocity and u,-velocity along these centre
lines are made. The relative errors (RE;), (RE,) and (REs) are referred to for u,-
velocity and wu,-velocity between [Ghia et al. (1982) and SRT (on-grid and half-way
bounce back boundary) as well as MRT for Re = 100, 400, 1000, 3200, 5000, 7500 and
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10000 with (513 x 513) as shown in Tables -[B.2). It observed that the results of

velocities for high Reynolds number with on-grid bounce back are closer to the results

of (Ghia et al.| (1982) than half-way bounce back as shown in Tables (3.3]-[3.4), but the

half-way bounce back is more convergent than on-grid bounce back as illustrated in

Figures (e,f) and (e, f).

Also, the results that are found with velocities of MRT are more convergent at

higher Re than SRT as illustrated in Table - and Figures (3.1213.13)). In gen-

eral, the comparisons of the present work with Ghia et al.(1982) are good. RE;, RE>

and RE3 are defined in which wu,,;, is either u,min velocity or u,min the velocity as

follows
Ghia SRT(on-grid )
Upnin — Umin
RE, = Ry , (3.5.6)
min
Ghia SRT(half-way)
Upin — Umin
RE, = | —Ghia | , (3.5.7)
min
’ Ghia MRT
Uy, s (Ve
min min
RE; = P (3.5.8)
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Table 3.1: Comparison of the results for u,-velocity along vertical centre line of the
cavity between |Ghia et al.| (1982) and SRT (on-grid and half-way) as well

as MRT with Re from 100 to 10000.

Ghia et al.|(1982) SRT (on-grid ) SRT (half-way) MRT
Re
y Uz MIN y Uz MIN y UpMIN y U MIN

100 | 0.4531 | -0.21090 | 0.45313 | -0.19767 | 0.46086 | -0.20516 | 0.45695 | -0.19772
400 | 0.2813 | -0.32726 | 0.28516 | -0.31129 | 0.28278 | -0.32483 | 0.28474 | -0.31137
1000 | 0.1719 | -0.38289 | 0.17578 | -0.37214 | 0.17123 | -0.38972 | 0.17515 | -0.37205
3200 | 0.1016 | -0.41933 | 0.0957 | -0.41869 | 0.09295 | -0.44523 | 0.09491 | -0.41898
5000 | 0.0703 | -0.43643 | 0.07617 | -0.4303 | 0.07339 | -0.46308 | 0.0773 | -0.42949
7500 | 0.0625 | -0.43590 | 0.06055 | -0.43541 | 0.05969 | -0.47467 | 0.06164 | -0.43535
10000 | 0.0547 | -0.42735 | 0.05469 | -0.44404 | 0.05186 | -0.48395 | 0.05382 | -0.43542
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Table 3.2: Comparison of the results for u,-velocity along vertical centre line of the
cavity between |Ghia et al.| (1982) and SRT (on-grid and half-way) as well
as MRT with Re from 100 to 10000.

Ghia et al.|(1982) SRT (on-grid ) SRT (half-way) MRT
Re [— -
X Uy TN X UyMin X Uy AN X Uy TN
100 | 0.8047 -0.24533 0.8125 | -0.23743 | 0.81115 | -0.24297 | 0.81115 | -0.23729
400 | 0.8594 -0.44993 0.86133 | -0.43173 | 0.86204 | -0.44825 | 0.86008 | -0.43192
1000 | 0.9063 -0.51550 0.9082 | -0.50534 | 0.909 | -0.52801 | 0.90705 | -0.50523
3200 | 0.9453 -0.54053 0.94727 | -0.54564 | 0.94814 | -0.5795 | 0.94618 | -0.54600
5000 | 0.9531 -0.55408 0.95703 | -0.55329 | 0.95793 | -0.59462 | 0.95597 | -0.55238
7500 | 0.9609 -0.55216 0.96289 | -0.55375 | 0.9638 | -0.6024 | 0.96184 | -0.55364
10000 | 0.9688 -0.54302 0.9668 | -0.55391 | 0.9697 | -0.60512 | 0.96771 | -0.55124

Table 3.3: Comparison of RE for u,-velocity between |Ghia et al.| (1982) and SRT as
well as MRT with Re from 100 to 10000.

RE of u,-velocity | Re=100 | Re=400 | Re=1000 | Re=3200 | Re=5000 | Re=7500 | Re=10000
RE, 0.0627 | 0.0488 | 0.0281 | 0.00153 | 0.0141 | 0.0011 0.0391
RE, 0.0272 | 0.0074 | 0.01784 | 0.06177 | 0.06106 | 0.0889 | 0.13244
RE; 0.06249 | 0.04855 | 0.02831 | 0.00083 | 0.01581 | 0.00126 | 0.0189
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Table 3.4: Comparison of RE for u,-velocity between Ghia et al. (1982) and SRT as
well as MRT with Re from 100 to 10000.

RE uy-velocity | Re=100 | Re=400 | Re=1000 | Re=3200 | Re=5000 | Re=7500 | Re=10000
RE, 0.03220 | 0.04045 | 0.01971 | 0.0095 | 0.0014 | 0.0029 0.02
RE, 0.00962 | 0.00373 | 0.0247 | 0.0721 | 0.07317 | 0.0919 0.1144
RE; 0.03277 | 0.04001 | 0.01992 | 0.01012 | 0.00307 | 0.00268 | 0.01514

Table 3.5: Comparison of the results for u,-velocity along vertical centre line of the
cavity between (Ghia et al.| (1982) and SRT as well as MRT with Re from
100 to 7500 at lx = 129.

Ghia et al.|(1982) SRT MRT
Re [— -
y Uy MAT, y Uz AN, y Uy MAT,
100 0.4531 -0.21090 0.45276 -0.19811 0.45276 -0.19811
400 0.2813 -0.32726 0.2874 -0.31228 0.2874 -0.31228
1000 0.1719 -0.38289 0.17717 -0.374175 0.17717 -0.374241
3200 0.1016 -0.41933 — — 0.09843 -0.42364
5000 0.0703 -0.43643 — — 0.0748 -0.43281
7500 0.0625 -0.43590 — — 0.06693 -0.44416
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Table 3.6: Comparison of the results for u,-velocity along horizontal centre line of the
cavity between (Ghia et al.| (1982) and SRT as well as MRT with Re from

100 to 7500 at lx = 129.

Ghia et al.|(1982) SRT MRT
Re [— -
X Uy TN X Uy TN X Uy TN
100 0.8047 -0.24533 0.80709 -0.23931 0.80709 -0.23929
400 0.8594 -0.44993 0.8622 -0.43393 0.8622 -0.43391
1000 0.9063 -0.51550 0.90157 -0.50749 0.90157 -0.50756
3200 0.9453 -0.54053 — — 0.94094 -0.55079
5000 0.9531 -0.55408 — — 0.94882 -0.55584
7500 0.9609 -0.55216 — — 0.95669 -0.56253

Table 3.7: Comparison of RE for wu,-velocity between |Ghia et al.|(1982) and SRT as

well as MRT with Re from 100 to 7500 at lx = 129.

RE of u,-velocity Re=100 Re=400 Re=1000 Re=3200 Re=5000 Re=7500
RE, 0.06065 0.04577 0.02276 — — —
RE, 0.06065 0.04577 0.02259 0.01028 0.00830 0.01895

Table 3.8: Comparison of RE for u,-velocity between Ghia et al. (1982) and SRT as

well as MRT with Re from 100 to 7500 at lx = 129.

RE of u,-velocity Re=100 Re=400 Re=1000 Re=3200 Re=5000 Re=7500
RE, 0.02454 0.03556 0.01554 — — —
RE, 0.02462 0.03556 0.01540 0.01898 0.00318 0.18781
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Figure 3.10: Velocity profiles show the u.-velocity distribution along a vertical line
passing through the centre of cavity (x = 0.5) at different Re for bounce
back boundary by SRT are compared with |Ghia et al.[(1982).
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Figure 3.11: Velocity profiles show the w,-velocity distribution along a horizontal line
passing through the centre of cavity (y=0.5) at different Re for bounce

back boundary by SRT are compared with|Ghia et al.[(1982).
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Figure 3.12: Velocity profiles show the u.-velocity distribution along a vertical line
passing through the centre of cavity (z = 0.5) at different Re for MRT

are compared with (Ghia et al.| (1982).
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Figure 3.13: Velocity profiles show the w,-velocity distribution along a vertical line
passing through the centre of cavity (z = 0.5) at different Re for MRT

are compared with Ghia et al{(1982).

72



3.5. RESULTS AND DISCUSSION

In Figure (3.14)), a comparison of the streamline contours for cavity flow between
the present work (SRT and MRT) and|Ghia et al.|(1982) was made with various Reynolds
number from 100 to 10000 at (129 x 129), (257 x 257) and (513 x 513) grids. The stream
function value ¢ for|Ghia et al(1982)) along the contours are listed in Table (3.9). The
range of streamline values are taken from the minimum value -0.11 to the maximum
value 0.01 with the number of contours 12 for Re = 100 at (129 x 129), from the
minimum value -0.12 to the maximum value 0.01 with the number of contours 13 for
Re =400 at (129x129), Re = 400, 1000 and 3200 at (257 x 257) and Re = 5000, 7500
and 10000 at (513 x 513).

It observed that the streamline patterns agree with (Ghia et al. (1982) as shown in
Figure (3.14)), when increasing Reynolds number leads to that the vortex for streamlines
trend toward to the centre and created three vortices at bottom right corner, bottom left
corner and top left corner, respectively.

Also, the result of the simulation at Re = 10000 is created a second small vortex
in the bottom right corner. In addition, the minimum stream function value is predicted
a slightly better with half-way compared than on-grid bounce back boundary in SRT

as well as MRT which shown in Table (3.10)) that have a good match with |Ghia et al.

(1982).
Table 3.9: Streamlines value of |Ghia et al.| (1982).
Contour letter b [¢ d e f g h i j k 1 m
Value of v -1x1077 -1x107° -1x107* -0.01 -0.03 -0.05 -0.07 -0.09 -0.1 -0.11 -0.115 -0.1175
Contour number | 0 1 2 3 4 5 6 7 8 9 10
Value of ¢ Ix107% 1x1077 1x107% 1x107° 5x107° 1x107* 2.5x107* 5x107* 1x107% 1.5x107% 3x107%
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Table 3.10: Comparison of cavity flow of the centre of streamline for Re from 100 to
10000 between |Ghia et al.|(1982) and SRT as well as MRT.

Re

Ghia et al.|(1982)

SRT(on-grid )

SRT(half-way)

MRT

wmin

wmiw

Ymin

Ymin

100

-0.10342

0.6172

0.7344

-0.09594

0.61133

0.73242

-0.0992

0.61328

0.73632

-0.09557

0.61133

0.73242

400

-0.11391

0.5547

0.6055

-0.10823

0.55469

0.60352

-0.11223

0.55273

0.60352

-0.10786

0.55469

0.60563

1000

-0.11793

0.5313

0.5625

-0.11377

0.52930

0.5625

-0.11864

0.52734

0.5625

-0.11332

0.52930

0.5625

3200

-0.12038

0.5165

0.5469

-0.11587

0.51563

0.53711

-0.1220

0.51563

0.53906

-0.11583

0.51563

0.53711

5000

-0.11897

0.5117

0.5352

-0.11686

0.51367

0.53320

-0.12509

0.51172

0.53320

-0.11501

0.51367

0.53320

7500

-0.11998

0.5117

0.5322

-0.11154

0.51172

0.52930

-0.12195

0.50977

0.53125

-0.11113

0.51172

0.52930

10000

-0.11973

0.5117

0.5333

-0.10894

0.56977

0.52539

-0.12029

0.50977

0.52734

-0.10898

0.50977

0.52734
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Ghiaeral. (129x129)  LBM (129%129) Ghiaeral. (129x129) [ BM(129%129)

(a) Re=100 (b) Re=400

N o ‘

Ghiaeral. @57x25T)  LBM (257x257) Ghiaeral. (129x129) | BM (257x257)

(c) Re=400 (d) Re=1000

¥ 5 8§ 8 58 8 & 3

Ghiaeral (129x129)  LBM (257x257) Ghiaeral. 257x25T)  LBM (513x513)

(e) Re=3200 (f) Re=5000

Ghiaeral. @57x25T)  LBM(513x513) Ghiaeral. 257x25T)  LBM (513x513)

(g) Re=7500 (h) Re=10000

Figure 3.14: Streamlines for Re = 100, 400, 1000, 3200, 5000, 7500 and 10000.
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3.6

3.6. SUMMARY

Summary

In this chapter, two cases of relaxation times the SRT (on-grid and half-way) bounce
back boundary conditions and the MRT with on-grid bounce back boundary condition
for LBM were tested to simulate 2D cavity flow. In the computations, the stream func-
tion and energy were used as measures to study the convergence to steady state and
estimate the error for Re from 100 to 10000 at [z, ly = [33, 65, 129, 257, 513] as shown
in Figures (3.2]-[3.9). For these Re, the convergence to steady state was achieved when
both e; < toly and e; < tols. The low value of tol; = tol, = 10~7 was chosen at
Re = 100,400, 1000, 3200, 5000 and 7500 to guarantee the accurate solutions and for
Re = 10000 the tol; = tol, = 10~% was chosen with SRT and MRT. In general, MRT
is more stable than SRT especially with 1),,;, at Re = 1000.

The behaviours of the current simulation has 1st order for small grids and 2nd or-
der for large grids of accuracy in SRT while MRT with Re = 3200 and 5000 has 2nd
order as shown in Figures -[3.9). On the other hand, The comparisons are made
between current numerical results (for the velocity profiles and streamlines) and the
numerical results from Ghia et al.|(1982). In SRT with half-way bounce back is more
convergent than on-grid bounce back as illustrated in cases e and f as shown in Figures
(3.10H3.T1) and they are close to the results of |Ghia et al.| (1982) as illustrated in Fig-
ures (3.10}3.13). From the obtained results, it found that here is not much difference
between SRT and MRT and they are close to the results of (Ghia et al. (1982) for ve-
locity profiles except MRT is more stable than SRT as illustrated in Tables -3.9).
Also, the minima of the stream function using SRT agree slightly better with Ghia et al.
(1982) than MRT. Figure (3.14) and Tables (3.10) shows the streamlines have a good
match with|Ghia et al.| (1982).
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Chapter 4

Multiphase for LBM with high den-
sity ratios

Introduction

Modelling of multiphase fluid flows has been studied and researched with various
LB techniques as reviewed in chapter[I] The multiphase flows LB approach with high
density ratios is presented in this chapter. The model suggested by Banari et al. (2014
will be introduced by defining three particle distribution functions. The interface mov-
ing between fluids is captured by the Cahn-Hilliard (CH) equation which is related to
free energy model as shown in chapter [I A unified LBM approach is used with sep-
arate formulations for the phase field, the pressureless velocity of Navier-Stokes (NS)
equations and the corrected velocity field (found by solving a Poisson equation).

In this chapter, Section [4.2] introduces the phase separation using the order param-
eters with the phase-field model. Section describes the three three particle distri-
bution functions of the two fluid flows that represent the CH equation, pressureless NS
equation and Poisson equation for correction of the velocity. Section illustrates the
algorithm of multiphase LBM with SRT. Section[4.5] The Chapman-Enskog expansion
is presented for Solving multiphase flow. Finally, a summary of this chapter is given in

Section

7
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4.2. PHASE-FIELD MODELS

Phase-field models

The main difficulties of multiphase simulations occur when modelling the interfa-
cial dynamics between various phases. The phase-field models are the best of several
models that represent the diffuse-interface models for multiphase flows. The key con-
cept of the diffuse-interface models is to approximate the sharp-interfaces with non-
zero thickness at the interface which guarantee smooth density, viscosity, and the phys-
ical properties for the multiphase (Fakhari et al. [ 2017).

The features of the phase-field methods constitute an easy technique to implement
for the interface and can be easily applied to three spatial dimensions according to
Jacgmin! (1999). On the contrary, with tracking force models (Tryggvason et al.[|2001)),
it needs the obligation to deal with topological variations, it does not maintain mass
or volume and it demands the use of moving grids which might cause computational
difficulties in tracking interfaces in three dimensions (Jacqmin/ 1999).

In phase-field model, following Banari et al.| (2014)), the total FE function can be
written as a function of the order parameter ¢(() to separate two phases of the fluid and

the ( is refer to the coordinate (Cahn & Hilliard||1958, Penrose & Fife||1990):

F:/ef(d), Vo) dSQ, (4.2.1)
Q

where €2 is the domain occupied by the system and the free energy density (es) for

two-phase an isothermal system proposed by (Cahn & Hilliard (1958) as,
k 2
er =5 |Vol" + 6T(9), 4.2.2)

where g |V ¢|? represents the gradient of FE which defines the surface energy at the
interface region, 5 and & are parameters which depend on the surface tension coefficient

012 and thickness of the interface D , and W(¢) is bulk FE density which has a double-
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4.2. PHASE-FIELD MODELS

well form (Jacqmin/|1999)),

() = (¢ — ¢1)* (¢ — ¢a)*, (4.2.3)

with ¢; and ¢ are constant minima value that refer to fluid A and fluid B, respectively.
The rate of the variation of the FE F with respect of the order parameter ¥ introduces
the chemical potential 14 (Cahn & Hilliard||1958, Jacqmin|1999, Badalassi et al.|2003),

and then ¢ satisfied Euler-Lagrange equation (Penrose & Fife||1990) as follows:

oOF ,
Ho =G5 = BU =KV =48(0 =)0 =) (0= d2) —k V76, (424

(P1 + ¢2)

where ¢y = — The interface profile at the equilibrium state (along the ¢

coordinate) obtained by minimizing /', which means p, = 0, yields

d*¢ dW¥
k d_CQ =7 % , 4.2.5)
by integrating both side with respect to ¢, yields
0P\ 2 B
k <a_g) — 92430, (4.2.6)
which can be solved for ¢ as
_(d1+2) | (91— d2) 2¢
o(¢) = 5 5 tanh <W) : (4.2.7)

where
4 k
W=— /|- 4.2.8
G-\ 28 (4:28)
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4.2. PHASE-FIELD MODELS

is the thickness of the interface (Rowlinson & Widom!|1982, Jacqmin//1999, |Badalassi

et al.[[2003) and they estimated the surface tension coefficient in a plane interface as,

010 = k /OO (%?)2654' 4.2.9)

By integrating eq. (4.2.9) for ¢ with respect to (:

019 = % (¢1 ;/¢2)2 — (¢1 _6¢2>3 /2 kﬁ (4210)

The diffusive interface motion can be represented by solving the CH equation as fol-

lowing the strategy of Jacqmin| (1999), Banari et al.| (2014)

WV (6w = MV, (211

where M is a diffusion parameter named as mobility coefficient. The advection and dif-
fusion of the interface movement appear in the left and right hand side of eq.(.2.T1),

respectively. The /3 and k parameters can be computed from eqs. (4.2.8) and (4.2.10)

which are determined by the interface thickness W and the coefficient of surface ten-
sion (012) (Banari et al.|[2014). Three parameters were introduced to determine /" and
012 which is one considerable difference with respect to Inamuro et al.’s approach (In-
amuro et al.[|[2004). Furthermore, the CH equation in their model included the pressure
tensor P, g term which is different than that suggested from (Banari et al.[2014). In the
next section, the probability distribution functions with multiphase LBM in SRT will

be presented to recover the CH equation.
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4.3. TWO PHASE LBM

Two phase LBM

In this section, the two phase LBM with SRT collision step will be introduced for
three different probability distribution functions according to Banari et al. (2014) and

then extending that to MRT collision step and using in chapters (7] - [8).

4.3.1 LBM for phase separation by Cahn-Hilliard equation

In order to solve the CH equation in eq.(4.2.11)), the probability distribution func-
tions (f;(x,t)) is proposed for phase parameter (¢) according to the classical LBM
approach as follows (Swift et al. | 1996, [namuro et al.| 2004, Fakhari & Rahimian 2010}
Banari et al.[|2014).

fix+ At t+ At) — fi(x,t) = _? (fi(x, t) — f}“” (x, t)> , 4.3.1)
f

where 7y = 74 /At is the dimensionless relaxation time and the equilibrium distribution

functions ( f{°?) can be written as

£ = Hig+ v,

. ; 2 2
(ciaw) | (caw)®  w } (43.2)

u¢+¢wz{ c? 2cd _2_03

M
Tf—lAt S

2

where ¢;, is the velocity with index o = (z,y) = (1,2), the weight function (w;) is

defined in eq.(2.2.27) and

for 1 =0,
v = (4.3.3)

3w; S
g, fori=1,2,.--,8,
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4.3. TWO PHASE LBM

with

1, for i =0,
H, = (4.3.4)

0, for:=1,2,3,---,8,

are weight functions defined according to (Switt et al.|1996, |Inamuro et al.|2004} Banari
et al|2014). The zero, first and second order moments of f; for the Phase-field models

can be written as

Y fi=0, (4.3.5)
> Ciafi = G, (4.3.6)
M
> cCiacipfi = TIA; My Gap + dptiq ug . (4.3.7)
; 2

1

The density p can be computed as function for ¢ values according to cut-off at the

interface as defined below by Inamuro et al.| (2004):

4

P2; ¢ < P2
p(qﬁ) = (Pl;pz) Sin(i—_ﬁgﬁ) +1|, o< od< P (4.3.8)
plu (b > (Z)l?

\
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4.3. TWO PHASE LBM

or use the linear interpolation to differ smoothly across the interface as pointed out from

Banari et al.| (2014):

P2, QS < ¢2
p(¢) = —(((flj;i)) (pr = p2) +p2, P2 << (4.3.9)
P1, ¢ 2 le,

where p; and p, are represent the densities of the two phase.
Same technique is used to compute the kinematic viscosity as a function of density,
hence in the current multiphase LB study the dynamic viscosity or vice versa is deter-

mined as

(or = o) (1 —12) + 10 and p(p) = p(¢) v(p). (4.3.10)

4.3.2 LBM for Pressure-less Navier-Stokes equation

Nadiga & Zaleski (1995) pointed out that the mass and momentum conservation
equations for ideal gases such as the Navier—Stokes equations with absence of force

terms can be written as

dp  Opug

“F — 4.3.11
Oug Oug 80{%)

p{ 5 +uﬁaxﬁ} = s (4.3.12)

where p is a function of ¢ in two phase model and U((;jg) is the stress of ideal-gas (Lee

& Lin/20035))

(4.3.13)
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4.3. TWO PHASE LBM

where the first term is the thermodynamic pressure and the second term is the viscous

visc

stress tensor o,/5° which includes the dynamic viscosity p of the two fluid system.

In this model, the essential concept is represented by adding the force term to the
NS equation which is obtained thermodynamically from the CH equation free energy
(Nadiga & Zaleski||19935). That means the eq. changes to non-ideal form after

adding the surface tension force

p{%‘“ n Ugg—ZZ} _ %t;ﬂ , (4.3.14)
where 0,4 contains three terms (Lee & Lin|2005)
Oap=—Plap+ 005 + 035, (4.3.15)
and with the gradient of the order parameter of agfﬁ takes the form
(G2 o Ty (2 ),

Lee & Lin (2005) developed the pressure P effect by adding new terms P"“" to pre-
serve the equipoise between the pressure and the ijﬁ term which leads to improve the
stability of the numerical computations (Banari et al.[2014) as

1 9¢ a¢_¢a2¢

2 0% O, Ty Ty

P,y = ooy + < >5a5, (4.3.17)

by substitution of eq.(4.3.17) in eq.(4.3.15)), the new form of o, 3 is obtained (Banari
et al.[2014)

Oug, 8u5)+k{8¢%5 09 09

aB — _Pnew(ga ( a3 aff —
Taf s H Org Oz, Oz, Ox., P B, O0zg

}, (4.3.18)
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which can deal with large force of surface tension and also obtain smooth differ at
interfaces for two fluid flows.

The mass and momentum in eqs. (#.3.11)) and (#.3.14) with the simplest form of
the force term (B; = w;cio B, /c?) as suggested by (He et al.||[1997, Buick & Greated

2000) can be recovered from the particle distribution function (g;(x,t)) as

gi(Xx + At t + At) — gi(x,t) = _g(gi(xa t) — g(eQ) (x,t)) + At B, (4.3.19)

i
Tg

where 7, = 7,/At is the dimensionless relaxation time. Banari et al.[(2014) claimed

that the classical LBM for the multiphase model is limited to low density ratios. The
(eq)

equilibrium distribution function (g,”"’), can be defined as

Cia-U Cia-U g U2 k
gD =, [1+( 5 ) ( 204) — @} + w; k Gaptintip —ui§|v¢|2, (4.3.20)
where
9 [ 0¢ 09 9 (00 09
Gog=— | ———=— ) — — | === 8us, 4321
P oa <6$a 83:5) 4ct (83:7 oz, g ( )

is the same formula presented by Swift et al.|(1996), Inamuro et al.| (2004) and |Banari

et al. (2014)) that can be written as

G=— , (4.3.22)

where
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The particle distribution function (g;(x, t)) should satisfy the following constraints:

> g =p, (4.3.23)
Z cng(SQ) = PUq , (4.3.24)

o ea) _ 99 99 2, 09 09
;czaczggi puau[g+k(axaax6 + | pc; k@xw&tfy 0ap, (4.3.25)

In order to improve the multiphase LB simulations for high density ratios, the bulk

density is removed from eqs. (4.3.23), (4¢.3.23) and (@.3.23) as suggested by [namuro

et al| (2004) and based on |Banari et al.| (2014) model. This leads to absence of the
gradient of the pressure which known as pressureless NS equations. The equilibrium

distribution function proposed by Banari et al.| (2014) is

ca) _ (Ciat*)  (cigu*)?  u*?

i T 2 4 9.2
cs 2ct 2cs

2 ko
+ w;— Ga CiaCig — Vj— V¢ , (4326)
5 GagtiaCis = Uig Vol

(eq)

The new constraints for the zero, first and second order moments of (¢g;""’) with absence

the pressure can be define as

Y g =0, 4.3.27)
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> Ciagi? =, (4.3.28)

e k (0¢p O0¢ k ([ 0¢p O0¢
E (ST (i RN (et 430
- Cia Ci 9i Ha g P (axa 83:5) p (61’7 0z dag (4.3.29)

where v, refers to the pressureless velocity. In general, the pressure value in classi-
cal LBM is computed from zero order moment of ¢\ in and because this
constraint is changed in the improved multiphase LBM models leads to the absence of
density in 1) The second order moment of gfe‘n in eqs. is different than
Banari et al.[(2014) equation which is without ¢? as shown by details in the appendix

Chapman & Cowling| (1970) proposed the Chapman-Enskog expansion for LBE to
recover the NS equation. This expansion is used for LBE with a suitable equilibrium

distribution function as defined in eq.(4.3.19) and eqs.(4.3.26), respectively. So the

resulting (pressureless) equation can be written as

ou* @u;_k8{<6¢ 8¢>5aﬁ_(8¢%)}

5 "oz, pox; \ow ox, O, 0z

* ou* * ou* N
v R el Cob

From the definition of pressureless surface tension (o7, 5), yields

*  Out
o= (o) o N GG o)) @aa

According to Banari et al. (2014), the previous equation and eq.(4.3.19) with the sim-
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ple body force (B,) which was defined from (Buick & Greated| 2000) the LBM for

multiphase for the pressureless velocity takes the follow form,

At e
gi(X + GO+ AF) — gi(x, 1) = ——(:(x.t) — 9" (%,1)
g

3 BOt VISC,* 8 1
+ S cia At {7 0 (-) } 4.3.32)

p
where
VisCH a _ 0k 4.3
Tap #<8ajg * 83:0) ’ (4.3.33)

is viscous stress tensor with u* and body force B, = p g, .

4.3.3 Correction of velocity field based on a Poisson equation.

As in [Inamuro et al.| (2004), |Banari et al. (2014) presented the diffusive Poisson
equation to correct the pressureless velocity u* which is computed from first order mo-
ment of g;(x,t) at each time step in the pressureless NS eq.. For fully solving
the NS equation, a new particle distribution function h;(x,t) is presented to calculate
the pressure term and obtain the proper velocity field u by adding (Au) term to pres-
sureless velocity u* (Banari et al.|2014). The Poisson equation according to (Inamuro

et al.|2004)) defined as,

AtVp
p

V. ( )=V.au*, (4.3.34)

which is recovered from pressureless velocity u* in order to satisfy the continuity equa-

tion

V.iu=0. (4.3.35)
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The pressure term in the Poisson eq.(#.3.34) equivalents to the correction part of

the pressureless velocity u* as

At
Auz _2UVP (4.3.36)
0
and
u=u"+ Au. (4.3.37)

Many different method are available for discretization of the Poisson equation such
as Finite Element and Finite Difference Methods (Golberg |1995). Here in the current
study follow Banari et al. (2014}, who solved the equation by using LBM. So the third
particle distribution function h;(x, t) presented for Poisson equation as

At
Th

U (X + AL+ AF) — B(x, 1) = — (hg(x, £) — Bl (x, t))

— Atw; (V.u*(t)), (4.3.38)
with suitable equilibrium distribution function

plern) — o, P, (4.3.39)
poc

where n refer to the iteration which obtain the stable solution, p, the reference density

and

2
wes (), 420

2 pc
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4.4. THE ALGORITHM OF MULTIPHASE LBM

is the relaxation time. According to Banari et al. (2014)) definition of LBM parameters
for the length scale ()\,) and mass scale (\,,) with of g = p A2 /)., and gy = po A2/ A\
It observed that in the current study different form of the dimensionless relation time

T, = T,/ At than Banari et al.| (2014) form which define as
1 poc® 1 3p

. — -4 2R 4.3.41

where pg is the reference density, the non-dimensional form of py which is (py) equal
to 1 for simplicity.
The zero order moments of the particle distribution function hg") is used to compute

the pressure as defined below

n+1
Sonn =t (4.3.42)
p Poc

where py = 1 (in lattice unit), 5y = p1/po and pgo = pa/po. The iterative process is used
until stable computation is achieved. Then use the accurate value of pressure which

leads to the obtain the pressure gradient and correct the velocity.

The Algorithm of Multiphase LBM

The algorithm of multiphase LBM with high density ratio is illustrated in Figure
(@.1). In general, the definitions and scale the parameters is used in each simulation
according the domain and geometry. After the boundary of the fluid flow is known, the
particle distribution functions f;(x,t), g;(x,t) and h’(x, t) at the boundary is specified
such as bounce back or a periodic boundary condition. The boundary with respect to

hi(x,t) that represented by a correction of velocity with pressure Poisson equation and
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according to NS equation, as supposed from Banari et al. (2014), can be defined as

9p _ —pg+u<82uy N (92uy> |

3 5 T I (4.4.1)

the Taylor expansion for FDM used to define the pressure at the top boundary (z = x,,),

as follow

Op(Tn, Yn, t) A

By T = p(Zn, Yn, t) — p(Tn, yn — Az, ), (4.4.2)

which is simplified from eq.(.4.1)) to

2 2
Ouy | 0 “y) . (4.4.3)

P(&n; Y 1) = D(@n, Yo — A, 1) = pg + “( 0x2 Oy’

Thus the unknown h;(X,, t) can be computed from their equilibrium distribution func-

tion 1{*? (x,,, t) as

hi(Xn, t) = Wi (p(x,,, 1)) . (4.4.4)

When initialize all values such as time, phases, densities, radius, domain, length,
velocity, viscosity and etc. From the zero order moment of distribution function f;(x, t),
the phases that represented by the order parameter is computed from eq.(.3.5). By
defining the order parameter, the densities of the fluid can be computed smoothly across
interface according to the linear interpolation of the order parameters in eq.(.3.8) or
#3.9).

In the meantime from the first order moment of the equilibrium distribution function
9;"(x,t), the pressureless velocity (u*) is computed according to eq.(4.3.28). In order

to correct this velocity (u*), the third particle distribution function is defined h;(x, t) for
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pressure Poisson equation which is the pressure computed from (#.3.42) by an iterative

process as

(n+1) _ ()
‘3———3— < tol, (4.4.5)

where the tolerance tol = 107°.
The central finite difference approximations of first and second order are used ac-

cording to |Lee & Lin/ (2005) and Banari et al. (2014) to calculate the first and sec-

ond derivatives with respect to space (z,) for eqgs.(4.2.4), (4.3.21)), (4.3.26)), (4.3.32),
(4.3.33) and (@.3.36)), as shown below

do O(x + ¢;At) — p(x — ¢;At)
a—xa == ;wl i 202 At s (446)
and
20 = d(x+ AL — 26(x) + d(x — ¢ Al)
w = Zwi 2 AL2 y (447)
o i=0 S

where « refer to 1, 2 -coordinate (in the x or y-directions) in the Dy()g lattice model
and these derivatives can be used for any related variables. For more details for the

computation see appendix [C]
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Definition and the

scale variables.

Y

count=0

y

Initialize all val-

ues and variables

write output

and stop

Yes

Y

{count:countﬂ

Print mod(count,dt-

time step print)=0

Compute:

1) f; for the next time step from eq.(@.3.2).
2) g; for the next time step from eq.(4.3.32).
3) ¢=>_.f:

4) ¢ derivs:

¢ 0 0%°¢ 08%¢ 0%¢ 82¢>+32¢ ’V¢|2
Oz’ Oy’ 0zdy’ dx2’ dy2’ dx2 ' Oy2? :

5) u*ul =>".Cia Gi-

6) p,v and u from eqs.(.3.9) and (@.3.10).

* oo Ouz Qu 3“5 8u§ 9p 9p
7) p and u* derivs: 5=, Dy Dx 0 Dy 0 Du0 Dy

8) h and u from eqs.(4.3.38) and (4.3.34)

according to the iterative process as is defined

“lin eqs.(@.4.9)

Figure 4.1: The Algorithm for Multiphase LBM.
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4.5 Chapman-Enskog Expansion for Solving Multiphase Flow

4.5.1 Chapman-Enskog expansion for recovery pressure-less Navier-Stokes

equations

In this section, It observed that the LBGK equation

At
Gi(X+ GALE+ AL — gi(x, 1) = ——(gi(x, ) — ¢\“V(x,1)) + At B;, (4.5.1)

g

with the equilibrium distribution function of Dy(Q)g

(eq) . |: (Cia-u*) (Cia-u*)Q u*2

k k 5
- i~ GlapCinCis — vis— |V, (452
2 2c4 20?] T p pliatip — 1 2p Vo, )

leads to the macroscopic (pressureless) Navier-Stokes equations

ou?, S duy, _k 0 0¢p 0¢ 5o 09 09 N 0 [p(Oug +3u}§
O B 0xs  p 0xp \\ Oz, O, 0\ Oz Oxg Oxg |p \ Oz Oz,
ouf, Ouz\ 9 1 B,
- a 42 45,
”(axﬂaxa) drsp P (>3
where

Py (s LA (4.5.4)
D S g 2

Full details are given in appendix |B.1
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4.5.2 Chapman-Enskog expansion for satisfying the Cahn-Hilliard equa-

tion

Here the LBGK equation

S n - 1), (45.5)
f

with the equilibrium distribution function of D5 Qg

fi(eq) =H; ¢+

(CiaW) | (Cian)? u2]7 (4.5.6)

2 4 9.2
cs 2c; 2cz

M
LY i
o Iag et ow [

2

recovers the diffusive interface motion modeled by the Cahn-Hilliard (CH) equation,

? +V .(pu) = MV*M,, (4.5.7)
t

where M diffusive is the coefficient ( Mobility) and
My=pY —kV2¢, (4.5.8)

is the chemical potential, where [ and k are parameters which depend on the surface
tension coefficient oy 5 and thickness of the interface D, W is related to bulk FE density

and V ¢ is the energy gradient. Full details are given in appendix [B.2,
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4.5.3 Chapman-Enskog expansion for solving pressure Poisson equa-

tion

The Chapman-Enskog expansion is applied to the LB equation for solving pressure

Poisson equation

At
WU (X + AL T+ AL) — R (x, 1) = —— < hr(x,t) — h{*™ (x, 1) )

Th

— Atw; (Vur(t)), (4.5.9)

where n is n — th iteration for the pressure, with the equilibrium distribution function

of the D5 (Qg lattice model

n(x, t
peam) g, pp(Xc,2 ) | (4.5.10)
where
1 p,c?
At <§+f;;>‘ (4.5.11)
This leads to
At
v ( pr> vV (4.5.12)

the Poisson equation. For more details see appendix
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4.6. SUMMARY

Summary

In this chapter, a single relaxation time multiphase LBM model was introduced.
Following the Banari et al.| (2014) model, the motion of the interface between fluids
is modelled by solving the Cahn-Hilliard equation based on free energy density with
LBM. Incompressibility of the velocity fields in each phase is imposed by using a pres-
sure correction scheme. A unified LBM approach is used with separate formulations for
the phase field, the pressure-less Navier-Stokes (NS) equations and the pressure Pois-
son equation required for correction of the velocity field. Also, the implementation of
the algorithm for multiphase in SRT LBM is illustrated. Finally, the Chapman-Enskog

expansion for solving multiphase LBM is derived.
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5.2

Chapter 5

Verifications of Multiphase LBM

Introduction

In order to improve the multiphase LB approach proposed by Banari et al.|(2014) is
extended from SRT to the MRT. This development improves the stability of the com-
putations with high Re. In this chapter, it should be apply the simulations that is used
in the literature with SRT such as two fluid Poiseuille flow, static and a rising bubble
flows in order to investigate the codes of the current work for multiphase LBM.

This chapter consists of the following sections. Sections [5.2]-[5.3]include the ana-
lytic solution and the convergence of implementations of two fluid Poiseuille flow with
different lattice grids. Section [5.4] investigates the pressure jump by the Laplace law
for two static initial square and circular droplets. Section [5.5|presents the study of non-
dimensional velocity profile for the terminal shapes of the rising bubble. Finally, the

summary of this chapter is given in Section[5.6]

Implementations

In the simulations, the lattice variables are given as: A = Af = ¢ = 1. For
the stability of LB simulations require that the non-dimensional relaxation time (7,)
to satisfy 0.5 < 7, < 1 for solving Navier-Stokes equation (Yu et al.|[2003). The

non-dimensional relaxation time (7¢) is recovered from a Cahn-Hilliard equation by
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satisfying 74 = 1 (Inamuro et al.|2004, Banari et al.|2014). The order parameters are

chosentobe ¢; = 0.4, o = 0.1 or ¢; = 1, ¢ = 0 with the interface thickness W =4

0.02

and for more stable simulations the mobility is chosen to be M = =5

according to
Banari et al. (2014). Using the interface thickness (1) and the coefficient of surface

tension (o7 2), the parameters of interface k and 6 can be defined as follow

, 6
b= 01;2) (5.2.1)
and
B = (gbji—ljbg)‘l (5.2.2)
where
12 = — o, with k= . with 8 = b (5.2.3)
po c2 Ax po ¢ Ax? po €2

The non-dimensional relaxation time (7;,) satisfying Poisson equation as suggested
by |Grunau et al.| (1993), |Banari et al. (2014)) should be defined as
0.5 < 7, < 1 where 7, = 75,/ At in eq.(.3.38)). This leads to determine the minimum

density values (6 < gy or fa).

Two fluid Poiseuille flow

5.3.1 Analytic solution of Two fluid Poiseuille flow

The Poiseuille flow consists of two immiscible fluid between two horizontally par-

allel plates with the angle («) is equal to 7 as illustrated in Figure (5.1). The flow has
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5.3. TWO FLUID POISEUILLE FLOW

different phase (¢;), dynamic viscosities (p;), velocities(u;) and densities (p;) where
1 = 1, 2. The surface tension is taken to be zero. The two fluids are driven by a body

force (p g) in the z—direction (Zu & He|2013, Huang et al.[2015).

y=h2 A N
y ¢2’p27!"l‘2
y=0 L__,x .......................................................................
\ Interface
/ ¢15P1=H1
y=—h N

Figure 5.1: The two fluid flow configuration for Poiseuille flow between two parallel
plates.

An analytical solution for Poiseuille flow is considered as a perfect technique to
investigate the high density ratio (p;/p2) and high kinematic viscosity ratio (v /vs).

The fully developed of the velocity of Poiseuille flow, so the NS equations can be

written as
d*u
— = 5.3.1
W P9, (5.3.1)
SO
G
u(y) = 2 Y +By+C, (5.3.2)
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5.3. TWO FLUID POISEUILLE FLOW

the velocity components in the two fluid flow, reads

uy(y) = _Zp—;jlg v+ Biy+Cy, (5.3.3)
and
U (y) = _Qp—/jjyz + Boy + Cs. (5.3.4)

Applying the boundary conditions at the interface the constant values By, Bs, ('} and
(5 can be evaluated. At the upper and lower boundaries, the no-slip condition is used

(u1(—h1) = uz(hy) = 0) where h; and h, are the depths of the two fluid Poiseuille flow.

The continuity of fluid velocity (u1(0) = wu9(0)) and stresses (1 d“dl—;o) = U2 d“;—ggo))

have to be satisfied at the interface of two the fluid. From the continuity of fluid velocity,

C7 = C5 and from the continuity of fluid stresses, the By = H By is obtained. By
2

applying the upper and lower no- slip boundary conditions, yields

ur(—hy) = _2’2 2~ Bih+Cy =0, (5.3.5)
1
and
us(he) = ;”:g B2+ 571 Bihy+Cy=0. (5.3.6)
2 2

From the eqs. (5.3.5)) and (5.3.6)), yield

B =Y (“2P1h%_ﬂlp2h3)_ and B, = =9 (112 o1 WY — 1 p2 h3)

2 1 (hapa 4 ha ) 2 o (hapa + hopa)
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5.3. TWO FLUID POISEUILLE FLOW

By substituting By and B in eqs. (5.3.5) and (5.3.6):

(M2 p1 1T — 1 py h%)
p1 (ha po + ho pia)

—p19

ul(_hl) B 2 p

ﬁ+g hi+Ci =0, (5.3.7)

and

—pP29 2_g(ﬂ2p1h%_ﬂlp2hg)
20y 02 ,Uz(hl,uz‘i‘hz,ul)

The egs. (5.3.7) and (5.3.8) can be simplified to,

—<%+Z—z) Clz%g(plhl_FthQ)a

then,

(Pl hi + p2 h2) hi ho
(hl pa + ho lh)

qz@:g

By substituting By, Bs, C; and C5 into egs. (5.3.3) and (5.3.4)), the velocities of two

phases is obtained as

() =2 _p%ﬁ__OQplh%_lHPZh@Z/ (p1h1 + paha) by hy
1 2| pin (ha pia + ha 1) (hy pia + ho 1)

],(wm

and

gl —p2 o (Mz prh3 — 111 po h%) (Pl hi + po h2) hy ho
Uz(y)—§ -

) 5.3.10
M2 25) (hl 2 + ho Ml) Y (hl p2 + ho Ml) ] ( )
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5.3.2 The Convergence results of Poiseuille flow with grid in a two fluid

system

In this study, the convergence of LB simulations with the grids will be investi-
gated for different cases of density and viscosity ratios. The number of grid cells
in the horizontal x-direction is [x = 2 and the vertical y-direction is ly = 2 h =
16, 32, 64, 128, 256 and 512, where h is the depth of the flow and equals to 1. In the
simulation, the order parameters ¢; = 1, ¢ = 0 is used with no slip bounce back
boundary condition at the top and bottom boundaries and periodic at the left and right
side walls. The interface parameters k= 0.01 and 5 = 0.02 are defined as in Banari
et al. (2014). The convergent of LB simulation is considered as a function of [y which

performs by fixing

Scael
Re = 24 100 or 1000,

4t
where v, is kinematic viscosity of fluid 1 with constant

U7 scale

Ma =

= 0.01 or 0.005,

Cs

where ) a1 18 the scale velocity of fluid 1.

In the equilibrium state, the two phases is setted from the order parameters and the
density of the fluid 2 (/>) and density ratio (p.o) are specified, respectively. According
to the value of low density g, which is 6 as mentioned in section the value of
high density p; is determined with given the proper density ratio from p; = p2 pratio-
For a constant Ma value, the u; e can be found as 0.005774 or 0.002887. In the

computations, the ratios of p and v are defined as fiai0 = i1/ o and Viyio = V1 /1,
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respectively. By fixing Re, p; is determined as

;o P1 U1 scale ly

5.3.11
H1 Re ( )
From the value of 1, the s can be read as follows:
[y = P2 (5.3.12)
Vratio P1
The initial values of v/ and 1/, are given by i1 /g1 and (is/ fa, respectively.
Velocity profiles u;(y) and us(y) in egs. (5.3.9|and[5.3.10) correspond to:
ui(y) = a1+ by +ey’, (5.3.13)
and
’ng(y) = as + b2 Yy + Co y2 . (5314)

In order to find the maximum velocity value (., ) for fluid 1 or 2:

d d
ﬂ:191+201:g=() and —uzzbz+2023/=07
dy dy

which gives either

—b

y= 201

or y—262,

by substituting y-values in eqs. (5.3.13)) and (5.3.14), yields

b
UL maz = A1 — 4 ) and U2 max = A2 —
€1

b3
4c%°
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5.3. TWO FLUID POISEUILLE FLOW

Then the coefficient values of %y e, and us mqe. can be defined by eqs. (5.3.9) and

(E310) as

I + pa o) by B E h — 2 b3 -
a1=g<p1 1+ P2 2) 1 2,b1: 9(M2P1 1~ MH1pP2 2>’01: gp1’ (5.3.15)
2(h1,u2+h2ﬁ01) 2 (h1“2+h2ﬂl) 2
and
hy -+ po h) by b - h? — h3 -
a2:g(pl 1+ p2ha) by 2}, = g (papr bt —pphl)  —gps (5.3.16)

2(h1,u2+h2/l1) 2#2(h1/l2+h2m) 2= 2 pto

Therefore, the values of u; 4, and ug 4, after substitution the coefficient values

can be read as

h hs) by h h2 — h2)?
Ul,mang(pl 1+ p2 2) 1he (,MQPl 1— M1 p2 2) (5.3.17)

2 (hl H2 + h/2 Nl) 4p% (h1 125 + hg [1,1)2 7

and

hi+ paha) by b h? — 1y py h3)?
u?,maa::g(pl 17T P2 2) 1he (M2P1 1 H1p2 2) ' (5.3.18)

2 (h1 Mo + ho ,Ul) 4p% (h1 M2+h2 #1)2

There are two cases to normalize the maximum velocity ,,,, for fluid 1 or fluid 2,

from the relation if y15 py h3 > py po h3 which

2 (ha pio + ha ) (12 pr B3 — pa po h§)2
g= 3 ., (5.3.19)
(pl hi 4+ po hz) hihy  2p7 (hl fo + ho M1) (Pl hi + p2 h2) hy hgy
else, It can be obtained that
2 (ha pa + ho 1) (12 pr B3 — 1 p2 13)” (5.3.20)

9= (Pl hi 4+ po h2) hihy  2p3 (hl o + ho M1) (Pl hi + p2 hz) hihy

In order to scale the parameters in the simulations of the current study, the length

scale (\;) is computed as \; = ly/(hy + hy), where hy = h; = 1. From the veloc-
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ity scale ugcae, (¢ and v scales are calculated as fiscale = Uscale Ai AN Vgeale = Uscale Al

2

respectively. So g is scaled according tO gscale = Uieye

/A, and the force is driven in
the x-axis. Normalizing g requires to divide by maximum velocity value u; ,,q, Of the
two fluid in the system. Similarly, the numerical and the analytical (exact) velocity are
normalized by division by the u; ,q, value.

In this study, the simulations of Poiseuille flow with various density and viscosity
ratios is checked and then the convergence with different grids tested. Figure (5.2),
shows the simulation of the two fluid flow with Ma = 0.005 for Re = 100 and 1000 at
p1/p2 = 1 and v /U, = 0.1. The numerical velocity profile is convergent to the exact
solution by increasing the grid number. It can be observed that the steady state solution
for the non dimensional parabolic velocity profiles with gy /gy = 100 and v/ /vy = 1
for Re = 100 and 1000 as illustrated in Figure . By changing the g} /4> = 1000
and v, /U, = 1/15 which represents the air and water phases shows the accurate LB
result by increasing the grid resolutions in Figure (5.4). Furthermore, the Ma fixed by
choosing 0.01 with Re = 100 for g, /go = 100 and v/ /v, = 1/10 as shown in Figure
B.5).

In addition, a comparison between the exact solution and the numerical solution for

the velocity profiles is given by the Ls-norm error

2
L2 _ Zz Zj (uLBM(m,y) - uea:act(xay)) , (5321)

Zi Zj ue:pact(x7 y)2
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T T T
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Figure 5.2: Non dimensional velocity profiles of two fluid Poiseuille flow, for Ma =
0.005, p1/p2 = 1 and 1/ /5 = 0.1 with various lattice grids ly.
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Uy

Uy

1.2 ‘ 1.2 F T =
Analytical = Analytical
1 O  Re=100 o 1 8 geziggo
[ Re=1000 O 1 [ €= Q 1
O Re 8 Q5
8
0.8 |- n 0.8 |- n
8
0.6 |- 4 F o6 .
e
0.4 |- n 0.4 |- n
0.2 |- n 0.2 |- n
o | | | .} o | | | Y
-1 —0.5 0 0.5 1 -1 —0.5 0 0.5 1
y/h y/h
(a) ly=16 (b) ly = 32
1.2 1 - 1.2 1 -
Analytical Analytical
O  Re=100 O  Re=100
1L O Re=sl000 N 1L O Re=sl000 B
0.8 |- n 0.8 |- n
0.6 |- 4 3 o6l .
0.4 |- n 0.4 |- n
0.2 |- n 0.2 |- N
o0& | | | Y 0{_/ | | | \5
-1 —0.5 0 0.5 1 -1 —0.5 0 0.5 1
y/h y/h
(c)ly = 64 (d)ly =128
1.2 1 - 1.2 1 -
Analytical Analytical
O Re=i00 O  Re=i00
O  Re=1000 1L O Re=sl000

0.8 0.8
0.6 < 06
0.4 0.4
0.2 0.2
-1 —0.5 0 0.5 1 7 —0.5 0 0.5 1
y/h y/h
(e) ly = 256 (f) ly = 512

Figure 5.3: Non dimensional velocity profiles in two fluid Poiseuille flow, for Ma =
0.005, g1 /g2 = 100 and v/, /v, = 1 with various lattice grids ly.
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Figure 5.4: Non dimensional velocity profiles in two fluid Poiseuille flow, for Ma =
0.005, p1/p2 = 1000 and v/; /v, = 1/15 with various lattice grids ly.
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Figure 5.5: Non dimensional velocity profiles in two fluid Poiseuille flow, for Ma =
0.01, p1/p2 = 100 and vy /v = 0.1 with various lattice grids ly.
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The Lo-norm error of Figures (5.2}{5.5) for various number of grid sizes are illustrate
in Figures (5.6]-[5.9), respectively. From the results of L,-norm error test are found that
all are convergent with accurate resolutions have first order error except the case of
p1/p2 = 100 and v/ /s = 1 for Re = 100 and 1000 has second order accuracy because
the kinematic viscosity ratio for each phase has the same value as shown in Figure (5.7).
It has the same behaviour of the error with single phase component as obtain from using

bounce back boundary. It also found that the flow is not affected with changing the Re.

1071 F T T =
I —8— Re=100 i
I —6— Re=1000 1
I - - - Istorder h
L RN e 2nd order h
S
E .
E 1072 - .
— [ B
o N i
s; | i
N I N
~
1073 | B
r ‘ ‘ ]

| | | | | | |
101.2 101.4 101.6 101.8 102 102.2 102.4 102.6 102.8
Grid (y)

Figure 5.6: Lo-norm error with grid (ly) between Analytical and LBM result for the
two fluid Poiseuille flow when Ma = 0.005, density ratio 1 and kinematic
ratio 0.1.

111



5.3. TWO FLUID POISEUILLE FLOW

Lo-norm error

Figure 5.7:

Lo-norm error

Figure 5.8:
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Ls-norm error with grid (ly) between Analytical and LBM result for the
two fluid Poiseuille flow when Ma = 0.005, density ratio 100 and kine-
matic ratio 1.
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Ls-norm error with grid (ly) between Analytical and LBM result for the
two fluid Poiseuille flow when Ma = 0.005, density ratio 1000 and kine-
matic ratio 0.0667.
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— T T 7 T T T |
i —=— Re=100 )
| - - - lIstorder
l T~ 2nd order |

107~y i

. I 'u:‘\\ ]

o I . \\ ~ 7

= | ) |

E i i

e . |

= . o~

o "'~ \\\

g 10_2 - ) E

™ [ N ]

& : |

1073 | E
P [ ]
101 102
Grid (Iy)

Figure 5.9: La-norm error with grid (ly) between Analytical and LBM result for the
two fluid Poiseuille flow when Ma = 0.01, density ratio 100 and kine-
matic ratio 0.1.

In addition, from the result that is obtained in Figure had first order accuracy as
is noted in work of Banari et al.|(2014)). In general, It observed that the results from the
current study had excellent comparisons with the analytic solutions at different density

and viscosity ratios.

Static bubble

As a further test of the code of the current study for the multiphase LB approach, the
verification for Laplace’s law is performed. It is represented by the pressure difference
or the pressure jump (A P) between the outside and the inside of the static bubble (see
Figure (5.10)). It can be observed that the high density is sited in outside the bubble

and low density is lied inside the bubble. The pressure jump (A P) for a two dimension
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circular bubble with radius R is given by:

(5.4.1)

where o1 5 is the surface tension coefficient. The pressure jump (AP) is computed af-
ter the bubble reaches the steady state. The periodic boundary condition is used at all
four sides of the domain with zero gravity. The parameters to distinguish the phases
are defined as ¢; = 0.4, and ¢ = 0.1, and density ratio 100 with R = 0.005m and

d = 0.02m according to |Banari et al.| (2014).

O

A
\ 4

d

Figure 5.10: Two dimensional circular bubble.

In simulations of the current study, two initial static (square and circular) droplets
implemented for various surface tension coefficient o1, = 0.01, 0.004, 0.001 and ra-
dius with lattice (128 x 128) grid. The physical kinematic viscosity for each phase
have the same values v; = 5 = 0.002m? /s and the surface tension coefficient oy 5 =
0.004 N/m, so according to Laplace law the pressure jump equation is equal to 0.753 N/m.

It can be illustrated in Figure (5.11)) the density, order parameter and velocity of each
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phase in the simulation. From the definition of kinematic viscosity which relates to the

relaxation time reads

1

corresponding to U = ¢

in the LB computation by choosing 7, = 1 and the relation

between the physical and LB kinematic viscosity can be written as

Jump pressure (A P)
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Figure 5.11: The initially square droplet with [z = 128 for two phases.
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5.4. STATIC BUBBLE

Then lattice surface tension coefficient is defined as

where the step size is Ar = —

(5.4.3)
lx

G1o = 2,
2 Az
For more details of scaling the parameters see appendix [A] In the current work, the
dynamic viscosity is defined after specifying the density ratios then the kinematic vis-
cosity values is computed as pu(p) = p(¢) v(p).

For a (128 x 128) lattice grid, Az = 0.0001563 m and At = 2.03 x 107% s which
leads to ¢* = 5899.42m?/s*. The lattice surface tension coefficient (&;5) is equal to

4.34 x 1073 from eq. (5.4.3).

Therefore, the parameters

60'12 7 3(5’12

e ™M PTG

are computed as k = 0.289 and 5 = 1.607. The lattice radius (R = 34) which

corresponding to the physical radii R = 0.005313 m can be calculated as
R=—"". (5.4.4)

For the physical jump pressure (AP), the lattice jump pressure (AP) is defined as

follows
AP ="—"1, (5.4.5)

In Figure (5.12)), from the results a good comparison is obtained between the the-
oretical and the LB results of the two initial droplet cases with various surface tension
coefficient o15. The four lattice radius of the static bubble flow started from 12 to 34

lattice units.
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Figure 5.12: Pressure difference across the interface for different o1 2 and bubble radii
between LBM simulation and theoretical solution.

5.5 Rising bubble

In this section, the rising bubble flow is implemented to check the properties of a
single bubble movement under the gravitational acceleration (g). The low-density fluid
(p2) of bubble rising in the denser fluid (p1) according to g is simulated with different
cases. The terminal shape of the bubble is related to the non-dimensional parameters;

for instance Eotvos number (Eo) (or Bond number) , Morton number (Mo) and Re
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5.5. RISING BUBBLE

which are defined as follows

c D2
o= P1=F2)g ,
012
g1 P2
Mo = 3 1/ (1_/_)7
0121 P2
and
5. ql/2 D3/2
Re=P9_—~
451

where D is the diameter of the bubble and g is the gravitational acceleration force. The
bubble rising is based on the fundamental properties of the drops as introduced by (Clift
et al.[ (2005). According to Banari et al.| (2014) study, the high Re and Fo diminishes
the effect of the surface tension on the terminal shape of the bubble.

In simulation of the current work, periodic boundary conditions are used with the
left and right walls and no slip bounce back boundary is imposed at the top and bottom
boundary conditions. Three cases of rising bubble with density ratio 100 at (128 x 512)
lattice grid have a good comparison with Sun & Tao (2010) simulations as illustrated in
Figure (5.13)). It found that the spherical, oblate ellipsoidal and oblate ellipsoidal cap
terminal shapes are formed by using Eo = 0.1, Mo = 1 x 1073, Fo = 10, Mo =
1 x 107t and Eo = 100, Mo = 1 x 103 ,respectively. For the (128 x 512) lattice grid
with initial diameter D = 30 for the oblate ellipsoidal terminal shape, the parameters
in lattice units are defined as k& = 0.532 and ﬂ = 2.962 which correspond to the lattice

surface tension coefficient 67, = 0.008.
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(c) Eo =100
the present results at (128 x 512) lattice grid and Sun & Tao| (2010)

Figure 5.13: The terminal shape with the velocity vectors for rising bubble between
results.



5.5. RISING BUBBLE

The parameters of terminal shapes for each cases for lattice unit of rising bubble

simulations are defined in Table (5.1)

Table 5.1: The parameters of terminal shapes in lattice unit for rising bubble simula-

tions.
Terminal shapes vy =13 g Eo Mo
Spherical 0.002 | 1.496 x 1072 | 1 x 107! | 1 x 1073

Oblate ellipsoidal 0.002 | 1.493 x 1077 10 1x 1071

Oblate ellipsoidal cap | 0.012 | 5.892 x 1077 100 1 x 103

0.5

0.4

03 oo

Position

0.2

(a) Position

0.6 -
05k nnnnnnuﬂﬂnﬂﬂnﬂnﬂﬂnﬂnﬂ
0.4
03

0.2

0.1

(b) non-dimensional velocity

Figure 5.14: The position and the non-dimensional rising velocity (U*) as a function
of non-dimensional time (¢*) at (128 x 512) lattice grid.
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5.6. SUMMARY

The position and the non-dimensional rising velocity (U* = u/+/g D) can be de-
fined as a function of non-dimensional time (t* = ¢ \/m) for oblate ellipsoidal cap
bubble shape as illustrated in Figure (5.14). The value of bubble rising velocity (U*)
agree well with predicted result that obtained from Hua & Lou| (2007). It found by
computing Re for the oblate ellipsoidal cap that 10 < Re < 20 as expected by the

relation between the Fo and Re according to Hua & Loul(2007).

Summary

In this chapter a single relaxation time multiphase LBM model is used to simulate
two fluid Poiseuille flow, static and rising bubble flows. The Ls-norm errors for the
results shown in Figures for different number of grids are shown in Figures
(5.6]-[5.9), respectively. From the results, the first order error convergence are obtained
except the case of gy/g, = 100 and v /v, = 1 which has second order accuracy
as illustrated in Figure (5.7). For the static bubble flow, a good comparison is made
between the theoretical (Laplace law) and current computations with different surface
tension coefficient values and various radius with density ratio 100 (see Figure (5.12))).
Finally, when comparing the terminal shapes and the non-dimensional rising velocity
profile as shown in Figures (5.13) and (5.14), respectively, the simulations for a rising

bubble agree well with those in the literature.
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Chapter 6

Single and Multiple Rayleigh-Taylor
Instability

Introduction

The Rayleigh—Taylor instability (RTI) appears when the denser phase of the fluid
at the start lies above a lighter phase with influence of a gravity. It was proposed
from Taylor (1950) and then implemented with whole fluid flows according to Lord
(1900). [Sharp| (1983) was the first to suggested the terms of a bubble and spikes due
to the instability of the tiny perturbations for a initial state which is increased by de-
velopment of the complexity of the fluid with time. The implementation has been
verified for various test cases: single Rayleigh-Taylor Instability with different Re
(256, 600, 614.4, 2048, 3000 and 5000), density ratios (3, 19, 100 and 1000) at var-
ious number of lattice grids. The multiple mode Rayleigh-Taylor Instability is studied
with various surface tension coefficients and values of initial perturbations functions at
density ratio 3 and Re = 4096.

The organization of this chapter is as follows: Section details the convergence
of implementations of single mode Rayleigh-Taylor Instability (RTI) fluid flow with
number of the grid and various Re and density ratios. In section [6.3] The effect of

changing the surface tension coefficient is investigated in the multiple mode RTI with

122



6.2

6.2. SINGLE RAYLEIGH-TAYLOR INSTABILITY

different grid resolutions. Finally, summary of this chapter is given in Section [6.4]

Single Rayleigh-Taylor Instability

Rayleigh-Taylor instability (RTI) appears when a low density fluid (blue colour in
Figure (6.1)) sits below the more dense fluid (red). The low density fluid (p;) rises
when the denser fluid (p;) drops under the effect of the gravitational acceleration (g).

Here, an initial interface location in the 1 X 4 domain is specified as
y(xr) =2+ A cos(2mz), (6.2.1)

with disturbance amplitude A = 0.1. The periodic boundary condition is used at left
and right side boundaries and the no slip bounce back boundary is applied at top and
bottom boundaries.

In the current multiphase study, the time evolution of the two fluid interface from
a single mode perturbation of RTI is presented with different density ratios (%). The
gravitational acceleration (g) value is chosen to achieve the characteristic velocity (U..)

as

U.=+/lxrg=0.04 (6.2.2)

in lattice units, where [z and [y are the numbers of lattice grids in the z, y-directions,
respectively.

The comparison between He et al.| (1999) and the present results of the time evo-
lution of the two fluid interface from a single mode perturbation illustrated in Figure

|j for 10 dimensionless times (t) which reads as follow

(6.2.3)
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256 x 1024 256 x 1024 256 x 1024
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(@)t =0 (c)t=1.5
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256 x 1024

256 x 1024
%@ | o

256 x 1024

(d)f =2

256 x 1024

()t=5

Figure 6.1: The comparison of the time evolution of the two fluid interface from a
single mode perturbation for 10 dimensionless times (f) betweenm
(1999) and the present results with different grids lx = 64, 128 and 256.
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6.2. SINGLE RAYLEIGH-TAYLOR INSTABILITY

The non dimensional parameters such as Reynolds number (Re) is read as

Re = Ylrgle , (6.2.4)

v

where v is the kinematic viscosity and the Atwood number (At) is defined as

At = (pl - p2)

. 6.2.5
(p1 + p2) ( )

The density ratio is equal to 3, At = 0.5 and Re = 2048 with different number
of the grids lx = 64, 128 and 256 with order parameters ¢y = 0.4 and ¢ = 0.1. It
observed that the simulations converged by using further investigation with different
91 =0.5,¢02=—-05and p; =1, ¢ = 0.

The evolution of the fluid interface appears identical with top and bottom at the
initial state (£ = 0). With developing the interface under effect of ¢ the denser fluid
drops like a spike which starts to roll up and the low density fluid rises to bubbles
shape. Then the vortices grow unstable with second vortices appearing at the ends
of the roll ups with time evolution. The results show a good comparison with He
et al| (1999) results by obtaining the complicated form with time evolution at { = 5.
In the meantime, the interface along the central line of the fluid stays symmetric and
comparatively smooth which is significant with combining the high and low density
fluids.

The grid convergence of numerical solution between|He et al.|(1999) and the present
results with the contour of (p;+p2)/2 is investigated. In the work of He et al.[(1999), the
molecular interactions is incorporated to model the interfacial dynamics. It observed
that they are used two distribution functions in their simulations. The density ratio is
equal to 3, At = 0.5 with the number of grids [x = 128 and 256 for Re = 256 and
2048 are illustrated in Figure (6.2).
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256 x 1024

128 x 512

(a) Re = 256, { =5

128 x 512 256 x 1024 -

(b) Re = 2048, { = 2.5

(c) Re =2048,{ =5
Figure 6.2: The comparison of grid convergence of numerical solution between

(1999) and the present results. The contour of (p; + p2)/2 is plotted
with different Re.

126



6.2. SINGLE RAYLEIGH-TAYLOR INSTABILITY

Figure (6.3) shows an excellent agreement of the position and velocities results of

the bubble and spike fronts versus time with various Re at At = (0.5 which implemented

in Figures (6.1) and (6.2).

2 T T T T =
- == Heetal. (1999) at Re=256
1.5 He et al. (1999) at Re=2048 N
. 0 Present at Re=256

1 m Present at Re=2048 |

£ 05 bubble |
=

z 0 1
@)

A~ —0.5 -

- == Heetal. (1999) at Re=256

0.75 He et al. (1999) at Re=2048 =
0O Present at Re=256

0.5 m Present at Re=2048 B

Velocity

Figure 6.3: Position and velocities of the bubble and spike fronts versus time with
Re = 2048 and 256 at At = 0.5.

The behaviour of convergence with grid resolution of single RTI for Z—; =19, At =
0.9, Re = 614.4 and the order parameters ¢; = 0.4, o = 0.1 has been studied and
compared with the results of [He et al|(1999) as shown in Figure (6.4) is agree well
with those in the literature. In addition, various cases of the order parameters such as
¢1 = 0.5, ¢ = —0.5 and ¢; = 1, ¢ = 0 have been tested and the results obtained a

good agreements with |He et al. (1999).
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V]

(a)i=0 (b)t=0.5 (c)f=1

256 x 1024

f

(d)ft =15 (e)i=2

256 x 1024

Figure 6.4: The comparison of 5 dimensionless time evolution of single mode pertur-

bation between (1999) and the present results for % = 19 and

¢1=04,¢2 =0.

The simulations in the current study were improved by increasing the values of Re
and density ratios to 5000 and 1000, respectively rather than Re = 256, 614, 2048 and
density ratio= 3, 19 that were applied in work of He et al|(1999). So an addition tests

made for single RTI with two different density ratios f;—; = 100 and % = 1000 for 5
different Re = 600, 3000, 4000 and 5000 to study the time evolution of the two fluid
interface, relative mass and the kinetic energy.

Ren et al. (2016) investigated the single mode RTI simulation by modifying the

conservative from Allen-Cahn equation (ACE) |Allen & Cahn| (1976) for tracking the

interface with % = 99 and Re = 600 and high Re = 3000. From the present results
for the £ = 100 with Re = 600 and Re = 3000 is illustrated in Figures (6.5) and ,

respectively. As well as, the results with % = 100 has been improved for Re = 5000

as shown in Figure (6.7).
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b 4

(a) t=0 (b) t=1 (c){=1.5

(d) t=1.75 (e) (=2

Figure 6.5: The time evolution of single mode perturbation for % = 100, At = 0.98
and Re = 600 with ¢1 = 0.5, ¢2 = 0.5.

(a) =0 (b) t=1

(d) t=1.75 (e) =2

Figure 6.6: The time evolution of a single mode perturbation for % = 100, At = 0.98
and Re = 3000 with ¢; = 0.5, 92 = 0.5.

129



6.2. SINGLE RAYLEIGH-TAYLOR INSTABILITY

(d) t=1.75

Figure 6.7: The time evolution of single mode perturbation for % = 100, At = 0.98
and Re = 5000 with ¢; = 0.5, 92 = 0.5.

Fakhari et al.| (2017) developed the model of the multiphase that suggested by
(2013)) for conservative phase field model to present the result for high density ratio

(& = 1000) with Re = 3000 while|Shao & Shu/ (2015) employed for £ = 1000 with

Re = 200.

The simulations in the current study of the multiphase is presented for ’;—; = 1000
with Re = 600 and 3000. Stable results of single RTI with Re = 600 and 3000 for
high density ratio up to 1000 has been simulated in Figures (6.8) and (6.9), respectively
as pointed out by [Fakhari et al.| (2017). In addition, the simulations of the high density

ratios with Re = 5000 has been implemented well as shown in Figure (6.10). It worth
mention that the results performed by using single relaxation times (SRT) collision op-
erator for both % = 100 and 1000. Furthermore, it observed from the results in Figures
for 2—; = 1000 that the high density fluid is dropped as column without complexity of

the ends of roll up when it compared with low density ratios.
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(d) t=1.75 (e) 1=2

Figure 6.8: The time evolution of single mode perturbation for % =1000, At=0.998
and Re = 600 with ¢; = 0.5, ¢2 = 0.5.

(d) t=1.75 (e) (=2

Figure 6.9: The time evolution of single mode perturbation for % =1000, At=0.998
and Re = 3000 with ¢; = 0.5, ¢2 = 0.5.
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(b) t=1

(d) t=1.75

Figure 6.10: The time evolution of single mode perturbation for % =1000, At=0.998
and Re = 5000 with ¢; = 0.5, p2 = 0.5.

The kinetic energy of the RTI is computed according to density and the velocity
values. A made a comparison is made to test the kinetic energy for various density
ratios with Re as illustrated in Figure (6.11). The energy of the flow is increased ac-
cording to time evolution of the simulation for ﬁ—; = 100 and 1000. The values of
the kinetic energy with high density ratio is larger than the low one because of it de-
pend on the given density ratio value. The result with the number of grid resolution at
(64 x 256), (128 x 512) and (256 x 1024) is convergence. From the results, it found
that the value of kinetic energy are increased with increasing the density ratios and Re
values as shown in Figure (6.11). In addition, the relative mass is studied for the differ-
ent density, Re and number of grids as illustrated in Figure (6.12). It found that with

low density ratios the mass conserved better than the large density ratios.
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Figure 6.11: The time evolution of the kinetic energy for %:IOO and 1000 with dif-

ferent Re .
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Figure 6.12: The time evolution of the relative mass for %:100 and 1000 with differ-
ent Re .
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Multiple mode Rayleigh-Taylor Instability

This kind of Rayleigh-Taylor Instability (RTI) is represented by the development
of the interface into turbulent fluid flow. For the multiple mode RTI, the characteristic
velocity is U. = v/lx g = 0.08 and the initial interface function is defined as a random

combination of frequency modes
1
y(x) = 5T Xn:(an cos(ky, ) + by, sin(k, z)) , (6.3.1)

with amplitudes a,, and b,, chosen randomly from a Gaussian distribution and k,, = 2n7
is the wave number.

The effect of the surface tension coefficient (015) is investigated in the current study.
The no slip bounce back boundary is applied in the top and bottom walls and the peri-
odic boundary condition is imposed at left and right side walls of the square domain.

In Figures @)—@, the evolution of two fluid interfaces for different val-
ues of the surface tension coefficient (0q3) are illustrated at 6 dimensionless times
t =t/+/lz/g with 512 x 512 grid and Re = 4096.

The results has been demonstrated the expected in increasing complexity of the
interface as surface tension coefficient decreases. As shown in Figures —,
the small bubbles occur from the small perturbations in the interface move slowly and

combine with the big bubbles with the fast motion.
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(a)f=1 (b)t =2 (c)i=3

(d)t=4 (e)f=5

Figure 6.13: The time evolution of Rayleigh-Taylor instability from a multiple mode
perturbation at 5 { with 015 = 0.1.

(a)f=1 (b) =2

(d)f=4 (e)t=5 Hi=6

Figure 6.14: The time evolution of Rayleigh-Taylor instability from a multiple mode
perturbation at 6 { with 012 = 0.01.
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(a)t=1 (b){=2

(d)f=4 (e)f =5 Hit=6

Figure 6.15: The time evolution of Rayleigh-Taylor instability from a multiple mode
perturbation at 6 { with o192 = 0.001.

(b) =2

(d)f=4 (e)t=5 Hi=6

Figure 6.16: The time evolution of Rayleigh-Taylor instability from a multiple mode
perturbation at 6 { with o152 = 0.000001.
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In Figure (6.17), the time evolution of the relative mass difference is shown for

Iz = ly = [64, 128, 256, 512, 1024] and 015 = 0.1, 0.01, 0.001, 0.0001, 0.00001 and

0.000001 with density ratio= 3, At = 0.5, Re = 4096.

Figure 6.17: The time evolution of the relative mass difference for various 015 and

(e) o12 = 0.00001

number of grids.
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6.3. MULTIPLE MODE RAYLEIGH-TAYLOR INSTABILITY

It observed that the mass is conserved with increasing the resolution of the number

of grids. The kinetic energy increased according to combine the small bubble with the

large one and hit the walls of the simulation as illustrated in Figure (6.18).
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Figure 6.18: The time evolution of the kinetic energy for various 012 and number of

grids.
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6.3. MULTIPLE MODE RAYLEIGH-TAYLOR INSTABILITY

Figure (6.19) are illustrated the convergence of the results for kinetic energy be-
tween one initial and average of four initial distribution functions across the interface
with the effect of various values of o5 at (512 x 512) lattice grid. The results show the
effect of the oy which occurred after non dimensional time { = 3. The small values

of 019 slightly different than the large one might be because of the small perturbations

that generates the complexity of the flow with time evolution.

Kinetic energy

Kinetic energy

Figure 6.19: The time evolution of the kinetic energy for two distributions initial func-
tion with various o2 at (512 x 512) grid.

The results in Figures (6.20)) - (6.23)), agree well with those in He et al. (1999) when
the comparison made for the average density profiles across the depth in multiple mode
RTTI with various o5 at four dimensionless time. The results with small value of o1

give excellent agreement with those in the literature.
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Figure 6.20: The comparison of the average density profiles across the depth in the
multiple mode RTTI at { = 1 between He et al.| (1999) and the present
results with various o2 at (512 x 512) grid.
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Figure 6.21: The comparison of the average density profiles across the depth in the
multiple mode RTI at £ = 2 between He et al.| (1999) and the present
results with various o1 at (512 x 512) grid.

141



6.3. MULTIPLE MODE RAYLEIGH-TAYLOR INSTABILITY

4 T T T 4 T T T 4 T T T
? 3l 012 = 0.1 g 3l 012 = 0.01 ? 3l o12 = 0.001
S o) 13 2f 1% 2f
1 12 i 1
0 ! ! ! ! 0 ! ! ! ! 0 ! ! ! !
0 02040608 1 0 02040608 1 0 02040608 1
Depth Depth Depth
4 e 4 — T 4
= 3 o12 = 0.0001 = 3 012 = 0.000001
z S| z o °f P
el e
21 12 : J _
0 | | | | 0 | | | | .
0 02040608 1 0 02040608 1 o 0z o4 05 08 i
Depth Depth

Figure 6.22: The comparison of the average density profiles across the depth in the
multiple mode RTI at £ = 3 between He et al. (1999) and the present
results with various o9 at (512 x 512) grid.
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Figure 6.23: The comparison of the average density profiles across the depth in the
multiple mode RTI at { = 4 between He et al. (1999) and the present
results with various o2 at (512 x 512) grid.

The investigation of the position of the bubble and spike fronts versus time for
multiple mode RTT has been made as shown in Figure (6.24). As well as, the convergent

the grid numbers are tested or each suggestion of oy at dimensionless time f = 6. The
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6.3. MULTIPLE MODE RAYLEIGH-TAYLOR INSTABILITY

results of the position for [x = 128 are not stable at 015 = 0.1 and do not converge with

respect to the grid resolutions.
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Figure 6.24: The Position of the bubble and spike fronts versus time for multiple mode
Rayleigh-Taylor instability at Re=4096, At=0.5, different o2 with num-
ber of grid [x =1024, 512, 256 and 128.

143



6.3. MULTIPLE MODE RAYLEIGH-TAYLOR INSTABILITY

Large numbers of grid points are necessary to obtain a satisfactory comparison with
the results of He et al.| (1999). In the meantime, the results for the positions of the
bubble and spike agree well at very small values of o5 such as 1 x 1076 with all grid
numbers in the simulations. Further, the convergence with o5 for two different initial
distribution function of the positions of the bubble and spike at (512 x 512) lattice grid
in Figures (6.25). From the results, It observed that small values of o5 give an excellent

comparison with reference results.
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Figure 6.25: The Position of the bubble and spike fronts versus time for two cases of
multiple mode RTI with 3 different o2 at number of grid [x = 512 with
£ =6.
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6.4. SUMMARY

Summary

In this chapter, the LBM for multiphase flows with high density and viscosity ra-
tios have been used to simulate 2D single and multiple mode Rayleigh Taylor instability
(RTI). The results agree well with those of He et al.|(1999)) for single-mode RTT at mod-
erate with small density ratios up to 3 and Re = 256, 614, 2048. Also, the investiga-
tions are performed at high density up to 100 and 1000 at Re = 600, 3000 as mentioned
by Fakhari et al. (2017). A good simulations are obtained with ’;—; = 100 and 1000 and
high Re = 5000. The evolution of interface in a multiple mode RTI with different val-
ues of surface tension coefficient (015) is examined. Further, the convergence with o5
and grid resolution for the positions of bubble and spike has been investigated. A good
result compared with those in|He et al.[(1999) for the average density profiles across the
depth in multiple mode RTI with various oy, at dimensionless time f = 4. Finally, the
results followed the expected pattern of increased interface complexity with decreasing

surface tension coefficient (o15).
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Chapter 7

MRT extension of multiphase LBM:

Simulation of a Breaking Dam

Introduction

Nonlinear free surface flows represent a significant problem for studying the appli-
cation of ocean engineering that can be included the dam breaking problems, breaking
wave flow, wave impact and tsunami problems (Janssen & Krafczyk 2011)). This type
of applications demand large Reynolds number ( Re) with high density ratios which can
be performed in three dimension simulations. Janssen & Krafczyk| (2010) introduced
a Volume of fluid (VOF) method based on the Lattice Boltzmann Method (LBM) to
implement free surface motion for breaking waves and breaking dams.

Riide & Thiirey| (2004) pointed out the advantage of using the mass tracking method
of free LB to conserve the mass with tracking the interface, but lack of this approach
represent with the difficulties with obtaining the smooth curvature of the simulations
for a breaking dam. Janssen et al.|(2013)) suggested an extension of a hybrid LBM-VOF
model of free surface flows with a MRT collision operator. It was applied to several free
surface problems, such as breaking dams, free filling jets and breaking waves during
shoaling problems. LBM is applied by combining it with different methods to model

the physical phenomena such as VOF, LSM and FEM.
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7.2. MULTIPLE RELAXATION TIME (MRT) FOR MULTIPHASE WITH LBM

In this chapter, the multiphase method has been extended by using MRT to study
different cases of breaking dam problems with LBM. The range of the possible density
ratios and Reynolds numbers (Re) are explained beyond what was possible with SRT.
The convergence with grid resolutions have been investigated in the current study.

This chapter is organized as follows: Section presents the Multiple Relaxation
Time (MRT) for multiphase with LBM. In section different cases of breaking dam
simulations are implemented. Section [/.4|provides results for numerical simulations of
a two dimensional physical model of a breaking dam on a wet bed. Finally, summary

of this chapter is given in Section[7.5]

Multiple Relaxation Time (MRT) for multiphase with LBM

In the single relaxation time process used in LBGK, the particle distributions func-
tions relax to their local equilibrium with the same rate determined by a single param-
eter. However, the relaxation rates at the collision step may be different. Wherefore,
a collision matrix approach with different relaxation times can be used to eliminate
this limitation (Guo & Shu 2013). d’Humieres| (1994) presented a 2D MRT lattice
Boltzmann model for Ds()g. In the current study a new multi relaxation time collision
operator with equilibrium distribution function is applied to deal with two-phase flows
at high density ratios and high Re number. The collision operator in the multiphase

LBM with a MRT for pressureless Navier-Stokes equation, can be defined as

i@ + GOt E+ AL — gi(z,t) = =Y Ay (gi(a.t) — g\ (@, 1)), 2.0
or
g(z + At t + At) — gz, t) = —A(g(z,t) — g“Vj(x, 1)), (7.2.2)
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7.2. MULTIPLE RELAXATION TIME (MRT) FOR MULTIPHASE WITH LBM

where A is the collision matrix. Eq.(7.2.2) characterizes the evolution of

g = (go, 91, G2, 93, G4, J5» G6, 975 G8)" 5 (7.2.3)

in the velocity space. Also, g is represented in a moment space (Lallemand & Luo

2000). The relation between the distribution function and moment can be defined by

m=Mg=(p,e,€ju,qu,Jys @y Pz> Puy) " » (7.2.4)

and

g=M'm, (7.2.5)

where m is the moments vector and M is a 9 x 9 matrix transforming g in the velocity
space to m in moment space. In the vector m, p is the density mode, e is the energy
mode, ¢ is related to the energy squared, j, and j, correspond to the momentum den-
sity (or mass flux), ¢, and ¢, correspond to the energy flux, and p,, and p,, correspond
to the diagonal and off-diagonal component of the viscous stress tensor (Lallemand &

Luo/2000).

Je=pu = g and j,=pu, =Y ey o, (7.2.6)

1
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7.2. MULTIPLE RELAXATION TIME (MRT) FOR MULTIPHASE WITH LBM

with

(eq) _ ws |:(Cm-ll*) (cm_u*)2 w*2

i 2 4 T 9.2
cs 2c; 2c2

2 koo
+ w;— Ga CiaCig — Vj— V¢ , (727)
] 5 GagCiaCis = Uig Vol

where

9 (09 00N\ 9 (Db Do
Gaop = 2 ¢t (81@ 5’x5> 4 ct <a$7 ax’y) Oagp, (7.2.8)

and the transformation matrix M is

4 -2 -2 -2 =21 1 1 1

and the inverse of transformation matrix M is M !
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0 4 4 0 0 0 0 0 0]
4 -1 =2 6 -6 0 0 9 0
4 -1 -2 0 0 6 -6 -9 0
4 -1 -2 =6 6 0 0 9 0
M'=al4 -1 -2 0 0 -6 6 -9 0],
42 1 6 3 6 3 0 -1
4 2 1 -6 -3 6 3 0 -1
4 2 1 -6 -3 -6 -3 0 0
4 2 1 6 3 -6 -3 0 -1

where a = . From eq.(7.2.5)), the eq.(7.2.2) can be rewritten as follows

M m(z + ¢ At,t+At) — M m(z,t) = —AM Y (m-m?),  (72.9)

by using the left multiplication to M, yields

MM ' m(z + ¢;At, t + At) ~MM ' m(z,t) = -M AM '(m —m ),
SO

m(z + ¢;At,t + At) —m(z,t) = —-M AM ™ (m —m? ),

= -S(m-m ),
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7.2. MULTIPLE RELAXATION TIME (MRT) FOR MULTIPHASE WITH LBM

where S = M A M ! is diagonal matrix can be expressed as follows

_3000000000_
00 s, 00 OO 0 0 0
0 0 s 00 0 0 0 0
0 0 0 ss 00 0 0 0
S=1]10 0 0 0 s, 0 0 0 0],
00 00 0 s5 0 0 0
00 00 0 0 s6 0 0
00 00 0 0 0 s 0
00 00 0 0 0 0 s

It is more flexible to make the rest of the relaxation parameters (Yu et al. 2003).

S= (1.0, 1.4, 1.4, s3, 1.2, s5, 1.2, s7, sg), where s; = sg = w = m s and sj
are arbitrary, can be set to 1.0 (Sidik et al.[2013)). thus
m(z 4 ¢ At,t + At) —m(z,t) = —S (m —m(? ), (7.2.10)

The equilibrium in the moment space of the multiphase approach is m* = M g(°?

which can defined as
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7.3. NUMERICAL RESULTS AND ANALYSIS OF THE SIMULATION OF BREAKING

DAM PROBLEM

27

k (Gaw + Gyy)
3p
O

3+ )3k (27 + (50)

9¢

ox

3p
%)2> —2k(Gyw + Gyy) — 18 p(u2 + ui)

F+(3,

m°? =

3p

Ug
Uy

9 (u? —i—uz)p—i-Qk(Gm —Gyy)
9p
3puzuy +2kGy,

9p

(7.2.11)

7.3 Numerical results and analysis of the Simulation of Breaking

Dam problem

In this section, the dam break problems by multi phase LBM method with high

density and viscosity ratios are simulated for different cases and physical geometry.

In this study, the MRT mode is applied with breaking dam problems especially for

density ratio up to 1000 and high Re numbers which was imposable with SRT mode.

Succi (2001) introduced various kind of boundary conditions such as the no-slip, free-

slip and partial slip boundary conditions as illustrated in Figure (7.1). It observed that
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DAM PROBLEM

these boundaries are used with breaking waves and breaking dams as are mentioned
in literature review of chapter [I] In the current simulations, the free-slip at bottom
boundary has been employed as shown in Figure (7.1). For the no-slip bounce back
boundary condition, the distribution function with normal and tangential direction is
reversed at the boundary. The unknown distribution function at boundary is obtained
from f5; = f7, fo = fyand fs = fs at bottom boundary. Free-slip boundary condition is
implemented for the smooth boundary with little contact spend when the fluid flowing
and the momentum in tangential direction is not modified at the boundary. In this case,
the unknown distribution function at boundary found from f5 = fs, fo = f4 and fs =
f7 at bottom boundary. The partial slip boundary conditions is combine between no-slip
and free-slip boundary condition and the unknown distribution function at boundary

estimates from

F = 0 fingsip (1= 0) figreesip 0@ 1 (731)

where « is partial slip coefficient.

oS
solid boundary f "’. v fl
3 .
>

o
*

I'e 4

(o]

No-slip Free-slip

Figure 7.1: Schematic boundary condition.
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DAM PROBLEM

7.3.1 H=2W and D=2H

The two dimensional physical model of breaking dam problem illustrated in Figure
(7.2). The simulation of breaking dam is adopted to investigate the MRT of multiphase
LBM by comparing the numerical result with Martin et al. (1952). The same setup
of breaking dam in Sun & Tao (2010) which coupled volume of fluid and level set
(VOSET) method are is used.

The height of initial water column (H = 2W) is 0.292m and width (W) equals to
0.146m and D = 0.584m. The density of water column is 1 x 103kg/m?, viscosity
equals to 1 x 107%m?/s and gravity is 9.8m/s?. The parameters of the dam breaking
is obtained by applying the scaling parameters among the physical (dimensional), non
dimensional and the computational (LBM), for more details see appendix [A] The free-

slip boundary conditions are applied for four walls in Figure (7.2).

Water
H=2W
column

«— W —

D=4W

Figure 7.2: Schematic illustration of dam break problem.
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DAM PROBLEM

In the current simulations, the dimensionless parameters of LB are Az = At = 1,
the number of grid points (200 x 200, 300 x 300, 400 x 400, 500 x 500) with corre-
sponding gravity (g) (2.817 x 1076, 8.346 x 107, 3.521 x 10~7, 1.803 x 10~7), which
is represented as a body force according to Guo et al.[(2002). The comparison of the
position of the surge front and water column height between the numerical results and
experimental result from Martin et al.| (1952)) with square domain of the tank is illus-
trated in Figure and Figure (7.4). From the result for leading edge position have
shown a good comparison with|Martin et al. (1952) by increasing the grid resolution. In
addition, the perfect result obtained for water column height with those in the literature.
Further, simulation is applied with a rectangular domain.

The results of Figure and Figure illustrated the convergence with grid
numbers of the domain of the breaking dam to Martin et al.| (1952) results for both
leading edge position and water column height results. For the results of square do-
main is slightly more convergent than the rectangular one to Martin et al.| (1952)) results
might be increasing the gird numbers agree well with the those in the literature.

In addition, the comparison between the numerical (LBM) and experimental simu-
lation of [Koshizuka & Okal (1996) at four times is shown in Figure (7.7). It observed
that the results of the LBM simulations showing agreement with Koshizuka & Oka

(1996)) results.
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Figure 7.3: The comparison between the numerical and experimental results for lead-
ing edge location.

0.4

O Martin and Moyce(1952)
—6— 500 x 500
—o— 400 x 400
0.2 —4— 300 x 300

. —o— 200 x 200

0 0.5 1 1.5 2 2.5
t(2g/H)"?

Figure 7.4: The comparison between the numerical and experimental results for water
column height.
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Figure 7.5: The comparison between the numerical and experimental results for lead-
ing edge location.
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Figure 7.6: The comparison between the numerical and experimental results for water
column height.
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Figure 7.7: Comparison of the evolution of leading edge between the experimental
data of [Koshizuka & Oka| (1996) and the present breaking dam problem.
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DAM PROBLEM

7.3.2 H=0.5W and D=5.366H

The two dimensional physical model of breaking dam problem proposed by |Cola-
grossi & Landrini| (2003) as illustrated in the Figure (7.8). The simulation of breaking
dam is adopted to investigate the MRT of multiphase LBM by comparing the numerical
result with Colagrossi & Landrini (2003)). The height of initial water column is H=0.5W
and width is W and D = 5.366H. The density of water column is 1 x 103 kg/m?
, viscosity is 1 x 107%m?/s and gravity is 9.8 m/s?. The slip boundary conditions
for four walls are applied. In the simulations the dimensionless parameters of LB are
Az = At = 1, number of grid points (lz x ly = 268 x 100, 536 x 200, 804 x 300) with
(W x H = 100 x 50, 200 x 100, 300 x 150) at different Ma = 0.08, 0.04, 0.027 with
corresponding gravity (1.459 x 107>, 1.8239 x 107¢, 5.4042 x 1077), respectively. The
Re = H % Upax /v is 169367 and Froude number (Fr = U /v/g H = 1.71), where

Umax = Ma ¢, is maximum non dimensional velocity.

T Water
H

column
!

«—— W=2H ——

D=5.366 H

Figure 7.8: Sketch of dam break problem in a rectangular tank.

A good agreement is obtained see (Figure (7.10)) by comparing with|Colagrossi &
Landrini| (2003) when fixing Ma = 0.02 and increase the number of grid points (lz x
ly = 268 x 100, 536 x 200, 804 x 300) with corresponding ¢ (9.1196 x 1077, 4.5598 x
1077, 3.0399 x 10~7) and relaxation time coefficient 7 (0.50001, 0.500025, 0.500031).
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Figure 7.9: The comparison between the numerical and experimental results for lead-
ing edge location with different M a.
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Figure 7.10: The comparison between the numerical and experimental results for lead-
ing edge location with Ma = 0.02.
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7.4. DAM BREAKING WITH A WET BED

Dam breaking with a wet bed

The two dimensional physical model of breaking dam on a wet bed simulation pro-
posed by Badarch et al.| (2016) is illustrated in Figure (7.11). The simulation of wet
bed for breaking dam is adopted to investigate the MRT of multiphase LBM by com-
paring the numerical result with both results (experiment and numerical) of Badarch
et al. (2016). [Badarch et al.| (2016) used free-surface algorithm for LBM adopted
from Thirey et al. (2005). The height of initial water depth is H=0.27m with width
W = 0.1m, length of downstream domain D = 0.8m and water depth of the wet bed is
d = 0.04m as followed the configuration of Badarch et al.| (2016)). The density of water
column is 1 x 103kg/m? , viscosity is 1 x 107%m? /s and gravity is 9.8m/s%. The free
slip boundary conditions is used for the walls.

In order to investigate the simulation, the non dimensional scale can be written for the

position of the water front X attime 7" as

, X , ng
X = = d T=t.,/-2 7.4.1
o Ao \/W, ( )

where n = %, the first point P; is defined at position % and the second point P, at %.
In the simulations the dimensionless parameters of LB are Ax = At = 1, number
of grid points (lz x ly = 320 x 160, 400 x 200) with corresponding (W x H =
40 x 108, 50 x 135) and gravity (8.3333 x 1077, 6.6667 x 1077), respectively. The
Re = H x U,y /v equals to 439420, where Uy, = Ma ¢, is maximum non dimensional
velocity. It observed that the result becomes more accurate by increasing the number
of grid point to (400 x 200) as shown in Figure which illustrated a comparison
of the position of the surge front and water column height between the numerical re-
sults and both experimental and numerical results from Badarch et al.| (2016). A good

agreement obtained from Figure (7.12)) by comparing when with fix Ma = 0.01 and in-
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7.4. DAM BREAKING WITH A WET BED

crease the number of grid points (lz x ly = 320 x 160, 400 x 200) with corresponding
relaxation time coefficient 7 (0.5000043, 0.5000053) and d (16, 20), respectively. Fur-
ther, the comparison between the numerical and experimental simulation at four time

is illustrated in Figure (7.13) shows agreement with Badarch et al.| (2016) results.
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Figure 7.11: Sketch of dam break problem on a wet bed in a rectangular tank.
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—o— Badarch et al. (2016) 400 x 200
—o— Badarch et al (2016) 600 x 300
—a320v160 T 7
T — 04003200

x/w

— | | | | | | |
0 01 02 03 04 05 06 07 08 09 1
t(ng/w)"?

Figure 7.12: The comparison between the numerical and experimental results for lead-
ing edge location with different number of grid point.
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Figure 7.13: Comparison of the evolution of leading edge between the experimental
data of [Badarch et al.| (2016)) and the present breaking wet bed of dam
problem.
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7.5. SUMMARY

Summary

In this chapter, the multiphase LB approach has been improved by using MRT to
study different cases of breaking dam problems. The range of the possible density ratios
and Reynolds number (Re) are explained beyond what was possible with SRT. The
results has been illustrated for teasing the convergence with grid numbers of the square
and rectangular domain of the breaking dam. The result of the simulation for both
leading edge position and water column height results for grid resolutions is give a good
comparison with |Martin et al.|(1952). In addition, A good agreement is obtained when
investigated the second case of the Dam break problems with Colagrosst & Landrini
(2003). In addition, the wet bed of the dam break problems have been tested and show
a fine results of the simulation by comparing with Badarch et al.| (2016)). Finally, the
MRT mode is implemented with breaking dam problems especially for density ratio up

to 1000 and high Re numbers which was impossible with SRT mode.
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Chapter 8

Standing Wave Simulations

Introduction

The first movement of the internal wave was registered by Nansen in the 17th cen-
tury. For the density variation, waves the interface gravity might appear in coastal
waters (Buick & Greated||1998). The authors simulated the interfacial gravity waves
numerically for binary fluid lattice Boltzmann Method (LBM) by incorporating a grav-
itational interaction for viscous fluids with various density ratio in a sharp interface.
Grid convergence was investigated by using both acoustic and diffusive scaling for
standing wave simulations with density ratios up to 1000. Using MRT was found to
improve the stability for high density ratios. This method has been developed to study
two scaling cases with standing wave simulations: firstly, with difference density ratios
which parameters based on |Hodges et al. (1996) and Zhao et al. (2013). Secondly, for
small density ratio and both high and low viscosity standing waves that depends on
Buick & Greated|(1998)).

This chapter is organized as follows: Section [8.2] introduces the simulations of
the standing wave with Single Relaxation Time (SRT). In section [8.3] different cases
of standing wave simulations was implemented using the Multiple Relaxation Time
(MRT) for multiphase with LBM. Section [8.4] provides numerical results for the stand-

ing wave with high and low viscosity values at small density ratios. Finally, summary
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8.2. STANDING WAVE WITH SRT

of this chapter is given in Section [8.5]

Standing Wave with SRT

In the first instance, the standing wave with SRT is simulated at Re effect to inves-
tigate the codes of the current study for multiphase method. According to Hodges et al.
(1996) and [Zhao et al| (2013), two dimensional standing wave is implemented with
length 2m, depth 2m, wavelength 2m, the wave number k equals to 3.1 and wave pe-
riod 1.1339s. For the non dimensional parameters, the wavelength L equal to 1, depth

d is 0.5, wave amplitude a is 0.1 and Froude number F'r is 0.13 at Reynolds number

(Re)

where v is the kinematic viscosity and U, is the Characteristic velocity defined as
U.=aw,

where w is the frequency of wave.

In the simulations, different Re = 10,100 and 1000 are performed with various
Mach numbers Ma = 0.015,0.0075,0.00375,0.001875,0.00009375 and 0.00004875
at various number of grid points. In the implementation for the standing wave of the
[ x 1, square domain, U, can be found from A/ a number as

U.= Mac,,
where ¢, = \/ig is speed of sound, a = 0.1 % and the frequency w is obtained as
w =

e
2
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8.2. STANDING WAVE WITH SRT

The kinematic viscosity v and the gravitational acceleration g are taken, respectively as

aw L,

Re '’

V=

and

Thus, the period of the wave p is defined as

L, 27 L,
b= = 27 )
I sanheay V9O d)

k

2
where wave number k = L—W, and the celerity of the wave C,,, is

xT

So, the number of the iteration for time in the simulation is computed according to the

non dimensional time per period.

8.2.1 Density ratio 2 and different Reynolds number

The implementation of acoustic scaling, consider as fixing the values of Ma num-
bers and different grid number while the diffusive scaling is defined by taking the dou-
ble grid numbers when half the value of M a numbers. The results with density ratio 2
at e = 100 are illustrated in Figure and (8.2)). It observed that the results show

convergence with grid number less than time = 1 for a acoustic scaling and less than
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time = 2 for
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Figure 8.1: The evolution of the height of wave at the centreline for standing wave

against time with density ratio= 2, Re = 100, number of lattice grids
lr = 64, 128, 256 and 512 and fixing Ma = 0.00375 using acoustic
scaling.
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Figure 8.2: The evolution of the height of wave at the centreline for standing wave

against time with density ratio= 2, Re = 100, number of lattice grids
lx =256 and 512 and different M a numbers using diffusive scaling.
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8.2.2 Density ratio 100 and different Reynolds number

The results with density ratio 100 at Re = 10 are illustrated in Figure (8.3) and
(8-4). The Figure (8.3) illustrated more convergence results with accurate //a numbers
at grid number for acoustic scaling. In the meantime in Figure (8.4), the convergence
with lattice grid such as 64 x 64 improved by halving the M a numbers according to the

diffusive scaling.
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(b) Ma = 0.00046875
Figure 8.3: The evolution of the height of wave at the centreline for standing wave

against time with density ratio= 100, Re = 10, number of lattice grids
lr =64, 128 and 256 and different M ¢ numbers using acoustic scaling.
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Figure 8.4: The evolution of the height of wave at the centreline for standing wave
against time with density ratio= 100, Re = 10, different number of lattice
grids and various M a numbers using diffusive scaling.

It observed that the results of density ratio 100 and Re = 100 gives a good and
accurate convergence with using diffusive scaling than the acoustic scaling specially

for small M a number at grid numbers as shown in Figures (8.5) and (8.6).
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Figure 8.5: The evolution of the height of wave at the centreline for standing wave
against time with density ratio= 100, Re = 100, number of lattice grids
lr =256 and 512 and different M a numbers using diffusive scaling.
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Figure 8.6: The evolution of the height of wave at the centreline for standing wave

against time with density ratio= 100, Re = 100, number of lattice grids
lx = 64, 128, 256 and 512 and different M a numbers using acoustic

8.2.3 Density ratio 1000 and different Reynolds number

The density ratio up to 1000 with small Re = 10 gives a reasonable convergence

with grid numbers as shown in Figures (8.7) and (8.8). The results with diffusive scale

is more convergent with lattice grid than the acoustic scale. The simulations for SRT

with high density ratio at large /e numbers are not stable. So the MRT model is used

in the next section.
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Figure 8.7: The evolution of the height of wave at the centreline for standing wave
against time with density ratio= 1000, Re = 10, number of lattice grids

lr = 64, 128, and 256 and different M a numbers using acoustic scal-

ing.
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Figure 8.8: The evolution of the height of wave at the centreline for standing wave
against time with density ratio= 1000, Re = 10, number of lattice grids
lr = 64, 128 and 256 and different M a numbers using diffusive scaling.
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8.3 Standing Wave with MRT

The results with MRT model is applied for high density ratio up to 1000 at Re =
100 and 1000. Thus the MRT is improved the results for the standing wave simulations

as shown in Figures (8.9), (8.10) and (8.11)). It observed that the results become more

stable with increasing the accuracy of M a number with doubling the lattice grids. In

addition, the results that is obtained from the diffusive scale is more convergent than

the acoustic scale for Re = 100 and 1000.
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Figure 8.9: The evolution of the height of wave at the centreline for standing wave

against time with density ratio= 1000, Re = 100, number of lattice grids
lr =64, 128, and 256 and different M a numbers using acoustic scaling

in MRT.
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Figure 8.10: The evolution of the height of wave at the centreline for standing wave
against time with density ratio= 1000, Re = 1000, number of lattice

grids [x = 256 and 512 and different M a numbers using acoustic scal-
ing in MRT.
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Figure 8.11: The evolution of the height of wave at the centreline for standing wave
against time with density ratio= 1000, Re = 1000, number of lattice

grids lx = 256 and 512 and different M a numbers using diffusive scal-
ing in MRT.

The results that are obtained from MRT model for the multiphase LB are more
stable than the SRT collision operator especially for large [Re with high density ratio.

It observed that from the implementations of standing wave with the MRT model for
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8.4. THE SECOND CASE OF THE STANDING WAVE SIMULATIONS

density ratio up 1000 and Re = 100, 1000 which are not obtainable with SRT model.

The second case of the standing wave simulations

In the second case, The results are presented for a standing wave with Buick &
Greated| (1998) for Z—; = 2 and initial interface at y(z) = 3 + A cos(2rz) inal x 1
domain for both low and high viscosity as shown in Figures (8.12)) and (8.13)), respec-
1/2)
against dimensionless time f = ¢/ m using A = 0.07 on a 256 x 256 lattice. The

tively. Figure (8.12)) shows the evolution of wave height at the centreline (z =

predicted period p = 3.66 and decay rate o = 1.679 x 10~! agree well with results
from Buick & Greated| (1998)). Figure[8.13]illustrates the standing wave for low viscos-
ity (Re = 10000), A = 0.077 for a 512 x 512 lattice, with predicted period p = 2 and

decay rate o = 2.71 x 1072

-0.06 1

-0.08 1 1 1 1 1 1 1

Figure 8.12: The evolution of the height of wave at the centreline for standing wave
against  with Re = 400. The circle marker is the present result, the line
is the best fitting curve and the square is for Buick et al. (1998).
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Figure 8.13: The evolution of the height of wave at the centreline for standing wave
against { with Re = 10000. The circle marker is the present result and
the line is the best fitting curve.

8.5 Summary

In this work, the implementations of multiphase LB flows is applied for different
density and viscosity ratios with various Re numbers to simulate two different scaling
for 2D standing waves. The first scale is given with different density and viscosity

ratios which based on [Hodges et al. (1996) and Zhao et al. (2013). The results with
high density ratio up to 1000 at large Re = 1000 was obtained using the MRT model

in the current study. The results that are given from MRT model are more stable than
the SRT mode especially for large Re with high density ratio. In the second scale,

the evolution of the height of a standing wave was presented for both high and low

viscosity. The high viscosity result agrees well with results of Buick & Greated| (1998)).

As expected the decay rate was reduced for low viscosity (Re = 10000) standing wave.
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Chapter 9

Summary and Future work

Summary

The overall aim of this thesis was to simulate multiphase Lattice Boltzmann flows
with high density and viscosity ratios at large Reynolds numbers (Re). In order to
overcome the numerical instabilities which occurred with high Re or high density ratio
a Multi Relaxation Time (MRT) model was developed by using LBM. A brief review
of the free surface with different approaches that have been coupled with LBM is given
to simulate wave structure interaction, wave and dam breaking. In meantime, the de-
velopment of main significant multiphase LB approaches was presented such as Color-
Gradient model, SC model, FE based model and HCZ model. It observed that in their
stable implementations was focused for various applications with respect to the values
of density ratio, viscosity ratio and e for each model. Eventually, the unified approach
of Banari et al.| (2014) for high density ratio with Single Relaxation Time (SRT) was
chosen. So for that reason the multiphase LB method was developed by using MRT to
apply with large Re and high density ratio.

So the basic outline of LBM and the relation with the Navier-Stokes (NS) equations
was presented according to |(Guo & Shu| (2013)). Also, the boundary conditions was de-
scribed then the algorithms of the classical LBM with Single Relaxation Time (SRT)

and Multi Relaxation Time (MRT) were illustrated.
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In the classical LBM, two cases of relaxation Time SRT (on grid and half way)
bounce back boundary conditions and MRT with on grid bounce back boundary con-
dition for LBM have been used to simulate 2D cavity flow. In the computations, the
stream function and energy were used as measures to study the convergence to steady
state and estimate the error for Re from 100 to 10000 at [z, ly = [33, 65,129, 257, 513]
as shown in Figures (3.2]-[3.9). In general, MRT model is more stable than SRT espe-
cially with high Re as shown in Tables (3.5]-[3.6). It observed that the behaviours of the
simulations have 1st order accuracy for small lattice grids and 2nd order accuracy for
large lattice grids of in SRT while MRT with Re = 3200 and 5000 has 2nd order accu-
racy as illustrated in Figures (3.10H3.13). On the other hand, A comparisons between
the numerical results of the current study (for the velocity profiles and streamlines) and
the numerical results from |Ghia et al.| (1982]) were made. The results of minima of the
stream function have excellent match with |Ghia et al.| (1982)) results.

The methodology of multiphase flows with unified LB approach for high density
and viscosity ratios was presented. The movement of interface was modelled as follow
Banari et al. (2014])) by the Cahn-Hilliard (CH) equation then the values of order param-
eter were used to specify the densities of each phases. The pressureless NS equations
and the correction of the pressureless velocity field was found by the Poisson equation.
Also, the Chapman-Enskog expansion for solving multiphase LBM was derived.

The implementations of LBM for two dimensional multiphase flows with high den-
sity and viscosity ratios was simulated to investigate the codes of multiphase in the
current study. Two fluid Poiseuille flow was simulated with various values of density
and kinematic viscosity ratios with different Re number. The a good comparisons be-
tween the current study and the analytic solution were obtain then the Ls-norm errors
for these results in Figures (5.2}{5.5)) are illustrated the convergence with lattice grids.
The verification of static bubble flow with density ratio 100 is made and obtained good

comparisons between the theoretical (Laplace law) and current computations with dif-
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ferent surface tension coefficient values and various radius (see Figure (5.12))). The
gravitational acceleration force for rising bubble was studied and the terminal shape
with the velocity vectors for rising bubble between the present results at (128 x 512)
lattice grid and [Sun & Tao| (2010) results were tested (see Figure (5.13)).

A LBM for multiphase flows with high density and viscosity ratios to simulate 2D
single and multiple mode Rayleigh-Taylor instability (RTI) is studied. The single RTI
at high density up to 100 and 1000 at Re = 600, 3000, 5000 were investigated. It ob-
served that from the simulations are obtained a good result with Z—; = 100 and 1000
and high Re. Also, the study of the evolution of interface and the convergence of a
multiple mode RTI with different values of surface tension coefficient (012) and lattice
grid for the positions of bubble and spike are made. A good result is obtained by com-
paring with those in |He et al.| (1999) for the average density profiles across the depth
in multiple mode RTI with various o15. In addition, the results followed the expected
pattern of increased interface complexity with decreasing o1s.

The multiphase using MRT for LBM was developed and three cases of breaking
dam problems were studied. The expanding of range of applying high density ratios
with large Reynolds number (Re) beyond what was possible with SRT. The results
has been agreed well for testing the convergence with grid numbers of the square and
rectangular domain of the breaking dams and for both leading edge position and water
column height results. The simulations give a good comparisons with with Martin et al.
(1952)) by using the MRT. Also, comparisons was show agreements when investigated
the second case of the Dam break problems with (Colagrossi & Landrini (2003). In
addition, the wet bed of the dam break problems was studied and show a fine results
by comparing with Badarch et al. (2016). Finally, the MRT mode is implemented with
breaking dam problems especially for density ratio up to 1000 and high Re numbers
which was impossible with SRT model.

The multiphase LB with MRT model improved for different density and viscosity
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9.2. FUTURE WORK

ratios with large Re to simulate two different scaling for standing waves. The results
shown good convergence with lattice grid for density ratio up to 1000 at Re = 1000.
In the second case, the development of the height of a standing wave for both high
and low viscosity was introduced. The high viscosity result agrees well with results of
Buick & Greated| (1998). As expected the decay rate was reduced for the low viscosity

(Re = 10000) standing wave.

Future work

The LBM multiphase scheme introduced of this thesis is limited to 2D. The model
should be extend to three spatial dimensions. So, in order to investigate this, paralleli-
sation would be required with three dimensional model.

The MRT is a more general form of the LBM with a collision matrix where mo-
ments of distribution functions as density, momentum are relaxed with different time
scales, because of the MRT model is more stable than SRT then it can be investigated
with three dimensional model for multiphase LB approach .

Extension of the model to include fluid-structure interactions problems could en-
able prediction of ship motion.

The extension of multiphase with LBM can be applied at each phase for ship motion
structure with solid phase of the problem with need to create new approach to simulate
the flow with three phases. It is likely that MRT model would be required for such

stability.
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Appendix A

Scaling the parameters

The correct conversion between the physical and Lattice Boltzmann (LB) scale is a
most important step to simulate the physical problems when implemented in LBM. It
is necessary when comparing results obtained from LB simulations to convert to either
physical parameters or non dimensional parameters. The converted variables in LB

depend on the scaling factor parameters as are explained below

Direct Method

The relation between physical and LB parameters can be illustrated directly by
the grid size Az and the time step At in table (A.I) and used to convert the physical

parameters unit to LB and vice versa (Jain/|2010, [namuro et al.|[1997).
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Table A.1: Convert physical parameters unit to LB and vice versa.

Parameter Units Physical Lattice Boltzmann Conversion
. 3 j—
Density Kg/m PPhy PLB PPhy = Pref PLB
Grid size m AIphyOI'Ayphy AILB = AyLB =1 —
length m ZPhy Trp Or I, Tphy=ATpp, T1p
Time space S Atppy Atrg=1 —
: _ Azppy _ Az
lattice speed m/s CPhy = Agpp CLB=R2= 1 —
: _ Azppy _ Azpp _ Azppy
Veloc1ty m/s Uphy = Alphy Urp— At 1 Uphy = Alphy UrB
_ 1 Azppy _ 1 Azpp 1 __ Azppy
Speed of sound m/s Cspny = V3 Dipne | Cous = V3 Bire = V3 Cspry = Atpns Cop
Acceleration m/s? Ay = SPhy app=2us Aupy, = 320 Ay
Phy — Atphy LB= At; g Phy — At phy LB
Az py
SO Aphy=Jp ~ 0L
hy
: : 2 (r=0.5)Ax} (7-0.5)Ax? AmQPhy
Kinematic m*/s R vp=c2 UDSn Vphy = Atpne VLB
viscosity

A.2 The Governing equations for the physical system

The equations of fluid mechanics problem represent conservation of mass and mo-
mentum. The conservation of mass guaranteed by the equation of the continuity in

which the velocity field is divergence free, as defined below
Vphy - Uphy = 0, (A2.1)

where the subscript “phy” refers to the physical system. The Navier-Stokes equations,

are given by

1
atphy Wy + (Wpny - Vipny) Upny = — = Vihy Pphy + Vphy V?)hy Uy - (A2.2)
o,phy
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A3

A.3. THE NON-DIMENSIONAL SCALING

Non dimensions of the parameters is necessary for the LBM.

The non-dimensional scaling

The dimensionless variables is represented by removing the units of the param-
eters. The “nd” subscript refer to non-dimensional scale. The characteristic length
lopny and the characteristic time ¢ ,p, is used to convert the parameters from physi-

cal units (phy) that were introduced by governing equations (A.2.T)) and (A.2.2) to the

non-dimensional units (nd). The characteristic length [y ,,, can be define as length of
an obstacle, radius of bubble or length of the fluid that needs ¢, ,, time or period scale
for developing of the flow. These quantities used to find the non dimensional length
lnq and non-dimensional time ¢,,4 scale from the physical length [, and time ¢, are

illustrated according to the relations below (Latt|2008)

(A.3.1)

According to dimensional analysis, the same technique is used to convert the other

parameters which can be represented as

lO,phy 1 1 l(%,phy
= Vphy = loon Vnda Pphy = Po,phy 2 P
.phy 0,phy

(A.3.2)

By substitution the above parameters into eqs (A.2.1)) and (A.2.2), the dimensionless of

the governing equation is obtained as

lo ) ) Vpat

,phy 0,phy _ 0,phy nd Y0,phy 2

2 atnd U,q + ) (und . Vnd) Upg = — P) Vnd Pnd + 2 vnd uphy .
0,phy 0,phy 0,phy 0,phy
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A.3. THE NON-DIMENSIONAL SCALING

t2
Multiplying by Sphy yield
lophy
I oo
8tnd U, + (und . Vnd) Uyg = _vnd Pnd + % Vnd Uppy (A33)
where
l2
Re = —>2W (A3.4)

Vnd tO,phy

By setting the reference parameters in the non dimensional scale as

{
lona = lo’p"y =1, (A3.5)
0,phy
and
tQphy
toa = —— =1. (A.3.6)
tQphy

Since the Re is dimensionless unit for that it has same quantity in the physical and non

dimensional scale, can be written as

Re = —, (A3.7)

and from this non dimensional property of Re that leads to viscosity in the non dimen-

sional scale defined as

Und = —— - (A.3.8)
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A.4. CONVERSION OF THE NON-DIMENSIONAL TO LATTICE BOLTZMANN UNITS

Conversion of the non-dimensional to Lattice Boltzmann units

Assuming dimensionless length and time scales [y ,,q = t9,a = 1. The step size

(Ax) and the time steps (At), can be written as

Ar = lol—”d = zl (A4.1)

and

ton 1
At =2t : (A.4.2)

Niteration Nite'ration

Dimensionless analysis is used a base to convert the other parameters from non-dimensional
to LB units and the “LB” subscript refers to the Lattice Boltzmann. The length and time
factors are (\,) and (), respectively. They are used to define the other parameters,

such as velocity factor (\,):

Und )\x
:)\ua SO ,Upg = — ULB,
UrB At
which results as
Ax
Upg = — ULB, A4.3
nd = 7y ULB ( )

and from the viscosity in eq. (A.3.8)), can be obtained as

AQ
Vg = A—f VLE (A4.4)
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A.4. CONVERSION OF THE NON-DIMENSIONAL TO LATTICE BOLTZMANN UNITS

and thus

At
urp = E Und ,

and

AL At 1
VLB = N2 T A2, T Re

Since reference length and time is unity (lo g = tona = 1), SO

lO nd
Uo,nd = . =1.
0 tO,nd
Therefore from eq. (A.4.5)
At
U = E .

(A4.5)

(A.4.6)

(A.4.7)

(A.4.8)

In general, non dimensional parameters such as Reynolds number ( Re) and Froude

number (F'r) can be used to obtain the unknown parameters in Lattice Boltzmann scal-

ing. The relation between the three scales of Reynolds number ( Re) and Froude number

(F'r) is same, so

ULB LLB

Repny = Rerp whichmeans Repp =
VLB

and similarly,

FTphy = FTLB.
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A.4. CONVERSION OF THE NON-DIMENSIONAL TO LATTICE BOLTZMANN UNITS

Thus as

ULs
Ve Lrp ’

FTLB:

where (g75) is the lattice gravity. In addition, If the valued of the Re, velocity, length
are known in the LB leads to determine lattice kinematic viscosity (v) from Re. Then

from the v, the relaxation time (7) can defined
T=3r+0.5

Also, The lattice time space can be obtained according to low M a number with an other

relation by knowing the lattice grid space and the lattice viscosity (v) as

A
Alyp = UrpAzpp
Uphy

or the lattice time space can be found with respect to lattice gravity (g,p) which is

define as an external force (Nils|[2007).

Azxrpgrs . g LB
Johy = ——————, thatgiveas Atpp=,/——.
Py (AtLB)Q g gphy
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Appendix B

Chapman-Enskog Expansion for Solv-

ing Multiphase Flow

B.1 Chapman-Enskog expansion for recovery the pressure-less
Navier -Stokes equations

In this section, the LBGK equation

At .
Gi(X+ GALE+ A — gi(x, 1) = ——(gi(x, 1) — ¢“V(x, 1)) + At B;,

Tg

(B.1.1)

with the equilibrium distribution function of D@y

(ca) _ (Cia W) | (cigu)®
9i ! 2 2ct 2c2

k ko
+ w;— Ga CiaCigp — Vj— Vqﬁ s (B12)
5 Gastiatip = Vi Vol
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B.1. CHAPMAN-ENSKOG EXPANSION FOR RECOVERY THE PRESSURE-LESS

NAVIER -STOKES EQUATIONS

where ¢; is speed of sound, ¢;, is the velocity with index o« = (x,y) = (1,2) or also

B =(x,y) = (1,2) and

4 C
5, for i=0,
w; =<3, fori=1234,
1 :_
3¢, fori=5,6,7,8.
\
3__052’ for + =0,

v =

3w; s
5, fori=1,2,---,8.

are weight functions and

G—i dp 9p\ 9 8¢8¢5
P94 \ Oz, 0z 4ct \ Oz, Oz, by

leads to the macroscopic (pressure-less) Navier-Stokes equations

ou* ou*

(B.1.3)

(B.1.4)

(B.1.5)

0y

<8uj; 31&2) d 1 B,
— + "

Org 0z, ) Oxs p o

where
1
H:V:cg (7}——At>.
p 2
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B.1. CHAPMAN-ENSKOG EXPANSION FOR RECOVERY THE PRESSURE-LESS
NAVIER -STOKES EQUATIONS

The multi-scale expansions are introduced,

g:= 9" + eV + %Y + O(e?) (B.1.8)
Oy = O + 0 + O(e?) (B.1.9)
Oa = Oao + O(e1). (B.1.10)

where ¢ 1s a small number known as Knudsen number, which is, the ratio between the
mean free path and the microscopic length scale, and 0; and 0, are the derivatives with
respect to space and time, respectively. 0y, is represented to be the time scale for fast
advective scale, while 0y, is the slow diffusive scale. By starting with the second order
Taylor series expanding the lattice BGK ( LBGK ) equation (B.1.1) without force term,

reads

2
1 e
5(8t+ciaaa)gi+%(at+ciaaa)(at+ci68ﬁ)gi+0(€3) = _T’_(gi_g'g q))7 (B.1.11)
g

where 7, = 7,/At the dimensionless relaxation time. Inserting equations (B.1.8),
(B-1.9) and (B-1.10) into eq.(B.1.11), yield

1
€(ato+ciaaao)g§0) +52 {atl g'L(O) + (ato+ciaaao)g§1) + 5 (ato+ciaaao) (ato + Ciﬁaﬁo)gi((])}

1
YO = —— [ggm +eg® 4 e2g® — g@q)] O, (B.1.12)
T,

7 ) 7
g

Equating the coefficients of each order ¢, at the zeroth-order of ¢ is obtained as

g0 = gled. (B.1.13)
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B.1. CHAPMAN-ENSKOG EXPANSION FOR RECOVERY THE PRESSURE-LESS
NAVIER -STOKES EQUATIONS

and at the first-order of

=1
(Bho + CiaOno) g\°? = — g, (B.1.14)

and at the second-order of ¢

e 1 ey —1
O 9D + (Dot CiaDao) g + 5 (OrotCiaB0) (o + €i5050) gl = — ¢®, (B.1.15)
g
equation (B.I.T5) can be written as follows
. 24, — 1 1
O 9" + { o } (Bho + Cialao) 9" = =07, (B.1.16)
217, Ty

To evaluate zeroth-, first-, second- and third-order moments of equilibrium distribution
functions Eq.(B.1.2), the properties of the generalized lattice tensor according to (Guo
& Shu[2013) for D,y are required as follows

Zwi =1 (B.1.17a)
Zw"% =0 (B.1.17b)
Z WiCiaCip = Ous (B.1.17¢)
Z WiCinCigCiy = 0 (B.1.17d)
Zwicmcwcmcw = ci‘ (0ap 05 + 0oy 085 + das 0p-) (B.1.17¢)
Z W;iCin CiBCinCisCip = 0. (B.1.17f)

(2
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Gop in equation(B.1.5) can be written as

Gi11 Gha
G=_""_
4 )
2 Gy G
where
_ L[ 0p ., 00, B 09 0¢
G11 = GQQ = 5 |:(8£L‘1) <8$2) and G12 = Ggl = a{I,‘l a$2 s (Bllg)

the zeroth-order moment of equilibrium distribution function is evaluated as follows

% %

from egs. (B.1.17)) yields,

(eq) _ 1 L, 1, . k k B
Zgz- = O+ 5z~ 5w+ (0) = o (0) =0, (B.1.19)

the first-order moments of equilibrium distribution function is competed as follows

Zcmgz Zwl Cia Ci3 uﬁ—i—Q 42% Cia Cip Cig U U5 — P 2 szcmuﬁ ug

i

k k
+ ; Zwi Gﬁa CiaCigCis — % Z (% Cia‘v¢‘27

by substituting eqs. (B.1.17) into above equation
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NAVIER -STOKES EQUATIONS

1 k k
Zcmgz (2 bapup)+ 5 5(0) =5 <0)+;(0) — 2 (0)=u’.  (B.1.20)

The second-order moments of the equilibrium distribution function ( é ﬁ) > Cia Cip gfeq))

18 evaluated as below

B L o D ST vl
Cia Cig g; - 02 Wi Ciq Cip Cis U 9 oA Wi Cio, Cig Cig Ciry Uss ’U/,y
- - s
k
= E Wi Cia Cig Uy WY + — E wi Gy CiaCipCis Ciy
2 cs p =
i

- 2_p ; V; Cia Ci,8|v¢|27

from eqs. (B.1.17), yields

4 2
*

Cs * %
(O) %2¢ 4 (5a,8 557 + 50{6 557 + 50{7 655) ’y 9 2 6046 U,Y 'U,,y

Z Cia Cig g, q)

¢t (00 05y + 0as Oy + Oary 0ps) Goy — —|V¢| Oaf »

i | PTMQM| —

—_

* * * * * * 1 * *
=5 (0ap Ul Ul + Oas Uz uj + 0oy ug ul) — 3 Oap US U
k 0¢p O¢

k
(2 Gap + Gy Oag) — e 2 5
+ p( 8+ Gy dap) 2p x, O, 0o

_**2]{3 dp 0 9 (J¢p ¢ _k:@gb@gbi
— o B+9 {204 <8xa (9265) 4ct <8a:y 8xv)6aﬂ} 2p 01 O,

(\]

thus

o ¥
™ ¥

(&b a¢) (%%)@,ﬂ, (B.1.21)

o T i B Oz 0 0z Oz,

i
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NAVIER -STOKES EQUATIONS

the third-order moments of equilibrium distribution function is evaluated as follow

(eq) _ 1 * 1 * %
Cian CipCin g; = g Wi Ciq Cig Cin Cis Us+ —2 ! Wi Cia Cip Ciny Cig Cip Ugs Ug
i L s

1

T 92
2cs

k
- 2_p ZZ: Vi Cia Ci Ciy ‘V¢|27

Wi Ciq Cip Ciy Ug Ug + ; w; G50 Cia CiB Ciry Ci§ Cig)
i i

from eqgs. (B.1.17), yields

4
€ Cs *
E Cia Cig Ciny glg 9 o (00 05y + 0as 05y + Oay Ops) Uy ,

)

then,

Z Cia Cif Ciny ggeQ) =2 (6ap U+ Oy Up, + Oany Uj) - (B.1.22)

%

The zero and first moments of distribution function and equilibrium distribution func-

tion are defined as follow

Zgi = Zg@ =0 and Z Cia i = Z Cia 90 = U (B.1.23)

From equations (B.1.8)), (B.1.13) and (B.1.23)), yield

Y g =0 and Y cog” =0 for k>0. (B.1.24)
Now, by taking the zeroth-order moment of equation (B.1.14)
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Oro XZ: 9D 4 B, ZI: Cia 91 = —T,ig Zz: g,

from zeroth- and first-order moments of of equilibrium distribution function Egs. (B.1.19)

and (B.1.20) with eq. (B.1.24), yields
Ono U, = 0. (B.1.25)

«

By taking the first-order moment of equation (B.1.14), reads

ato Z Cia g@eq + 8,80 Z Cia Ci8 gz = _T/i Z Cia gz(l) 5
9

from first- and second-order moments of equilibrium distribution function Egs. (B.1.20)

and with eq. (B.1.24), yields

k [ 0p O¢ 0¢ 0¢
* - — = *uh| =0. B.1.26
Oro e+ O {p (6$a 8I,3) (axva 7) s F U Ug} ! ( )

The first-order moment of equation (B.1.16)

atlzcia gZ(eQ) {2 Tg — ] {ato Zcm g; —i—aﬁoz Cia Cig gl }Z?—l Z Cio gl@)
i 9

from eqs. (B.1.20) with eq. (B.1.24), yields

27, — 1
Oy + { T ] o D CiaCip 9 =0. (B.1.27)

217,
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From eq. (B.1.14), (W(B = CiaCig gfl)) can be evaluated as follow

«

wélﬂ) = Z CiaCigg\") = —7, {Oto Zcm cip 9V +0., Z Cia Cip Cir gl-(eq)} , (B.1.28)

7

By using the definitions of eqs. (B.I1.21)) with eq. (B.1.22), reads

() __ 2 k(00 96\ k(096 9¢ -
Top = {a {p (8% 915) " p \Ba, 02, ) 00 Tl

— 74 010 C2 (Oap Ul + Opy Ul + Doy )
by substituting eq. (B.1.25)), yields

i k (0¢p 0¢ k ([ 0p O0¢ ,
W _ k ok L fkn kL aen
Tog = 7400 {p (5’xa 8@3) p (8%, ('31:7) (5(15] Tq (ub@to uy, + w0 uﬁ)

— 74 €2 (Ogo ufy + Ouo ) - (B.1.29)

To evaluate 0y, v}, and 0Oy, uj, by taking zeroth-order moments of eq. (B.1.14) as fol-

low
Do’ = 0. (B.1.30)
and first-order moments of eq. (B.1.14) as follow

Oro il + Oy ml) =0, (B.1.31)
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also

8t0 u;}—i—(% © _O,

0T g (B.1.32)
then,
Oro U, = =050 Wg{ow)
() o]
-0, (ggi ;i) 4 0n, (aii 5;) — o, (whul),  (B.133)
also

By Uy = —Oro 7l

B 0 0¢ k 0¢p 0¢
=0 { <8xﬁ 8337) <p5$a 8'7301) 5ﬁ7+UB W]

_ 99 09 d¢ 06 .
~ e (6‘:65 8%) + % (axa axa> =0y (upuy) . (B.134)

by substituting egs. (B.1.33) and (B.1.34) into eq. (B.1.29), yields

n_ 9p 9\ k(99 0 2 ) )
Top = —Tg0k0 [ (8xa 95 P O, ap| —Tg Cs (0o Upy, + Oao Uj)

dp do\ | . 00 06N\ o (s s
{ -5 e ) o () 0}

o \ 5
» ¢ 9¢ g k(00 00\ .
u’ O — ( ) uaaﬁ(); <a—% 8%) wp, Oyo (uf u 7)} (B.1.35)

0z Oz,

Now substitute eq. into eq. (B.1.27)), reads
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o (Do (222 (22095 ] s
, 1 0¢ 0¢ 9 0¢ R
(5 2) 2 10y (o, ) 3005 (o, ) -2 )

o \ 06 08\ . 9 ¢
_(Tg_§>aﬁo{— 0,0 (axﬂaxy) “0s ‘(a_%a_%)} 0.

which can be multiplied to ¢ = At, the term that contain (u}uju’) is O(Ma®) Mach

number can be neglected (Guo & Shu2013)) and simplified to,

. , 1\ kAt (96 99 1\ kAL (99 9¢
i (1) 5 (o Jy o (o3) 5 (o )y
1 . i} . , W\ kAt (09 0¢
— g0 {C?At (T o 5) (Fpotie +Oaoti) } +1u5080050 {(Tg - 5) P (&ra 03:7)}
. . I\kAt (96 09 . ,_L\EAL (96 99
Uﬁaﬂoaao{<7-g 2) P (81’7 81‘7)}_{—“&860870{(7—9 2) p (al'ﬁ 8377)}

. o (. 1\ kAt (9¢ 9o\ _
— Uy, (950) {(Tg—§> p (a%axw)}—(). (B.1.36)
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In order to recover pressure-less Navier-Stokes momentum equation (B.1.6), by adding

eq. to eq. (B.1.26), yielding

Ot = —s {k ( 9% %> _k (%%

p \ x4 0x5) 0$w3$v) 5m3+_u2u2}

(i) 2 (2 00)) - {(1-1) 2 (2.0)
+@h{ﬁm(g—%)@mﬁﬁ4%w®}—%aﬂﬁ{(@_%>%¥<§i§$>}
el 8) 2 (3 (e 3) 2 (2 2)

cin o[ T\ kAL 36 96\
+u4@%){(nr—§) 5 <aﬂﬂhh>}——0. (B.1.37)

2/ p %8335 2
L2t (28 20) L, wsaodro] (Fy — 3) 52 (22 22) b, whbaedno{ (7, — 1) 221 (22 22) ],

s D3000] (7 = $) 521 (22 22) | and (902 (7, — 3) 24 (22 22) } have small

In the RHS of eq.(B.1.37), the terms 850&0{ (7, — HyEaL( o¢ ﬁ) }, anato{ (75— 3)

parameter £ multiplying to At and thus can be eliminated. After using these simplifi-

cation into eq. (B.1.37), yields

. ok ¢ 09 09 0¢
oui+ou(i8) = pou (325 ) 0~ ()

+ O3 {czAt (T'g - %) (Opou, + Qwug)} =0. (B.1.38)

By using the continuity equation (B.1.25)), reads
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EQUATION

k

8tuz + UE (950 (uZ) = ; (950

2 0
{ <3x7 Oz

2

99 99
8% 8@;) }

+ Do {cht (T'g — %) (Dpou, + aaou;;)} =0. (B.1.39)

After adding the force term the eq. (B.1.39) correspond to the (pressure-less) momen-

tum Navier-Stokes equation (B.1.6).

B.2 Chapman-Enskog expansion for satisfying the Cahn-Hilliard

equation

In this section, the same technique is used to derive that the LBGK equation

fix + Gt t+ At) — fi(x,t) = ——

with the equilibrium distribution function of Dy Qg

;5 = Hig+v

where

L,

0,

M
———— My + Ppw;
Tf—%At ¢ ¢W|:
for + =0,
for 1 =1,2,3,---,8

At
Tf

(Cia.U)

( Fix,t) — fC9(x, t)) , (B.2.1)
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B.2. CHAPMAN-ENSKOG EXPANSION FOR SATISFYING THE CAHN-HILLIARD
EQUATION

is weight functions. The diffusive interface motion modelled by Cahn-Hilliard (CH)

equation may be recovered.

PV (6w = MVM,, (B2.4)
t

where M diffusive coefficient ( Mobility) and

My=BY—-kV2¢, (B.2.5)

is the chemical potential, 5 and k are parameters, V is related to bulk FE density and

V ¢ is the energy gradient. The multi-scale expansions are introduced,

fi= 17+ efV 4+ 217+ 0P (B.2.6)
Op = Oy + €0 + O(?) (B.2.7)
O = Oao + O(e"). (B.2.8)

by starting with the second order Taylor series expanding the lattice BGK ( LBGK )
equation (B.2.1)), as

2
-1 .
£ (Dy+Ciade) fi—l—%(8t+cm8a)(8t—i—cw@g)fi—l—O(ag) =—(fi=f). B29)
f
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where 7y = 7;/At is the dimensionless relaxation time. Inserting equations (B.2.6)),
(B.2.7) and (B.2.8)) into eq.(B.2.9), yields

1
5(8750 + Ciaaac))fi(()) +52{8t1 f7,(0) + (ato + Ciaaoca)fi(l) + 5 (ato +Ciaaao) (ato + Ciﬁaﬂo)fi(())}

FOE) = [10 4 efV + 22 - f] v o). ®2.10)
!

Equating the coefficients of each order ¢, It observed that at the zeroth-order of ¢

FO _ fea (B.2.11)

and at the first-order of

1
(Bro + CiaOno) f1V = —— (B.2.12)

2

and at the second-order of ¢

e 1 e —1
On Fi+ (BrotCiaDuo)f{+ 5 (Orot Ciaao) (DotcisDpo)fi " = 17 (B2.13)
f

Equation (B.2.13) can be written as follow

w [, 1 1
Df ! — (Tf _ 5)(8to+cia3ao)(8t0+ci5850)fi( 9 = . (B.2.14)

By using the properties of the generalized lattice tensor (Guo & Shu|2013) for DyQ)9,

the zeroth-order moment of equilibrium distribution function Eq.(B.2.2)) is evaluated as
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follow

S - ¢ZH+ —1A M¢sz+—zwlcmua

204 E Wi Cig Cig U Ug — 2 2 E Wi Uy Uy

From eqs. (B.1.17)) yields,

(eq) _ M e oy ? P = B.2.15
;fz Ot I MO GO g g usus — g mn =6 (BLIS)

The first-order moments of f° is computed as follow

@
Z Cia fi(eq ¢ Z H Cia T+ _ M¢ Z Vj Ciq + Z Wi Cio Cip-URB
A
2 C4 Z Wi Ciq Cig Cig U Us — Z Wi CiqU~ Uy,

by substituting eqs. (B.1.17) into above equation, yields

pen) _ MM, (0) ¢ , O oD oy
Ei:cmfi =00 TN T ) 705 a0)=0u, (B216)

S

the second-order moments of equilibrium df ( aﬂ = > .Cia Cig f ) is evaluated as

below
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B.2. CHAPMAN-ENSKOG EXPANSION FOR SATISFYING THE CAHN-HILLIARD
EQUATION

MM
Z Cia Cig [V = ZH Cia Clﬁ‘i‘ ? Z Vi Cian Cm—l— - Z Wi Cia Cig Cig Us
¢

+ ﬁ E Wi Cia Cip Ci Ciy U Uy — 2 2 E Wi Ci Cig Uy U

from eqs. (B.1.17), yields

. MM, 3 )
D e (=000 + 2R G D wnciacis = 15 (O

2
+ %(56,5 557 + Ous (557 + 6047 (555> Ug Uy —

c
>0,

— Uny U
«

2¢2 Bty Yy

M M3, ¢ 6
(Tf —IA) 2 2 5 (0 Uy Uy +005 Us Up + Gary Up Uy ) — 5 = 003 Uy Usy
2

MM¢ (5a5 ¢ qb
7—7f—1At 55u7u7+§(uaug+ugua)—5(5&&%“7,
thus
Z Cia Cip f _ lAt M¢ 5045 + ¢ua ug . (B217)

The zero and first moments of distribution function and equilibrium distribution func-

tion are defined as follow
N h=> fP=¢ and D cufi=Y i =t (B.2.18)
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B.2. CHAPMAN-ENSKOG EXPANSION FOR SATISFYING THE CAHN-HILLIARD
EQUATION

From equations (B.2.6)), (B.2.11)) and (B.2.18), it observed that

(2

Zfi(k) =0 and Zcia fi(k) =0 for k>0. (B.2.19)

Now, by taking the zeroth-order moment of equation (B.2.12))

8750 ZZ: fi(eq) + 8040 2@: Cia fi(GQ) = _% ZZ: fz(l) 9

from the zeroth- and first-order moments of of equilibrium distribution function Eqgs.

(B:2:13) and (B:2.16) with eq. (B-2.19), yielding

8to¢+ aao (Cbuoz) =0.
(B.2.20)

By taking the zeroth-order moment of eq. (B.2.14) and simplified to

On Z fi(eq) — (f‘f — %) {ato Oro Z fi(eq) + Ot Oao Z Cia fi(eq)}

%

= (fr= {0000 3 e 17 4 0508 3 e S} = =2 30 17

(2

By substituting eqs. (B.2.13)), (B.2.16), (B.2.17) and (B.2.19)), yields
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B.2. CHAPMAN-ENSKOG EXPANSION FOR SATISFYING THE CAHN-HILLIARD
EQUATION

06— (%~ 3) 0 {00 + o (Gua)} — (77— 3)

{010 000 (6105) + 030 00 | — 5

1Al Mg dap + ) ta Uﬂ} } =0,  (B22])

From eq. (B.2.20), yields

. (7= 14)Ouo 0o M M,
Ond=\7r—= )00 4 Oto Ono (P U , (B.2.22
9= (#3950 {010 (003) +900 (G0 )+ 2 F 5o, B222)
by multiplying eq. (B.2.22) by ¢ = At, It observed that
1
2 On0=(Fr=3 ) At OsofOhs (6143)+0ao (6 Ua 1s)| 00 Oao M M. (B223)

By adding eq. to the eq. (B.2.20)), reads

1
0,+0a (H 1) = (T'f—§> At aﬁ{ato (G ) + On (6 ta uﬁ)}+aa 9. M M,. (B.2.24)

The term that contain (T'f — %) 03 O (¢ ug) is multiplied by a small parameter At
can be neglected and the term that contain (¢ u, ug) can be removed, because it has

O(Ma)? Mach number, so

O+ O (Pua) = MV* My,

206



B.3

B.3. CHAPMAN-ENSKOG EXPANSION FOR SOLVING PRESSURE POISSON
EQUATION

which is the Cahn-Hilliard equation.

Chapman-Enskog expansion for solving pressure Poisson equa-

tion

In this section, by applying the Chapman-Enskog expansion to the LB equation for

solving pressure Poisson equation

A
(X 4 e+ AL) — B (x, 1) = — 2 (ret) — e (x ) )

Th ¢

— Atw; (V.aur(t)), (B.3.1)

where n is n — th iteration for the pressure. With the equilibrium distribution function

of Dy Qg
"(x,t
hEeqm) — W p (X72) 7 (B32)
Po €
where
1 p,c?
2 pc
and
AtV
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B.3. CHAPMAN-ENSKOG EXPANSION FOR SOLVING PRESSURE POISSON
EQUATION

is the Poisson equation. The multi-scale expansions are introduced,

he = +ehi) + 2h® + 0, (B.3.5)
O = Oy + €041 + O(£?), (B.3.6)
Do = 0o + O(e1). (B.3.7)

By the second order Taylor series expanding the lattice BGK (LBGK ) equation (B.3.1),

yields

2 1

£ (0 + Cin0a) b + %(& + Cia0a)(0; + ci503) B! + O(e%) = (h' — hl(-eq’"))

Th

— Atw; Vau*, (B.3.8)

where 75, = 75,/At the dimensionless relaxation time. Inserting equations (B.3.5),
(B.3.6) and (B.3.7) into eq. (B.3.§), reads

1
5(ato+ciocaao)h§0) +52{8t1h§0) + (ato + Ciaaoco)hgl) + § (ato+cio¢8ao) (at0+ciﬁaﬁo)h50)}

_1 n
+O(€3):—[h§0)+5h§1)+52h§2)— W | e, Vot +0(e%). (B.3.9)

z 7

Th

Equating the coefficients of each order ¢, it is observed that at the zeroth-order of £

h% = piom (B.3.10)
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B.3. CHAPMAN-ENSKOG EXPANSION FOR SOLVING PRESSURE POISSON
EQUATION

and at the first-order of

eq,n 1 *
(ho + CinOno) K™ = —— pV — 4, V.ou* (B.3.11)
Th

and at the second-order of

eq.n 1 eq.n
A1 BT 4 (D + CiaOao) B + 500 + CiaDao) (Oro + €15030) plerm)

:—i@% (B.3.12)
Th

which can be written as follow

ea.n 2/ —1 7 *
%@%H(Tﬁ N%+%%MP—£@A&@MVu
27’f 2
1
=——n?. (B.3.13)
Th

By using the properties of the generalized lattice tensor (Guo & Shu|2013) for DyQ)g,
the zeroth-order moment of equilibrium distribution function eq. (B.3.2) is evaluated

as follow

(eam) _ A
from eqs. (B.1.17), yields

7

3 opfeem = P (B.3.14)
i Po €

the first-order moments of equilibrium distribution function is competed as follow
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B.3. CHAPMAN-ENSKOG EXPANSION FOR SOLVING PRESSURE POISSON
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S bl =% p"
eq,n)
Cia hz = Cia Wj 5 -
] - C
i i

Po

By substituting eqs. into above equation, yields

> o b =0. (B.3.15)

The second-order moments of equilibrium distribution function is evaluated as below

e Cig Y = ia Cip Wi . )
; Cia Cig I Z Cia Cig W o 2
from eqgs. (B.1.17), yields

S i i B = 2 ﬁ , (B.3.16)

7

the zero and first moments of distribution function and equilibrium distribution func-

tion are defined as follow

n __ (eq,n) pn
;hi = ;hi gn) _ PR (B.3.17)

from equations (B.3.3)), (B.3.10) and (B.3.17), it observed that

> h =0, (B.3.18)
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B.3. CHAPMAN-ENSKOG EXPANSION FOR SOLVING PRESSURE POISSON
EQUATION

Now, by taking the zeroth-order moment of equation (B.3.TT)), yields

@theq" +0a0262ah(6q") ,—Z Zleu

then,

Vs

Bhe (p_

; 5)=-Vau, (B.3.19)

and the zeroth-order moment of equation (B.3.13)), yields

8t1 Z hz(eq,n) + (QTf ) (ato Z h + aao Z Cza ) — % 8t0 Z Wi V.u*
_ (2)
_§8a02wicmv.u ——%—h;hz

which can be simplified to,

2% — 1
O Y hle +aao( TgT, ) 3 bl - —atozwzv w=0.  (B320)
; f '

1

From egs. and (B.1.17)), yields

atlzhz('eqm) _aao <27Lf2_ ! ) ZCiOc((ato“—CiﬁaﬁO) hz(eqm) +wi Vu*) _% ato V-U* =0
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B.3. CHAPMAN-ENSKOG EXPANSION FOR SOLVING PRESSURE POISSON
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Then,

eqn 275~ 1 eqn 27— 1 eqn
aﬂz hE B )_ato aOW( Tf2 ) Cia hg ¢ )_aao(( Tf2 ) aﬁo Z Cia Ci8 hg © )>

)

27, — 1 1
_aa0< f2 >;C¢awiv-u*—§&gov.u*zo7

and from eqs. (B.1.17)), (B.3.14), (B.3.13) and (B.3.16)), it observed that

Po €

) . ((27}2— 1> 2 D 5aﬁpn) _ %aw V=0,

then,

1
— 8aop"> — 5 0V = 0. (B.3.21)

By multiplying eq. (B.3.21)) by ¢ = At and adding with eq. (B.3.19), yields

) (pf;) — Do <(T - 1) ﬁtccj aaop"> = %awv.u* — _Vu'.  (B322)

The term that contain % 0o V.u* is multiplied by a small parameter At can be neglected

and when 0, (p") — 0 eq. (B.3.22) becomes,

V. <<T . 1) Ate v.p"> — V., (B.3.23)
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B.3. CHAPMAN-ENSKOG EXPANSION FOR SOLVING PRESSURE POISSON
EQUATION

which identical to the diffusive Poison equation eq. (B.3.4), that satisfies

N &1
(r-5) -5 == (B.3.24)
2/ poct  p

Since 7, = 1,/ At, so

1 p,c?
=At| = .
" <2+ 063>
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Appendix C

The discretization of the first and

second derivative

The first and second order derivative can be calculated by central finite difference
approximations for equation according to|Lee & Lin|(2005)) as follows:

The first order derivation in the x-direction:

0 1 1
) sy = 5 (6 +1,3) = 9(i = 1,3)) + 75 (9(i + 1,5 +1) = 66— 1,5~ 1)
+%(¢(z’+1,j—1)—¢(i—1,j+1)), (C.0.1)

and in the y-direction:

0 1 1
Sl = 50007 + 1) = 61 = 1) + 336+ L +1) = 6(i = Lj = 1)

P8 =1+ 1) = 0li 415~ 1), (€02)

where ¢ and j refer to the grid coordinate.

The second order derivative can be computed as:

d¢? -
O ey = —22(0(0,) + 2 (9li+1,3) + =1, ) + 9li, 1) + 6, 7—1))
k
+é(¢(i—|—1,j+1)+¢(i—1,j—|—1)—|—¢(i+1,j—1)+¢(i—1,j—1)) , (C.0.3)
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and

jyik'—1@@+l'+U—¢@+1'—U_¢@_1'+D
axay (zﬂ)_4 ) 5] , ]

+¢(i—1,j—1)), (C.04)

where 7, j and k refer to the grid coordinate.
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