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Abstract

This thesis presents the extension of the lattice Boltzmann equation (LBE)
to several well-known flows. First, the flow over a cylinder is studied using
the LBE and the numerical predictions are shown to compare well with those
obtained using a stylised finite volume method. A clear and formal pertur-
bation analysis of the generalised LBE is also presented. A LBE for axisym-
metric flows is developed, the precise form of which is derived through a
Chapman-Enskog analysis so that the additional axisymmetric contributions
to the Navier-Stokes equation are furnished when written in the cylindrical
polar coordinate system. Stokes’ flow over a sphere is studied and excellent
agreement is found between the numerical and analytical predictions. A lat-
tice Boltzmann model for immiscible binary fluids with variable viscosities
and density ratio is developed. In the macroscopic limit this model is shown
to recover the Navier-Stokes equations for two phase flow. A theoretical
expression for surface tension is determined. The validity of this analysis
is confirmed by comparing numerical and theoretical predictions of surface
tension as a function of density. A number of numerical simulations are pre-
sented and shown to be in good agreement with analytical results. Finally,
an axisymmetric multiphase lattice Boltzmann model has been proposed.
This model is easy to implement and some test cases have been performed to
demonstrate its capabilities. A review of the extension of the lattice Boltz-

mann equation to viscoelasticity is also presented.
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Chapter 1
Introduction

The lattice Boltzmann method (LBM) is an efficient, parallel algorithm for
simulating single and multi-phase fluid flows. Unlike conventional numerical
schemes based on the discretisation of macroscopic continuum equations,
the LBM is a discrete kinetic theory approach that features a mesoscale
description of the microstructure of the fluid.

The fundamental philosophy of the LBM is to construct simplified kinetic
type models that preserve the conservation laws and necessary symmetries
so that the macroscopic averaged properties obey the desired continuum
equations of motion. These simplified models are sufficient since it is known
that the macroscopic dynamics are not sensitive to the underlying details of
microscopic physics. This thesis intends to discuss the theory of the lattice

Boltzmann equation and analyse its extension to complex hydrodynamics.

1.1 Modelling Fluid Flow

A fluid is a collection of particles that move freely among themselves. To
describe the fluid mathematically, one could model the motion of individual
particles and their interactions, or alternatively consider the ensemble of par-
ticles and assume the fluid can be modelled as a smoothly varying continuum.
Both levels of description have an associated characteristic length scale. At

the macroscopic level there may be a number of such lengths; for example



the width of a channel or the diameter of cylinder, denoted by L; and L, in
Figure 1.1, respectively. These are examples of geometric lengths but more
intrinsic flow properties, such as the size of vortex shedding in turbulence,
may also be considered. The smallest of these hydrodynamic length scales
will be denoted by Lg. At the particle, or microscopic level, the character-
istic length scale is generally taken to be the mean free path, L, i.e. the
average distance particles travel between collisions. A basic hypothesis un-
derlying continuum fluid mechanics is that the macroscopic description holds

whenever Ly > L,,¢,, or alternatively
€= Lyysp/Ln < 1, (1.1)

where € is referred to as the Knudsen number.

Figure 1.1: Examples of characteristic length scales in the continuum ap-
proach.

Consider a collection of N particles of mass m moving in a volume V'
at time ¢, each with position vector x;, ¢ = 1...N. Let them move freely
under the influence of a force F;. The particles are described by the two

Hamiltonian equations of motion:

dx; ji

= = 1.2
dj;
-~ = F 1.3
7 (1.3)

where j; is the momentum of particle 7. If initial conditions and boundary
conditions are specified, the two Hamiltonian equations can, in principle, be

solved in time to give full knowledge of the state of the system. However,



since the number of particles N in V' is exceptionally large (generally of the
order of the Avogrado number, A, ~ 10%®), this is an infeasible task.

The macroscopic approach does not consider the internal structure of V'
but instead considers it to be an arbitrary material volume fixed in space with
a mass p and momentum pu, which are assumed to satisfy the conservation

laws of Newtonian mechanics, i.e.

0
E/Vpdv = 0, (1.4)
ot v S Vv

where o is a stress tensor, S is a surface element with outward normal n
and b is a body force. Application of the divergence and Reynolds transport
theorems to equations (1.4) and (1.5) yields, upon the assuming all integrands
are continuous and the fluid is incompressible, the macroscopic equations of

motion for a fluid:

Vou = 0, (1.6)
Du
- . b 1.
P Dy V-0 +pb, (1.7)
where D p
= _ = . 1.
D1 8t+u \V4 (1.8)

is the material derivative. In order to derive an explicit form of the stress

tensor we write the components 0,3 of o in the form
Oap = —Péag + Taﬁ, (19)
where 9,4 is the Kronecker delta function:

1, ifa=p0,

5a5—{ 0. ifasp, (1.10)

and we define P, the pressure, to be the negative average of the diagonal



stress components, i.e.

1
P = ~300a. (1.11)

A constitutive equation is needed to relate the extra stress tensor, T, to the

rate of strain, 4. If these two tensors are proportional, i.e.
T =y, (1.12)

the fluid is said to be Newtonian. The constant of proportionality, n, is

known as the viscosity and the rate of strain tensor is defined to be
4 =Vu+ (Vu)', (1.13)

where t denotes the matrix transpose. With T defined in (1.12), we ob-

tain the equation of motion for a Newtonian fluid, namely the Navier-Stokes

equations:
D
pjltl = —VP+nV?u+ pb, (1.14)
Vou = 0. (1.15)

In the macroscopic approach, the underlying system is viewed as a smoothly
varying continuum, despite the fact that the underlying physical system may
be genuinely discrete (containing a fixed number of particles). Therefore, the
concept of a continuum is an idealisation, an approximation of the physical
reality of fluids. Furthermore, the partial differential equation (1.14) is highly
nonlinear and analytic solutions are rarely available. Therefore, numerical
solutions become necessary and accurate and efficient algorithms for solving
the system of equations are sought.

An intermediate level of description is provided by kinetic theory, which
connects the small-scale (L,,f,) microscopic picture with the large-scale (L)
macroscopic properties. Rather that consider individual particles, kinetic
theory features a statistical (mesoscopic) description of a fluids microstruc-
ture and defines the physical observables (such as density, velocity and tem-

perature) to be averages over a large number of molecular histories. The



primary variable in kinetic theory is not the position of a particle or the
macroscopic velocity, but instead the distribution function, f, which con-
tains information regarding the expected number of particles at a position x
with velocity & at time ¢. In 1872, Ludwig Boltzmann derived an equation to
describe the evolution of this distribution function in terms of micro-dynamic

interactions, which reads:

hf+&-Vf=0C(f) (1.16)

where [ = f(x,€,t) is the single particle distribution function, € is the mi-
croscopic velocity, and C(f) is a collision operator. The right-hand side
of equation (1.16) is often chosen to be the Bhatnagar-Gross-Krook (BGK)

operator: .
Cf) = =5 = £, (1.17)

which represents a simplified description of a particles relaxation to a local
equilibrium state due to collisions. In equation (1.17), A is the relaxation time

due to collisions and f(®) is the Boltzmann-Maxwellian distribution function:

e) __ p (5 - u)2

where R is the ideal gas constant, D is the dimension of space, and p, u and
T are the macroscopic density, velocity and temperature, respectively. In
the derivation of equation (1.16), Boltzmann assumes that particles entering
collisions are uncorrelated. The macroscopic observables are defined by the

moments of the distribution function:

m [ s = o (1.19)
m [ sede = . (1.20)
m/f£2d§ = 2pe, (1.21)

where e is the energy.



The link between kinetic theory and hydrodynamics is provided by the
Chapman-Enskog analysis, which separates the different spacial and tempo-
ral scales within a fluid. If the hydrodynamic assumption (1.1) holds, the

distribution function can be expanded as

f=f0pef®p 2@y (1.22)
and the space and time variables as

X=¢'x +..., t=e't, (1.23)

where f© = £ x; and t; describe the linear (sound wave) regime, and
to describes the change in long-term (viscous) dynamics. The end result of
this Chapman-Enskog analysis on Boltzmann’s equation (1.16) is the Navier-
Stokes equations (1.14) and (1.15).

1.2 CFD, LGCA and LBE

The primary task of a mathematical modeller is to construct models that
are able to predict phenomena which are observed in the laboratory or the
physical world. The level of sophistication of the model is dictated by the an-
alytical and numerical techniques (not to mention computational resources)
at the disposal of the modeller. The tension between the level of sophistica-
tion of a model and its analytical or computational tractability is particularly
strong in fluid dynamics where the quest is to derive a model that is as simple
as possible, involving the minimum number of parameters, and yet which has
the capability to predict the behaviour of the flow. Traditionally, most of the
effort expended in the field of computational fluid dynamics (CFD) has been
directed at pursuing a macroscopic approach to numerical predictions, that
is solving the system of partial differential equations (1.6) and (1.7) using
either finite difference, finite volume or finite element methods (which are
local methods) or spectral elements (a global method). In many situations

this approach is sufficient to provide a qualitative description of the impor-



tant flow phenomena. However, numerical approximations to these equations
can sometimes prove difficult to obtain. For example, there may be trunca-
tion errors and numerical instabilities due to the necessary discretisation
process, irregular boundary conditions can be difficult to incorporate (par-
ticularly with the finite difference method), a Poisson solver is often required
for the pressure term, unresolved theoretical problems concerning compati-
bility conditions to ensure a well-posed discrete problem (finite and spectral
element methods), and the nonlinearity can make the discrete system com-
putationally intensive. Extra difficulties arise when simulating multi-phase
flows since the interface that exists between two fluids has to be tracked in
time - a computationally demanding task that is not easily accomplished by
continuum-based methods. If the fluid is non-Newtonian and has a complex
constitutive equation for the stress which includes a polymeric contribution
T, care must be taken to avoid additional numerical instabilities and spu-
rious oscillations when dealing with the convective term, u - VT. Further-
more, situations arise in which the predictions using these models fail to give
quantitative agreement with experimental measurements and observations.
Therefore, given the increased computational resources available today, finer
levels of description that can incorporate more sophisticated physics can be
contemplated.

The lattice gas cellular automaton (LGCA) and the lattice Boltzmann
equation (LBE) are discrete kinetic models for simulating hydrodynamics.
These approaches are radically different from traditional CFD techniques
since they abandon the concept of the continuum. The LGCA can be viewed
as a vastly simplified description of molecular dynamics with a limited num-
ber of particle velocities. The development of the model was motivated by
the fact that large scale macroscopic properties are not particularly sensi-
tive to the underlying particle motion. Although the LGCA neglects the
fine details of microscopic physics, it is nonetheless sufficiently detailed to
mimic the correct generic macroscopic behaviour. Since the primary goal of
kinetic theory is to derive macroscopic equations from microscopic dynamics
by means of statistics, an alternative kinetic approach to CFD would feature

a mesoscopic description of the fluid’s microstructure. This motivated the



development of the lattice Boltzmann equation, which can either be viewed
as a statistical adaptation of the LGCA or a direct discretisation of equation
(1.16), and this equation is the focus of this thesis.

The lattice Boltzmann equation can be classified as an explicit, Lan-
grangian, finite-hyperbolic approximation to the Navier-Stokes equation that
has been derived within the framework of statistical mechanics. As a numer-
ical tool for fluid mechanics it offers a number of interesting properties that
are potentially advantageous compared to its continuum rivals. These include
a linear streaming operator, unconditional linear stability, geometric flexibil-
ity, a simple and efficient algorithm, and being fully local in space and time
allowing for very powerful parallel processing. With reference to multi-phase
flows, the moving boundary between fluids should emerge spontaneously from
the underlying particle dynamics, which is physically more realistic and com-
putationally less intensive than the tracking procedures used by continuum
models. The particle nature also allows the modeller to incorporate sophis-
ticated statistical physics relatively simply into the LBE framework. This
is particularly useful for the simulation of viscoelastic fluids since modern
theoretical rheology is often concerned with finding constitutive equations

for the stress based on the fluid’s microstructure.

1.3 Thesis Outline

The purpose of Chapter 2 is to gently introduce the fundamental principles
of the LGCA that are also relevant to the development of the LBE, partic-
ularly the ‘stream-and-collide’ algorithm, averaged macrodynamics and the
importance of symmetry and the equilibrium function. This is achieved by
considering two different models, namely the HPP and FHP lattice.

Chapter 3 develops a more general description of the LGCA microdynam-
ics which is then used in Chapter 4 to describe the equilibrium statistical
mechanics of the lattice gas. It is shown that the LGCA converges to an
equilibrium solution and that this solution satisfies a Fermi-Dirac distribu-
tion function.

The lattice Boltzmann equation and its historical development, including



the derivation of the Navier-Stokes equations, are presented in Chapter 5.
We then discuss a perturbation analysis for the LBE dispersion equation and
show how to obtain the desired transport coefficients. A journal article to
describe this approach has been submitted for publication [51]. A review of
different boundary condition treatments is given and their validity is con-
firmed with laminar Poiseuille flow. Flow over a cylinder is also studied and
a large data set is obtained and compared with existing results. A journal
article containing this material is currently in preparation [52].

An axisymmetric LBE is developed in Chapter 6 and shown to recover the
correct equations of motion in the macroscopic limit. Some benchmark simu-
lations are presented and compared with analytical results. A journal article
containing the theoretical developments of the model has been published in
Physical Review E [55] and a separate article on the numerical evaluation of
the model is being prepared for publication [53].

Chapter 7 reviews existing lattice Boltzmann equations for multi-phase
flows and develops a model that can approximate the desired continuum
equations of motion. The theoretical aspects of the model are discussed and
a number of simulations are performed. This work has been published in
Journal of Physics A: Mathematical and Theoretical [54].

Finally, Chapter 8 discusses the extension of the LBE to viscoelastic flows

and reviews the current models. Concluding remarks are made in Chapter
9.



Chapter 2

The Lattice Gas Cellular

Automaton

In 1973 Hardy, de Pazzis and Pomeau [20] constructed a discrete and mas-
sively simplified representation of the molecular motion in a fluid and created
the first generation of lattice gas cellular automaton (LGCA). Unfortunately,
this model (which was christened HPP after the authors initials) cannot re-
cover the correct equations of motion (neither Euler nor Navier-Stokes) for
fluid flow and thus is not considered to be a valid numerical tool for such prob-
lems. However, in 1986 Frisch, Hasslacher and Pomeau [12] showed that a
similar microscopic model with a different discretisation of phase space could
in fact reproduce the desired hydrodynamic equations on a macroscopic level.
This FHP cellular automaton was greeted with much enthusiasm in the CFD
community and spawned a great deal of interest and research. Since 1986 the
FHP model has evolved to encompass simulations involving complex bound-
aries and/or multi-component fluids [39, 58], has become just one member
of a whole family of possible phase-space discretisations consistent with the
hydrodynamic laws of isotropy [67] and has even inspired the development of
another independent numerical tool, namely the Lattice Boltzmann Method
(LBM) [9]. In this chapter we introduce the lattice gas cellular automaton
via the HPP and FHP models before showing its relationship to equilibrium

statistical mechanics and hydrodynamics. The Lattice Boltzmann Method
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is discussed in Chapter 5.

2.1 The HPP Model

Consider a regular square lattice such that each lattice site r is connected
to its four nearest neighbours by the lattice link vectors ¢;, ¢ = 1,2,3,4.
This configuration is known as the HPP lattice and an illustration is given in
Figure. 2.1. The particles of a simple fluid live on this rectangular domain

C2

c c
LX 3 1

Ca

Figure 2.1: The HPP lattice.

and their motion is dictated by a simple two-step process. Particles that
enter the same node interact and change their momentum according to a set
of pre-determined collision rules. Each particle then hops to the one of its
nearest neighbours according to its new momentum. This two-fold evolution
of collision and propagation occurs in one single discrete time step At, which
is usually set to unity. The lattice velocities and lattice link vectors thus
have different dimensions but the same numerical value. It is assumed that
all particles have unit mass and we exclude the possibility of two or more
indistinguishable particles travelling along a lattice link at any given time.
It is convenient to define the occupation variables n;(r,t) to indicate the
number of particles moving from node r to node r +c; at time t. The LGCA

evolution can now be described by the equation

ni(r+c;,t+ 1) —ni(r,t) = Q(n), (2.1)

where €; is the collision operator that acts on all particles n = (ny, ng, n3, ny)

11



entering node r. The collision operator 2; must conserve mass, i.e.

and momentum, i.e.

> Qe =0. (2.3)

The only particle configurations that alter due to collisions are shown in

Figure 2.2 and the collision operator is defined by

Q(n) = 7NipoMi—1Mis1 — NiNi1aMi—1 Mt 1, (2.4)

where n; = 1 — n;.

Input Output

Figure 2.2: The collision rules for the HPP model. Dashed lines represent
empty links.

12



2.2 Coarse Graining

Central to the development of macroscopic quantities in LGCA theory are the
mean occupation numbers N;, ¢ =1,2,3,4. They represent the probability
of finding a particle at a given node with velocity in the direction of c; and,
in lattice gas simulations, they are calculated by averaging n; in a suitable
manner. In practice it is usually most convenient to average over a sub-

domain x containing j neighbouring nodes:
Ni(x,t) = (ni(r;, 1)) . (2.5)

The region in which this spatial averaging takes place must be small com-
pared to a typical macroscopic length scale of the flow. Other forms of
averaging such as time and ensemble averaging may also be used (ensemble
averaging is particularly important in theoretical developments) but this is
often restricted by computational performance. The mean occupation num-
bers are used to calculate the (coarse grained average) macroscopic density
(which is a scalar), momentum (a vector) and momentum flux tensor which

are defined respectively by

p(X7 t) = ZNi(Xa t)a (26)

4

pua<x7t) - ZNi(X7t)Cion (27)
i=1
4

s(x,t) = ZNi(x,t)cz-acw (2.8)
i=1

where u,, is the a component of velocity. In the above equations, and through-
out this thesis, Greek indices assign the Cartesian components of a tensor
and, unless otherwise stated, Einstein’s summation convention over repeated

Greek indices should be assumed.

13



2.2.1 Equilibrium Distribution and the Equations of
Motion

The theoretical development of a homogeneous equilibrium distribution on
a lattice will be addressed in Chapter 4. Here however we will just assume
that repeated applications of collision and propagation force the averaged
occupation variables to reach an equilibrium state, regardless of the initial
conditions. By means of a simple series expansion of the equilibrium function
Ni(e) in u = |u|, which is assumed to be small, and then exploiting the

conservation laws (2.6) and (2.7) and lattice symmetries:

4
D e =0, (2.9)
=1
4

D cCiatip = 20ap, (2.10)

i=1

where 4,4 is the Kronecker delta function:

) 1T ifa=p
5aa—{ 0 ifas (2.11)

the equilibrium function Ni(e) for the HPP model is found (to second order)
to be [50]

. 1-2 1
Nz( ) =g |:1 + 2Uacia + 2 N gg (cmcw — Eéaﬁ) Uauﬁ:| 5 (212)

where g = p/4 is the density per link.

The hydrodynamic equations of motion can be obtained via a Chapman-
Enskog expansion of the distribution functions and this multi-scale analysis
is the subject of later chapters. Here we will just state that such a procedure

produces the following form of the inviscid Euler equation [50]:

Or(puq) + 0,(I1ns) =0, (2.13)
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where

(2.14)
0 otherwise

Haﬁ{Qg[l—l—%(?ua—uz) , fa=p
is the momentum flux tensor. We have introduced the shorthand notation
for derivatives 0.y = % which will be used throughout this thesis.

A tensor is said to be isotropic if its components remain unchanged under
an arbitrary change of basis. We will see in Section 5.2 that lattice gas and
lattice Boltzmann models require fourth-order isotropy to ensure the correct

form of the momentum flux tensor, i.e:
Haﬁ = fuauﬁ + géaﬁ, (215)

where f and g are functions. Clearly equation (2.14) is not isotropic’ and
it should be stressed that this cannot be fixed by going to finer space-time

resolutions.

2.3 The FHP Model

The FHP model was proposed in 1986 and its founders showed that their
configuration can yield the correct Euler and Navier-Stokes equations in the
macroscopic limit. The seminal paper by Frisch, Hasslacher and Pomeau [12]

marks the true genesis of lattice models for problems in fluid dynamics?.

C
1

C
2
Cy

G

Figure 2.3: The FHP lattice.

! An expression for the viscous Navier-Stokes equation on the HPP lattice can also be
shown to be plagued by this lack of isotropy [58].

2The theoretical foundations of the hexagonal lattice were developed independently by
Wolfram [68]
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The FHP lattice, which is shown in Figure 2.3, has hexagonal symmetry

and associated with each node are the 6 six link vectors defined by

T T
;= -, n — 5 ) = 17...,6, 216
c (COS 7 Sin 3) i (2.16)

and |c;| = 1 for all .. The FHP propagation phase proceeds in the same way
as for the HPP model but the collision phase, which was totally deterministic
on the HPP lattice, is now a partially stochastic process. Indeed, a head-on
two body collision will rotate the incoming particles by either + (%) or — (%)
with probabilities p and 1 — p, respectively. Frisch et al. [12] also introduced
the possibility of deterministic collisions involving three particles and the set
of all collisions that scatter momentum, excluding those that can be easily
obtained by rotational transformations, is illustrated in Figure 2.4.

Since its introduction the FHP model has evolved to incorporate more
elaborate collision rules involving rest particles and 4-way impacts. With the
same assumptions used in the HPP model above, the FHP evolution equation
can be written in the same general form as equation (2.1) with the collision

operator now defined to be

Qi(n) = N 1Nir3Ni4sMiNitaMia
—MMi 12N 44N 4171345
FENi 1M AN T 2T 4 3T 45
+Eni oM 5T 11743744

—NiMNi 3N 1 M2 M4 N4, (2.17)

where n = {n; :i=1,...,6} and £(x,t) denotes a Boolean random variable

equal to one with probability p (1 — p for £).

2.3.1 Macrodynamics on the Hexagonal Lattice

The equilibrium function Ni(e) for the FHP model is of the same form as
that of the HPP model (equation (2.12)) but the density per link is now

16



Transition
Input State Probability Output States

*»,,\}i,

R N $<

Figure 2.4: The collision rules on the FHP lattice. The numbers on the open
arrows are the transition probabilities. The most common choice for p is 1/2.

g = p/6 with the index i running from 1 to 6. The full derivation of the
hydrodynamic equations for LGCA models mimics the procedure described
in Chapter 5 for lattice Boltzmann models and it can be shown [56] that
the FHP lattice gas, and indeed many other lattice gas models, can give rise
to the full equations of motion for a real isotropic fluid. To understand the
failure of the HPP model and the success of the FHP we need to examine

lattice symmetry groups, and this subject is addressed in Section 5.2.1.
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Chapter 3

LGCA Microdynamics

We now develop a general description of the LGCA microdynamics. This
will allow us to determine the instantaneous state of a system and, provided
the underlying lattice is sufficiently symmetric, the general lattice gas hydro-

dynamics.

3.1 Cellular Automata

Automata are systems with a finite set () of discrete states that evolve de-
terministically from one state s € ) to another at each discrete time step
At [58]. Thus, there exists a functional F such that

s(t+ At) = Fs(t)]. (3.1)

The time step At is usually set to 1 and the automaton is invertible if F is
invertible.

A cellular automaton (CA) is a set of synchronised identical finite au-
tomata with identical update rules. The automata act in cells which can be
imagined to be positioned at the integer points in the D-dimensional space
ZP. The local state of a cell at r = (i, j, k, .. .) depends only on a prescribed
local neighbourhood V. C ZP. There is no notion of distance or angle be-

tween cells in a cellular automaton.
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3.2 Lattice Gas Cellular Automata

A lattice gas cellular automaton (LGCA) can be viewed as a special case
of CA that has a definite geometrical structure and evolves according to a
more physical two-step process of propagation and collision. The automata
are fixed to the nodes of a D-dimensional lattice £ C R” which are labelled
by a position vector r. Each node r has m nearest neighbours r;, € V;,
k =1,...,m. There exists a finite set Z of possible particle cells at each
node. A mapping ¢ : Z — L associates a velocity vector ¢; with values in
a lattice neighbourhood V, of the origin to each particle cell © € Z. The
exclusion principle allows at most one particle per cell at any given node.
Therefore, we define an occupation variable n;(r,t) € Q@ = {0,1} to indicate
the presence or absence of a particle in 7 at node r and time ¢.
We denote the local state of a node by the |Z| bit word?

s(r) ={s;:i €I} €QF (3.2)

and the set v of the 2% possible states defines the (discrete) local phase
space. Similarly, the instantaneous state of an entire lattice consisting of N/
nodes is given by the global configuration § = {s;(r) :r € £,i € T} € Q~*%
and the set T' of the 2V7I possible global states defines the discrete phase
space. We also define the Boolean field n as the function mapping all particle
cells of all nodes onto the Boolean set (), i.e. n: L xZ — (). The difference
between n and s should be emphasised. The Boolean field is a generic notion,

whereas the Boolean configuration is a particular realisation of n.

3.2.1 Observables

An observable is a physical property that can be deduced from an abstract
automaton. It is assumed that the amount of a given observable assigned to
a particle cell does not depend on the position of the node (i.e. local and

homogeneous) [56]. In (isothermal) lattice gas theory, the most important of

Here |Z| represents the cardinality of Z.
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these physical properties are the microscopic density

p(r,t) = ni(r,t), (3.3)

i€
and the microscopic momentum

jr,t) = 3 _emi(r.) (3.4)

3.2.2 The Microdynamic Equation

The lattice gas evolution operator, £, is a functional mapping of I onto itself,
ie. £: ' — I'. This operator has the form (£); = (S oC);, where S is the
propagation (or streaming) operator and C is the collision operator.

The propagation operator translates the state of cell ¢ from one node to

another according to its velocity:
(Sn)i(r,t) = ni(r + ¢, t + At). (3.5)

To avoid complications caused by lattice boundaries we assume that £ is
periodic.

The collision operator acts locally in space and time to determine the
change in the local state due to particle interactions. More specifically, the

post-collision state n(r,t) is determined by
ni(r,t) =n(r,t) + Ci (n), (3.6)

where the closed expression for the collision operator satisfies

Cl(n> = Z(S; - Si)fs,s’ anlﬁfla (37)

and

(3.8)

1 if the transition s — s is allowed
£S,S/ = .
0 otherwise.
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Lattice gas collision rules usually incorporate some stochastic elements
(see for example the FHP model of Section 2.3). Therefore, we introduce the
local transition probability A.(s — s) = ({ss) to express the probability of

state s being transformed to s’ by collision. We now write

1 with probabilityA.(s — &'
g&s’__ { ( ) (3.9)

0 with probability 1 — A.(s — §').

In the deterministic case, A.(s — §') = & ¢ satisfies a detailed balance con-
dition:

A(s —8)=A(s —s), Vs sexy (3.10)
and the evolution operator is invertible. Stochastic LGCA must instead

satisfy the weaker semi-detailed balance condition, which states that

D Afs )= A —s)=1, VW €, (3.11)

sey sey

where we have used the normalisation condition for probabilities.
The composition of propagation and collision gives the microdynamic

equation for LGCA, which is usually written in the following form

ni(r + c;, t + At) = n;(r,t) + Ci(n). (3.12)

The only restrictions on the collision operator (for isothermal LGCA) are the

conservation of mass

> Ci(n) =0, (3.13)

and momentum

Y ciCi(n) = 0. (3.14)

The lattice gas also has some additional, spurious invariants which can lead to

deviations from the hydrodynamic behavior in the macroscopic limit. Details
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of this LGCA ‘disease’ along with techniques of how to cure it can be found
in [56,58,67].
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Chapter 4

Equilibrium Statistical

Mechanics

The connection between the microscopic formulation of a lattice gas and
the macroscopic equations of motion is provided by equilibrium statistical
mechanics. This kinetic level of description relies on the concept of ensemble
averaged variables and in this chapter we examine the foundations of LGCA
theory in terms of its ability to predict continuum values via these expected

quantities.

4.1 Ensemble Averages

It is necessary to develop a statistical description for lattice gases which will
allow us to determine averaged quantities. Although there are many ways
of defining an average, for theoretical developments it is convenient to follow

Gibbs [25] and consider ensemble averages.

4.2 Markov Chains and the Lattice Gas

The global collision transition probability a.(§ — §') is given by

(8 — §) HA s —s) (4.1)

rel
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and should obey

0<a(— §)<1 and > a3E— &) =1 (4.2)

s’el’

This function depends only on the current configuration s at time ¢ and has
no memory of any previous states at time t— < ¢t. A lattice gas cellular
automaton can therefore be thought of as a special type of Markov process,
and since the streaming operator S is totally deterministic and a.(§ — §)
is invariant under time shifts, by using laws of conditional probabilities it
can easily be shown that the probability P(8,t) of observing state § at time

t must satisfy a Chapman-Kolmogorov equation®:

P(S§ t+1)=) al(s— §)P(E,t), V& el (4.3)
ser
The probability distribution function P(S,¢) may be called a ‘macrostate’ of
the lattice and thought of as a function that associates with each microstate
s € I" a real number between 0 and 1, that is P : I' — [0, 1]. Equation (4.3)
is often refereed to as the lattice Liouville equation.

To proceed further we need some definitions:

Definition 4.2.1. A state s € I is connected to another state 8 € T if there
is a sequence $1,8s,...,8; € I' such that a.(S§ — 81) >0, a.(8) — 82) >

0,...,a.(8 — §)>0. We write s — 8" when s is connected to §'.

Definition 4.2.2. A state § € T" is transient if there exists a state 8 € T’
such that 8§ — §' but not 8 — §. A state that is not transient is said to be

persistent.

Definition 4.2.3. If s € T" is a persistent state the set of all states 8’ € T

connected to S, denoted Z(8), is said to be ergodic.

Definition 4.2.4. If S is the only member of Z(S) it is an equilibrium state

!The general derivation of the Chapman-Kolmogorov equation can be found in [46].

24



It is not difficult to show [46] that the system will eventually reach a
persistent state. The long term solutions are thus restricted to the ergodic
components and may be shown to be either steady or aperiodic. Here we
consider only the steady solutions. For these an important theorem is the

following;:

Theorem 4.2.1. For a single ergodic component there is a unique time in-

dependent solution mg of equation (4.3).

A proof of the above theorem can be found in [46]. Having stated the
existence and uniqueness of an equilibrium probability distribution 7 over
each ergodic set Z(S), we now wish to show that any probability distribution
P(s,t) over Z(s) will approach this steady state as ¢ — oo. This can be
achieved by making use of the mathematical theory of convex functions,

which also leads to a H-theorem:

Theorem (H-theorem) 4.2.2. Let ¢(y) be a convex function and assume

the semi-detailed balance condition (equation 3.11) holds. Then the function

H(t) =) ¢[P(,1)] (4.4)

sel’
s a non-increasing function of time.

Proof. First note that in symbols Theorem 4.2.2 can be written as

Y 6(P(3,10) =Y (P t+1) = ¢(P(SF,t+1)), (4.5)

sel’ s'el’ s’el

If ¢(y) is a twice differentiable convex function and m; is a weight asso-
ciated with the point y;, then [46]

D mid() 2 Y mid(y), (4.6)
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where

j = Zz m;y;
> 7
m; > 0, Vi (4.8)

(4.7)

To relate this relationship to our probabilistic lattice gas we take the weights
m; to be the transition probability a.(§ — §') and set the argument in ¢ to
be y = P(8,t). When the index i is replaced by § and the summation is

taken over all states 8, equation (4.6) reads:

D a8 = F)p(PE 1)) =) as — §)o

sel’ ser

(der ac(s — 8')P(s, t))
25 0c(S — 8) .

(4.9)

By virtue of the normalisation and semi-detailed balance conditions, the

above equation yields, after summation over all §',

D> o(P(,1)) =D ¢ (Z ac(58 — &) P(3, t)) : (4.10)

sel’ s'el’ sel’

Furthermore, the right hand side of equation (4.10) is recognised to be the
right hand side of the Chapman-Kolmogorov equation (4.3) and therefore

D> G(P(E,1) =D ¢ (P(SS,t+1)). (4.11)

ser ger
[l

The functional H can be interpreted as the statistical entropy for the
lattice gas with ¢(y) = yIny. The H-theorem implies that the entropy of the

system can not decrease under the lattice gas evolution operator.

Theorem 4.2.3. Assuming a semi-detailed balance condition holds, the long
term solution of equation (4.3) is a constant probability over each ergodic
component, 1i.e.

lim P(8,t) = 7. (4.12)

t—o00
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Proof. We first state that a Taylor expansion of a twice differentiable convex

function gives

o(y) = o(yo) + (¥ — yo)p(yo) +
> (o) + (¥ — ¥0)o(%0), (4.14)

where ¢ and ¢ denote the first and second derivatives, respectively, and vy is
some number between 1y and y.

Consider a stationary Markov chain with probability distribution P(S,t)
restricted to a single ergodic set Z(sS). Define

G(t) =3 meo (P(; ”) | (4.15)

seZ

where 75 is the equilibrium distribution function and ¢ is any strictly convex?
function. From the definition of convexity in equation (4.6) we obtain the

following lower bound for G
G(t) > o(1), (4.16)

the two sides being equal when 75 = P(8). The excess of G over its lower
bound thus measures the deviation of the probability distribution from the

equilibrium state. Now, write

s
X = @Jx Vs e 7, (4.17)
s
P(S§ .t +1
y = PS8t e, (4.18)
T

With these definitions the Chapman-Kolmogorov equation (4.3) takes the

form

Y = st—>s (4.19)

2¢(y) is strictly convex if dﬁ(yg) > 0.
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where -,
b — &) = 8= 8)ms (4.20)

g

and satisfies
d mb(s —§) = 7, (4.21)
dbs—§) = 1. (4.22)

With these conditions it is possible to show that [46]

G(t) = Gt +1) = >3 mab(s = &) [6(X) = 6(Y) = (X = V)(V)| = 0,
T (4.23)
where the last term, which vanishes, is suggested by equation (4.13).
Taking the limit as t — oo of both sides of equation (4.23), noting that
each term in the sum is non-negative, g > 0 and applying equation (4.13),
we find that

lim b(s — &) B(X — Y)%(W)} =0, (4.24)

where W is a number between X and Y. The strict convexity of ¢ implies that
giﬁ has a positive lower bound on any bounded interval. Following the work of
Penrose [46], we denote the lower bound for the interval 0 < y < max(1/7s)
by a and deduce that

gtlim b5 — §)(X - Y)2=0. (4.25)
Since the possibility b(s — §’) = 0 is not possible we have, after converting
back to the original notation,
P(s,t P(Ss t+1
i [P0 PSS D] (4.26)

t—00 s T

Finally, multiplying the above by 7y, summing over §' and applying the
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normalisation condition yields:

lim P(§,t)=n5 ifse”Z (4.27)

t—o00

4.3 The Fermi-Dirac Equilibrium Function

Now that we have shown that the long term solutions of the Chapman-
Kolmogorov equation for LGCA are a constant probability, we look for a

general form of the distribution function 7z. To do this we state the following;:

Hypothesis (Ergodic hypothesis) 4.3.1. The solutions of equation (4.3)
converge to a steady distribution which are constant over each energy level.
That is, the statistical equilibria must be functions of mass and momentum
only:

s = F(Ms, Gs), (4.28)

where Mz and Gz are the global mass on momentum, respectively.

It can be shown [58] that the steady solution 7y satisfies a Gibbs distri-

bution of the form

1
g = — €XpP {—hMg —-q- Gg} , Vsel, (429)
X¢

where h and q are Lagrangian multipliers associated with mass and mo-
mentum and x; is a normalisation constant. The normalisation condition
> <75 = 1 is satisfied when

xe = exp{~hM; —q- G} (4.30)

er
Equation (4.29) can be factorised over lattice nodes to give

g — H?Ts(r), (431)

rel

29



where
1

s = —exp{—hms—q-gs}, VseE~r (4.32)
X¢
In the above, mg and gg are local mass and momentum pockets and x¢ is a

normalisation constant satisfying
Xe =Y exp{—hm; —q-g}. (4.33)
cey

Further factorising over individual bits gives, on fulfilment of the normalisa-

tion condition,

m =[] m (4.34)

where

exp{—hn; —n,q-c;
ri(ny) = —=PA a-c} (4.35)
1+exp{—hn; —n;q-c;}
Due to the exclusion principle, n; is a Boolean variable so averaging the above
over the occupation variables yields
1

N9 = 7.(1) = 4.36
1 ﬂ-() 1+exp{h—|—q-cl}’ ( )

which is the Fermi-Dirac distribution for LGCA. The derivation of the pa-

rameters h and g can be found in [50].

Theorem 4.3.1. Assuming the semi-detailed balance holds, the following

three statements are equivalent:
1. The N;’s are a solution of equation (4.3);
2. The N;’s are a solution of the set of the |Z| equations C;(N) = 0;
3. The N;’s are given by equation (4.36).

Proof. (1) = (2):

Assume N; is a solution of to the Chapman-Kolmogorov equation. Equa-
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tion (4.3) can be written as

TTII~: -yt = (4.37)

rel i€l
E Has—>s HNS’l— 15J)
sel’ rel JjeET

for all 8’ € I' and we state without proof?® that this is equivalent to

HN 1— N, = (4.38)

A

ZA s — s HNSJ — ;)i

JET

for all 8 € 7. Use the normalisation condition to write the above as

ZA s —s HN (1— N0 = (4.39)

JET

ZA s — s HNSJ — NI Vs €.

JET

Now multiply both sides by s, and sum over s’ to obtain

ZSA s’ —s HN =) = (4.40)

JET
E siA(s — & HN571— yA=si),
s,s’ JET

for all s € v and i € Z. Noting that s and s’ on the LHS are dummy

variables, rearrange equation (4.40) to show that

Z(s;—sz (s — ¢ HNSJ — N;)U=#) =0, (4.41)

s,s’ =

Viel.

Therefore, NV; is a solution of C;(N) = 0.

3A proof can be found in [56]
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(2)=(3):
Divide both sides of equation (4.40) by [],c7(1 — Ni) to obtain

S (s —s)Ads — ) [[ NP =0, vIeT, (4.42)
s,s’ jET
where N N;/(1— Nj;). Multiply both sides of the above equation by In N;

and sum over ¢ to find

ZA s —¢) (g ZZ::) HNZS’ = 0. (4.43)

The semi-detailed balance condition allows us to write
D Als — ) (H Nj9 -1 N;’j) =0, (4.44)
s'.s J J

and, by adding this expression to the left hand side of equation (4.43), a little
algebra and analysis yields [56]

Z As = §)(si —s;InN;) =0, Vs,s' €. (4.45)

This implies that In N; is a collision invariant. The set of all collision in-
variants of a lattice gas model is a vector subspace of RZ!. Consider a basis
(* : k = 1,...) of this subspace. Any given collision invariant is a unique

linear combination of the form >, A*q*. Solving

mN;=> Nqf, VieT (4.46)
k
yields the Fermi-Dirac distribution

-1
N; = (1 + exp {Z A’%ﬁ}) . VieT (4.47)
k

and since, by the ergodic hypothesis, mass and momentum are the only
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invariants we see that

1
N, = .
I+ exp{h+q-ci}

(4.48)

3) = (1):

If N; satisfies equation (4.36) then the equilibrium probability 7z =
[, I, IV; satisfies a Gibbs distribution (cf. Section 4.3) which is a solution to
equation (4.3). It follows that N; is a solution of the Chapman-Kolmogorov

equation, which completes the proof. Il
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Chapter 5

Lattice Boltzmann

Hydrodynamics

In the previous chapter we introduced the lattice gas cellular automaton and,
from a statistical mechanics perspective, discussed its equilibrium properties.
In this development the characteristic microscopic scales are the lattice spac-
ing and time-steps but we now wish to describe how the hydrodynamic states
(that is, the moments of the distribution function) vary on a macroscopic
scale i.e. on space and time scales much larger than the characteristic lat-
tice scales. In this chapter we introduce the lattice Boltzmann equation and
show how it can approximate the equations of motion in the hydrodynamic
limit. The new contributions to the lattice Boltzmann community given here
are the alternative approach to the solution of the dispersion relation for a
generalised lattice Boltzmann equation and a detailed study of the influence
of the Reynolds number and blockage ratio on the flow over a cylinder. This

work is also contained in our journal articles [51] and [52], respectively.

5.1 The Lattice Boltzmann Equation

The lattice Boltzmann model can be viewed as a direct extension of the
lattice gas cellular automaton developed to resolve the LGCA shortcomings.

The occupation variable n; is replaced by the average population density
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N;(x,t) = (ni(r,t)), thus reducing statistical noise’. Taking the (ensemble)
average of the LGCA evolution equation (3.12) leads to the (non-linear)

lattice Boltzmann equation:

Ni(x +ci,t +1) = Ny(x, 1) + (Q(n)). (5.1)

As it stands, the right-hand-side of equation (5.1) cannot be expressed
in terms of the N;’s. Thus, to obtain a kinetic equation in closed form
Boltzmann’s assumption that particles entering a collision are uncorrelated

is used:

where N = [Ny, ... Ny|. In the lattice Boltzmann framework, the macroscopic
density and momentum are defined by the zeroth and first moments of the

distribution function, respectively:

p = ZN@" (5.3)

Despite overcoming the statistical noise issues, equation (5.2) inherited all
other LGCA ‘diseases’, namely exponential complexity (causing difficulties
when extending the model to three dimensions), lack of Galilean invariance
(which results from the finite number of speeds available for the Fermi-Dirac
distribution) and a relatively high viscosity and therefore low Reynolds num-
ber barrier (due to the maximum number of collisions an automaton can
support). The next step in the LBE genealogy was completed by Higuera
and Jimenez [23] who conquered the exponential complexity limitation by
considering perturbations of the local equilibrium function.

The macrostates of the LBM (and indeed LGCA) are functions of the

space variable x and vary slowly in space. Any significant variation takes

!This model was first proposed by G. McNamara and G. Zanetti [41]
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place over distances much larger than the lattice length scale (i.e. the mesh
size). We can then say that the population distribution function departs

slightly from the local equilibrium state and write

N;=N9 +eNY + NP 4. (5.5)

where Ni(o) = Ni(e) is the equilibrium state and the expansion parameter
e < 1 is the ratio of the microscopic scale to the smallest macroscopic scale.

The equilibrium component is required to fulfil the following constraints:

S N =y, (5.6)

> N = pu. (5.7)

i=1

Now, inserting this form of /V; into the collision term and expanding in a

Taylor series about NZ-(O) gives

Q(N) =~ —I—eza ZNl)

62 Oy
o VN 5.8
= ON;ON;, b (5:8)
where the superscript 0 on the collision operator implies evaluation at N; =
Ni(o). This equation can be simplified when we realise that the collision
operator in the equilibrium state vanishes i.e. ;(N(®) = 0. Also, because of
(1)
J

the conservation of momentum, (9Q/0N;)N.;”’ = 0. Upon using these two

results we obtain the quasi-linear lattice Boltzmann equation:

Nilx+cit+1) = Ny(x,t) = 3 M, (Nj - NJ@) , (5.9)
J
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where

0
M;; = gﬂj\f;’ (5.10)
defines the collision matrix which determines the scattering rate between
directions ¢ and j. This matrix is isotropic and cyclic since the scattering
depends only on the absolute value between the incoming populations. The
importance of this procedure is that it reduces the collision term complexity
from 2° to b* and then, because of the symmetry of M,;, to order b, thus
making it computationally feasible to perform lattice Boltzmann simulations
in three dimensions. However, M;; still has a one-to-one correspondence with
the underlying LGCA dynamics. This means that the viscosity for the LBE
is the same as that for the LGCA, resulting in a relatively strict upper bound
on the permitted Reynolds number. This limitation was overcome with the
work of Higuera, Succi and Benzi [24] who regarded the quasi-linear LBE as
a self-standing mathematical tool for modelling fluid behaviour.

The only restrictions imposed on the self-standing or ‘enhanced collisions’

lattice Boltzmann equation are the conservation laws of mass and momentum

b

b
1=1

=1

and the laws of symmetry (cf. Section 5.2). The equilibrium function Ni(e)
can also be defined arbitrarily, subject to the above conditions. We again
remark that the matrix elements M;; are numerical parameters that can be
tuned at will to achieve maximum Reynolds number. These elements are ex-
pressed in terms of the non-zero eigenvalues of M;; and the spectral analysis
of the scattering matrix yields the mass and momentum quantities (associ-
ated with the null eigenvalues) and the momentum flux tensor (associated
with the first non-zero eigenvalue) as well as faster decaying kinetic modes.
From this the ezact expression for the fluid viscosity can be obtained. In
view of the fact that the momentum flux, which is the slowest non-conserved
quantity, needs only the leading non-zero eigenvalue of the collision matrix it
is natural to wonder if the lattice Boltzmann model can be simplified yet fur-

ther by choosing a single parameter scattering matrix. Many authors raised
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this point concurrently [61] and defined the Lattice Bhatnagar Gross Krook
(LBGK) model:

Ni(x + et +1) — Ni(x,£) = w [NO(x, 1) — Ni(x, t)] , (5.12)

where w, which is the first non-zero eigenvalue of M;;, is a relaxation param-
eter. This is the simplest and most efficient lattice Boltzmann model at hand
that recovers the Navier-Stokes equations and the detailed derivation of this
model follows in the next section. We shall return to the multi-relaxation
time LBE in Section 5.4.

5.2 Isotropy and the Equilibrium Function

The large scale dynamics of lattice Boltzmann methods depend on the un-
derlying lattice geometry. To ensure the associated macroscopic equations
satisfy the required invariance properties a suitably symmetric mesh has to

be constructed.

5.2.1 Isotropy

A tensor is said to be isotropic if it is invariant under arbitrary rotations and
reflections. More formally, a fully symmetric n** order tensor 7™ is isotropic

if, and only if, there exists an a € R such that

D D
ST Ty T, =alx], VxR (5.13)

Isotropic tensors associated with a lattice are constructed from the link
vectors ¢; by summing over all lattice directions ¢, weighted by a coefficient
Wi

To(é?.)..an = Z VV’L'Cial © o Ciay, (514>
and a lattice Boltzmann model has n'® order isotropy if all these tensors
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with order less than or equal to n are isotropic. Our aim is to derive the
Navier-Stokes equations so we need to consider tensors up to fourth order.

Isotropy dictates the following conditions:

wio= 1, (5.15)
> Wicia = 0, (5.16)

Z Wicwcw = )\1(5@5, (517)
Z I/Vl-cmcigci,y = O, (518)
D WiciaCigtincis = X2 (8agbs + 6ardgs + 0asdpy) (5.19)

where \; and Ay are constants, d,p is the Kronecker delta function, given by:

1, ifa=g0,

6a5={ 0. ifastp, (5.20)

and the Greek indices refer to the Cartesian coordinates.

We have already seen in Section 2.2.1 that the four-velocity HPP lattice
is not isotropic to fourth order and therefore fails to deliver the Galilean in-
variant Euler (and also Navier-Stokes) equations. The FHP model of Section
2.3 does not suffer any anisotropy until 6th order, giving it higher hydrody-
namic credentials, but some drawbacks are still evident: The FHP model is
a single speed lattice and therefore does not have multi-energy levels and its

extension to three dimensions is complicated.

5.2.2 The D2Q9 Model

A simple yet sufficiently symmetric and multi-speed lattice is the D2Q9 lat-
tice, shown in Figure 5.1. It is a nine velocity model (including a rest particle
at the centre) for which we can derive an equilibrium solution with all the

properties needed to recover the macroscopic hydrodynamic equations.
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Figure 5.1: The D2Q9 lattice.

Assume the equilibrium solution is a function of the collision invariants

(i.e. velocity and density) and expand about small velocity:
Ni(e) = pW; [A + Beigug + Cu? + Dcmcwuauf;] , (5.21)

where A, B, C' and D are constants and v = |u|. Using the mass conservation

condition (equation (5.6)):
p=p(A+Cu’®+ Dusughibag), (5.22)

so we see that at 0 order
A=1,

and at order O(u?):
C+ DX =0.

Now, using the momentum conservation (equation (5.7)):

B=—. 2
. (5.23)

Defining the momentum flux tensor, Il,3, to be the second moment of the

equilibrium function we find that

9

Moy = Y Nciacis, (5.24)
=0

= Podas + PUaUg, (5.25)
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where py = A\;p and we have set (at order u?)

CA +3DXy =1, (5.26)
and (at order O(uqug))
2D)\y = 1. (5.27)
A little algebra reveals that
B = 3,
3
Cc = 5
po?
2
1
)\1 = 57
1
)\2 = §a
and the weights are
s i=0
Wi=1q s i=1,2,3,4 (5.28)
% 1=5,6,7,8

Therefore, the D2Q9 equilibrium function is given by

) 3, 9
N = pWi |14 3eu — Zut + 2 (e w)?| (5.29)

with pressure py defined by

P = g. (5.30)

Note that the pressure satisfies an ideal equation of state and the factor 1/3

is the speed of sound squared, 2.
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5.3 Multi-Scale Analysis

One way of deriving the hydrodynamic equations of motion from the lattice
Boltzmann equation is to employ the Chapman-Enskog expansion, which is
a form of multi-scale analysis. The first step is to expand equation (5.12) in

space and time:

1
8tNi + CmaaNi + 5 (8ttN,» + QCmataaNi + ciacw@a@gl\fi) + 0(83]\@) (531)
= —w (Ni(x, t) — Ni(e) (x, t)) ;
where 0.y = 9/0(-). To relate the spacial and temporal variations of the

macroscopic quantities to the lattice scales we introduce the macroscopic

variables x1, t; and t»:

X1 = €X,
t1 = Et, (532)
ty = €4, (5.33)

where t; describes the short-term linear (sound wave) regime and ty repre-

sents the long-term dynamics. The corresponding derivatives are

8t = Eat1+€2at2, (534)
aa - Eaal- (535)

Now we substitute the above, along with equation (5.34), into equation (5.31)
and examine the coefficients of .

At first order in € we have:

O, N + 100, N = —wND. (5.36)
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Use the mass conservation constraint (5.3) on equation (5.36) to obtain:

O, p + Oaptia = 0;
and the momentum conservation constraint (5.7) yields
8t1pua + 8511&3 = 0.

The second order terms in € give the following relation:

1
8, N + 0, N9 + cin0 NV + 5@1th§°> + Cia0y, 0N

1

and applying equation (5.3) shows that
1 1
0t2p + §8tltlp + 0t18apua + §@Q35Ha5 = 0
From equations (5.37) and (5.38) we deduce that

8t1t1p = _atlaoapuon
— 0,051,

and substituting the above into equation (5.40) shows that

atzp = 07

which, along with equation (5.37) yields the continuity equation:

op+V-pu=0.
Next, apply equation (5.4) to equation (5.39) to find

1 1
8t2pua + (‘%QM + 5&1851'[(15 + §aga,ypagy = 0,
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where Pog, =), Ni(o)cwci/gcw and Qg =, Ni(l)cmcw.
We have already seen that for a D2Q9 lattice the momentum flux tensor,

which gives rise to the Newtonian stress tensor, is
Hag = p05ag + puUg, (546)
where the pressure py = p/3. Up to second order in u,
1
8t18/3Ha5 = —gaaaﬁplw (547)

and

1
8587&57 = g (8585pua + 28a85u5) . (548)

To find Qs we take the second moment of equation (5.36) and rearrange to

find: .
Qop = - (0n1ag + 0y Papy) - (5.49)

The substitution of the above into (5.45) gives

1 1
8t2pua + (5 - ;) [atlagﬂaﬁ + GgﬁvPam] = O, (550)
which can be written as
Oppu=v (V’pu+VV - pu), (5.51)

where L1 .
=——-—== 5.52
= (w 2), (5.52)

is the kinematic viscosity and we note that 0 < w < 2. Finally, summing
equations (5.38) and (5.51) and assuming incompressibility we arrive at the

Navier-Stokes equations for incompressible flow:

1
Ju+u-Vu = —;Vpo + vV, (5.53)
V-u = 0. (5.54)
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5.4 Generalised LBE

Although simple and elegant, the lattice LBGK equation (5.12) is not with-
out its shortcomings. The single relaxation parameter, w, implies that heat
transfer takes place at the same rate as momentum transfer. Therefore, the
Prandtl number, which is defined to be Pr = v/a, where « is the thermal
diffusivity, is always of unit value making equation (5.12) appropriate for
isothermal flows only. Additional drawbacks include: the bulk and shear vis-
cosities are identical, causing difficulties in simulating flows at high Reynolds
number; limited understanding of lattice Boltzmann stability properties; and
little freedom to extend the model to complex fluids whose stress tensors are
characterised by more complicated constitutive relations. These problems
can be addressed by considering the full collision operator in equation (5.9)
and ‘tuning’ the matrix elements to obtain the desired properties. This task
was systematically studied by Lallemand and Luo [30] and in this section we
adopt their strategy.

Equation (5.9) can be written in the following concise form?:

6N (x + ci,t+ 1)) = [IN(x, 1)) + M|SN (x, 1)), (5.55)

where |X) = (Xo, X1,...,Xg)" with the superscript ¢ denoting the matrix
transpose, and |§NV) is the fluctuating (non-equilibrium) part of the distribu-
tion function. Most D2Q9 models are constructed in a 9-dimensional vector
space R? spanned by |N), but the generalised LBE of Lallemand and Luo is
instead based upon the moments {my, | k = 0,...,8} of N; which are defined

as

my = (%‘N) = <N|1/1k>a (N’ = (N(), .. -7N8)7 (5-56)

where {|1y)} is an orthogonal dual basis set obtained by the Gram-Schmidt
procedure from polynomials of the lattice vectors c¢;,. If the members of

the basis {|ix)} are also set to be the eigenvectors of the matrix M, the

2Here we are using the D2Q9 lattice but the application to other lattices follows the
same path.

45



linear relaxation in moment space naturally accomplishes the collision process
[8]. From our previous discussions on (Newtonian) LBE hydrodynamics we
already know some of the eigenvectors [¢). To ensure that the correct
expressions for density, momentum and stress are obtained, the following

vectors are used:

[Wo)i = leil® =1, (5.57)
[U1)i = Ci, (5.58)
[Va)i = Ciy, (5.59)
[Y3); = C?x - c?y’ (5.60)
[Va)i = cizCiy- (5.61)
The corresponding moments my, k =0, ..., 4 give the density, x-component

of momentum, y-component of momentum, and the diagonal and off diago-
nal components of the stress tensor, respectively. The remaining moments
can be chosen according to the meso/macroscopic phenomena that is being
modelled, such as multi-phase effects [40] and viscoelastic effects [13], for ex-
ample (we shall return to the topic of viscoelasticity in Chapter 8). In [30],

Lallemand and Luo find the following remaining (kinetic) moments:

sy = —4lei|’ +3 (e, +¢,), (5.62)
Yol = Al = 5 (A4 ) 4o (i +d)  (563)
lr)i = [=5leil’ +3(cf, + )] cias (5.64)
ls)i = [=Bleil” +3(cf, +¢,)] iy, (5.65)

corresponding to the physical quantities of energy, energy square, and the x

and y-components of the energy flux® so that

|m> = (p7j$7jy7P$:B7Pyy7€7 67 q:vaq$/)Jr (566)

Each nonconserved moment has its own equilibrium state which is a function

3Note that to simplify the algebra, the eigenvectors |1y) have not been normalised.
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of the conserved moments. A possible choice for these states is [30]:

W= mg T oy L0032 = (walia) )

= S (7). (5.67)

(e) _ a \/<¢1|¢1><@/}2|¢2> o
L TR S

= 2 Uil (5.68)

2
Bu(woltho) p + (1|11} g2 + (altbe) )]

<ww>[

1 P
= —510 + 5 (124342) . (5.69)

vy = o w[ﬁ2<¢owo>p+a4<<wlwl>yw (thal02)2)]

= ;162,0 + é% (124342) . (5.70)
<¢1|1/11>

rlon)
Vijes (5.71)

|1/12>

<w vs) !
1

= 5’}/3jy, (572)

where o234, 512 and «y; are constants that will be determined in the next

section. Based on the assumption that the nonconserved modes relax linearly
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towards their equilibrium state, the post-collision moments m, are given by

>

Tz P:cw_Tl[Pa::B_ngz)}a
= Py —7 [Py —PY)],

xy

>

8
<

e— T3 [e—e(e)} ,

(5.73)
(5.74)
(5.75)
€—Tyle— 6(6)} : (5.76)
(5.77)
(5.78)

>
I

>
Il

@r = {4z —7T5 [Q:r - Qg(ce)] ’

Gy = Qy—Te [qy - qée)} :

There exists a simple linear mapping, T, that relates the distribution
functions |N) to the moments |m): |m) = T|N) and |N) = T~ !|m) and the

linearised lattice Boltzmann equation (5.55) may be written as
I6N(x +c;,t+ 1)) = [0N(x,1)) + T'CT|6N(x, 1)), (5.79)

where .
(my|m;) O

Cji = [imy=lmey (5.80)

(milms) Omy

is the collision operator in moment space and is found to be

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 3naV, —3raqV, -m 0 0 0 0 0
C= 0 3masVy/2 3masVy/2 0 -1 0 0 0 0
m01/4  TasVy/3  masVy,/3 0 0 —m 0 0 0
Tafa/4  TaasVy/3  TiosVy/3 0 0 -7 0 0
0 T5v1/2 0 0 0 0 0 —7m 0

0 0 /2 0 0 0 0 0 —7

(5.81)

Clearly, T = (|th), . . ., [¥s))".

To examine how the transport coefficients depend on a wave vector k and

to determine the LBE stability properties, a Fourier transform is performed

48



on equation (5.79) which yields:
AlSN(k +c;,t+1)) = I+ T 'CT] 6N (k, 1)), (5.82)
where I denotes the identity matrix,
A = exp(ic; - k)dy; (5.83)
is the streaming operator and 2 = v/—1. A more concise form of (5.82) is
0N (k,t+ 1)) = L|oN((k, 1)), (5.84)

where

L=A"[I+T'CT] (5.85)

is the linearised evolution operator.

The difference equation (5.84) has solutions of the form
IG(x,t)) = K"K} | X) (5.86)

where ¢ here denotes time and m and n are indices for space (x = mX + ny
and X and y are unit vectors in Cartesian coordinates). |X) is the initial

state. For a fully periodic system the above solution can be chosen as
|ON) = exp(Mt — ik - X)|G), (5.87)
which leads to the following eigenvalue equations [30]:

AX) = LIX), (5.88)
det[I—\L] = 0. (5.89)

The roots of the characteristic equation (5.89) determine the transport coef-

ficients and their dependence on k. The solution of the above equation also
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provides the solution of the initial value problem (5.84):

6N (k,t+1)) = L [dN(k,0)) = > A[d,)(0,|0N (k,0)); (5.90)

where |¢,) is the right eigenvector of L corresponding to eigenvalue A, and
(¢,] is the left eigenvector. Note that since the matrix L is non-symmetric
and non-Hermitian, the right and left eigenvectors are neither equal nor or-

thogonal, but they do form a complete bi-orthonormal set, i.e.

oo, = L (5.91)
(Doldu) = dup (5.92)

The dispersion relation is complicated and one cannot get analytic expres-
sions for the roots in A, except for some very special cases. When k, = k, =0

equation (5.89) factorises as

(1T=XAPAN= (1 —=7)][A= (1 —7)][A— (1 —73)]x (5.93)
A=—1=7m)]A=(1=7)][A=(1—=76)] =0 (5.94)

and since the hydrodynamic regime corresponds to long times and large
spacial scales (i.e. when k = |k| — 0), the hydrodynamic eigenvalues are
those with A close to 1. Luo and Lallemand [30] suggest solving equation
(5.88) by expanding the evolution operator, L, in powers of k and applying
Gaussian elimination to the matrix using 1/7, as small parameters for the
non-conserved (kinetic) modes. Doing this successfully leads to a new 3 x 3
determinant for the conserved (hydrodynamic) modes. Due to the complex-
ity of the dispersion matrix and the large number of unknowns this procedure

is rather cumbersome. Therefore, we choose to solve the dispersion equation
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by considering a perturbation expansion of equation (5.88) [56], i.e.

L = LO4+L®4+L® 4 (5.95)
b = O+ +oP +..., (5.96)
Ao o= A AW+ A2 (5.97)

where the superscripts refer to the order of k < 1 and

L™ = K" [I+M'CM], (5.98)
n 1 n

The transport coefficients are related to the eigenvalues of L through the
following [30]:

(k) = —%%(ln)@(k)), (5.100)

gV costh = (i Ar(k), (5.101)
%u(k)Jr((k) _ —%%(ln/\i(k)), (5.102)
co(K) £ g(K)V cos ) — ¢%%(ln)\i(k)), (5.103)

where v is the kinematic viscosity, ¢ is the bulk viscosity, g is a Galilean
invariant factor (g = 1 implies Galilean invariance), 1) is the angle between V
and k, and Ay and A\ are the eigenvalues corresponding to the tranverse and
longitudinal hydrodynamic modes of the system. The transport coefficients
are to be obtained through a perturbation analysis so the following series

expansion is used:

(k) = vO4pOp2p 4 p0E2 4 (
(k) = O 424 4 cmEn 4 (
Ck) = CO+CWR24 4+ C0WE 4+ | (5.106
k) = ¢+ gWr2 4. 4 gmE 4 (

14

A

9
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Examining the resulting dispersion equation at different orders of k gives the

transport coefficients and the bounds on the free parameters.

5.4.1 The Eigenvalues and Transport Coefficients

Substituting the expansions (5.95), (5.96) and (5.97) into the dispersion equa-
tion (5.88) yields the set of equations:

LOJp®) = A\O|p0), (5.108)

LO X0 ) = — (L0 -ADD|60), (5109

LO-AD ) = ~ (@O AFD60) (5110
_ (L(l) _ /\LI)I) |¢Ll)>

We first consider the simpler case in which the streaming velocity V = 0.
Equation (5.108) is easily solved and an eigenvalue )\LO) = 1 with a three fold
degeneracy is found. These eigenvalues correspond to three hydrodynamic
(conserved) modes. Due to the degeneracy of A,(f]) the corresponding O(1)
eigenvectors, |z,), are linearly dependent and the general solution to equation

(5.108) is a linear combination of these vectors:
687) = Bunlza), (5.111)

where the B,,,,’s are coefficients to be determined.

To solve the order k equation we multiply (5.109) to the left with (2] |:

(2L = A1)
S L = Az By = 0, (5.112)

n

where the left vectors, (2! |, are found by solving the transpose of equation
(5.108). For future reference we define the general solution to the ‘left” equa-

tion to be

(¢71 = Bllznl. (5.113)
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Equation (5.112) is an eigenvalue problem to order k in the sub-space
spanned by the hydrodynamic modes, i.e. |L — )\f})| = 0. The characteristic

polynomial is of degree 3 in )\,(}) and can be solved to find

AV = o, (5.114)
AV = ke, (5.115)

with the speed of sound squared given by

2 _ Ly B
€ =3 (Q—i— 8). (5.116)

To ensure positivity of the speed of sound we require #; > —16. The co-
efficients B, ,, and hence the eigenvectors y¢,§“)>, are found by substituting
)\/(}) into equation (5.112) and solving the linear system. A similar procedure
applied to the left equation yields the particular solution (qﬁﬁo)]. The general

solution to equation (5.109) is

—1
o)) = — (L = APT) (LY = AT 60) + D Dualel”),  (5.117)

where D, ,, are constant coefficients. Since the matrix (L(O) - )\,(LO)I> is sin-
gular we find the first term on the right-hand-side of equation (5.117), which
we call |0£1)>, by applying the method of Gaussian elimination and back-
substitution to the linear system (5.109).

To find the eigenvalues at order k? we multiply equation (5.110) to the
left by <¢L(O)| and rearrange to obtain

NP = s [GOL@I) + (60 D1l
+ 30, Dy ILO = A1) | (5.118)

For v = p the last term on the right-hand-side of equation (5.118) vanishes
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and we find the following expressions for the eigenvalues:

10)1 1,21 4L) '0) 1,0 ,W

(60|63

A = K+ Q)

_ GO0 + PO £ke o) o

(00|60

The above depend on the direction of the wave vector k. To eliminate this
effect and ensure isotropy we require the expressions to factorise in k2. This

is achieved if we set

11 11 4
___:2(___)71+ , (5.121)
T 2)2-—m

which leads to expressions for the kinematic and bulk viscosity in the long

wave-length limit (k — 0):

2 - M 1 1
- - 5.122
Yo 12 (ﬁ 2) ’ (5.122)

H+10-122 (1 1
— - 5.123
G 24 5 2)7 ( )

where —4 < v, < 2 and 0 < 79,72, 73 < 2 by the positivity of the transport
coefficients.

To determine the other adjustable parameters and narrow the bounds of
(1 and ~; we now consider the dispersion equation with a constant streaming
velocity V. To satisfy Gallilean invariance we must have gy = 1, which is

only obtained when
2

) = Qg = 5, Qg3 = 18. (5124)
We proceed in the same way as the case when V = 0 by examining the
dispersion equation to different orders in k. After solving equation (5.108),

equation (5.109) is solved to find the speed of sound, Ci:

C,=V -k++ (V- k2 (5.125)
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The second order eigenvalues are complicated expressions that depend on
the direction of the wave vector k. If we set 74 = —2, the shear and bulk

viscosities are found to be

vy = [73(2 —T) [cg +(1-— 303)(\7 . k)2] + 3[2[r — 73]

+71(13 — 2)(V - k)?/V]] [[6737((V - k)% + c2)], (5.126)
(V)@ (VR (12V](73 = 1) + 7l = 2)(V - K)2/V?)

(213 — 31371 + 471)(1 — 3¢2)) + 3(V - k)?[(V - k)*(211 + 3173 — 87)
6V (15 — 1) + 2(V - K)?[6(2m73 — 73 — T1)c + 11 (2 — 73)]

+c? [6V2(Tg — 1)+ 71(2 —73)

x(2—3c2)]]/ [12n7((V - k)* + )] (5.127)

Co

The effect of V on the transport coefficients is clear. Setting ¢ = 1/3 (that
is, /1 = —8) eliminates the first order effect of V on (; and the second order
effect on 1. Lallemand and Luo [30] argue that the second order effects of V
on (s and (y can be removed by considering a more complicated 13 velocity
lattice and allowing for compressibility effects in the equilibrium properties.
Note that the model reduces to the LBGK equation (5.12) if we set all the
relaxation parameters to be equal (7, = w) and choose 5y =4, ay = —18.
By conducting a perturbation analysis on the dispersion equation (5.88)
we have found expressions for the hydrodynamic transport coefficients that
are the same as those in [30] and are optimal in the sense that they yield
the desirable properties. The value of this approach is it provides a means
to analyse the generalised hydrodynamic behaviour of the LBE which can
be compared to that of the Navier-Stokes equations. If (to a certain value
of k) the modes of the LBE and Navier-Stokes equations behave in exactly
the same way (as shown in [30]) then there is no distinction between the two
sets of equations (to a given order of k) and the Chapman-Enskog analy-
sis (which can be rather cumbersome for models more complicated that the
D2Q9 LBGK equation (5.12) can be bypassed. Also, the ability to study the
LBE for a range of k (which the Chapman-Enskog analysis cannot do) reveals

some shortcomings of the D2Q9, namely the dependence of the transport co-
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efficients on the mean velocity V. The generalised LBE separates different
time scales within the model, allowing for the incorporation of sophisticted
physics such as energy modes (important for defining non-isothermal LBE’s
that are consistent with thermodynamics) and non-Newtonian constitutive
relations for the stress tensor. It has been shown that having separate relax-

ation times for the kinetic modes can increase the stability of the model [30].

5.5 Boundary Conditions

In conventional CFD, boundary conditions are generally given in terms of ve-
locity. This leads to potential difficulties in the approximation of the pressure
gradient term in the momentum equation and the discretisation of the Navier-
Stokes equations using standard finite element/volume/difference methods
may give rise to numerical instabilities, particularly at the boundaries. One
of the advantages the lattice Boltzmann method has over its continuum coun-
terparts is the ease with which it can incorporate rather complex geometries,
thanks to particle nature inherited from the LGCA.

5.5.1 ‘Bounce-Back’ and Periodic Conditions

The most simple way to apply external boundaries is to use the method of
surrounding the flow domain with a set of buffer nodes, as in Figure 5.2.
Each fluid site has the address (i,7) where i = 1,2,...,nz, and j =
1,2,...,ny, (ne=6 and ny=>5 in Figure 5.2). The buffer sites can be grouped
as N, S, E,W representing the north, south, east and west layers, respec-

tively, to form the sets

(t,ny+1):i=0,1,...,nz+ 1}, ( )
(4,0):i=0,1,...,nz + 1}, (5.129)
(nx+1,5):5=0,1,...,ny + 1}, ( )
( (5.131)
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Figure 5.2: Buffer sites for a 6x5 fluid domain.

Fluid ‘particles’ are forbidden from moving along these sites and they serve
only as an apparatus that redistribute the populations. Specific attention
is now given to periodic and no-slip boundary conditions using the D2Q9

lattice.

Fluid Sites

Boundary Sites

Wall Sites

Figure 5.3: A site on the south boundary with fluid sites above and solid
wall below.

Periodic Boundary Conditions

In computational fluid dynamics, if a domain D is symmetric and the flow
within periodic then only a section A of D needs to be modelled. This tech-
nique can be easily adapted to the lattice Boltzmann method with periodic

boundary conditions applied to the necessary sites of the section A. We give
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particular attention to a flow with periodicity imposed at the far left and
far right of the section. If, in the discrete world, a fluid particle is about
to leave A, that is it reaches either the east or west side buffer (see Figure
5.2), then it is simply re-entered at the opposite end of the computational
geometry with the same velocity. This method ensures that the conservation
of mass constraint (equation (5.3)) is not violated. To clarify the situation,
consider a fluid particle approaching the east buffer (set E). If it is moving in
a horizontal direction (that is in the direction ¢;) the distribution function
Ni[(nz, j),t] at time ¢ is propagated to the west buffer N1[(0,7),t+ 1] at the
next time step. This is shown visually in Figure 5.4. The same rule applies
to particles moving in any direction that will take them out of A. These

boundary conditions are written as [61]

Ninwy(W) = Niour,53(EF), (5.132)
N{”%E}(E) = N{out,W}(WF)> (5133)

where W and E are the sets defined in equation (5.128) and EF and WF
stand for the eastward fluid and westward fluid sites respectively. These sets

are

EF = {(nz,j):j=0,1,..,ny +1}, (5.134)
WF = {(0,j):j=0,1,..,ny + 1}, (5.135)

The subscripts ‘in’ and ‘out’ refer to the inward and outward populations,

respectively. For the D2Q9 lattice of Figure 5.1 these read

{in,W} = {out,E} ={1,5,8}, (5.136)
{out, W} = {in,E} ={3,6,7}, (5.137)
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The corner buffer sites NW, NE, SW and SE (standing for north west etc)

are asked to fulfil the following conditions:

Ny (NW) = Ny (SE), (5.138)
Ny (SW) = Niguy(NE), (5.139)
Ny (NE) = Nyoury(SW), (5.140)
N} (SE) = Niouy(NW). (5.141)

VOOOO&?

Figure 5.4: The particles that are about to occupy the east side buffer are
re-distributed from the west side buffer at the next time step.

An obvious consequence of periodicity is the absence of an inflow and
outflow condition. This means that there is nothing driving the flow and
therefore an external force must be applied to the fluid to induce motion.
For steady Poiseuille flow at moderate Reynolds number the pressure gradi-
ent G can be assumed constant and written as G = (P, — F,)/pL, where P,
is the inflow pressure, P, is the outflow pressure, p is the density and L the
length of the channel. A problem with the lattice Boltzmann model arises
here because although it has been shown (see Section (5.3)) that these equa-
tions can recover the Navier Stokes equation, they do not predict any pressure
variation. This feature is a direct consequence of the lattice Boltzmann’s an-
cestor, the lattice gas cellular automata. Although the LBE is a tool designed
to predict the behaviour of a viscous fluid, its foundations were laid with the
intention of simulating the dynamics of an ideal gas and thus incorporates
the equation of state for an ideal gas, i.e P = pT', where P is the pressure

and T the temperature. So what has happened to the pressure gradient? In
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terms of kinetic theory it has been absorbed into the diagonal component

of the non-equilibrium momentum flux tensor Qu.s = >, Ni(ne)

CiaCip- This
added difficulty is the reason why the Poisson equation for the pressure field

is not solved.

I N
Fo--=

Flow direction

I
o=

Figure 5.5: Flow through a channel.

This potential drawback can be managed by mimicking the pressure gra-
dient with an equivalent force. For the specific case of Poiseuille flow this
is done by biasing the collision rule to increase the distribution functions in
the flow direction and decrease the counter flow populations. As an example,
consider the flow from left to right through a rectangular channel as shown
in Figure 5.5. It is easily shown that for the D2Q9 lattice (Figure 5.1) the

force f required is

8prU.
= W2 5

f (5.142)

where U, is the maximum value of the fluid velocity and W is the width
of the channel. The force f is required to be sufficiently small in order to
prevent the affected populations breaking the probabilistic requirement that
0< N; < 1.

No-Slip Boundary Conditions

The no-slip condition is one of the most important and widely applicable
of all boundary conditions. No-slip ensures that the velocity of a fluid at a
solid wall is zero. Assuming that such a wall is aligned with a lattice axis,
this condition is imposed by simply reflecting any particle that hits the wall

back to the site it came from. This is known as the bounce back scheme.
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The simplicity of this method supports the claim [61] that the LBM is ideal
for simulating flows in complicated geometries such as flow through porous
media.

If a solid wall having sufficient friction to prevent any slip lies exactly on
a lattice axis, say on the north and south buffer sites of Figure 5.2, then the

bounce back scheme is as follows:

w(IV), (5.143)
ut(S), (5.144)

where N;, (V) is understood to represent the (average) particle populations
sitting on the north buffer moving in a northward direction. Similar reasoning
holds for the out subscripts and set S. With the above equations the average
fluid velocity u = (u, v), which is calculated from the momentum equation
(5.4), is found to be zero in both the normal and tangential directions to
the walls, as required. For example, with help from Figure 5.3 the D2Q9

configuration yields

u = N1+N5+N8—N3—N6—N7:N1—N3:0, (5145)
v = N2+N5+N6—N4—N7—N8:0. (5146)

The requirement in the first equation that Ny = N3 at the buffer sites is
set at the initial time step ¢ = 0. These populations are not affected by any
subsequent dynamics since particles are restricted from travelling along these
nodes.

Despite the simplicity of this method it contains adequate detail to simu-
late, with reasonable success, flows with no-slip boundary conditions. How-
ever, it has been found [73] that the ‘on axis’ bounce back scheme is only first

order in numerical accuracy. This has a detrimental effect on LBM simula-
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tions since the lattice Boltzmann family has been shown to be (see Section
5.3) a second-order accurate approximation to the Navier Stokes equation.
Ziegler [73] realised that a second-order bounce back scheme can be used if
the boundary lies between two lattice grid lines. As an example, consider a
solid boundary at the lower end of a flow domain. With reference to Figure
5.2 this wall would now be placed between row 0 (south buffer sites) and row
1 (lower most fluid sites). Or, in general, between row ny — 1 and ny. The
reason why this technique is second order accurate stems from the fact that
particles now meet at time ¢ + 1/2 rather than at time ¢t + 1. The bounce

back conditions for the upper and lower walls are now [61]

Nin(N) = Now(NF), (5.147)
Nin(S) = Nouw(SF), (5.148)

where NF and SF (northward fluid and southward fluid) refer to the set of
fluid sites adjacent to the N and S buffers, respectively. They are the sets

NF ={(i,ny):i = 0,1,...,nx+ 1}, (5.149)
SF=1{(i,0):i = 0,1,...nz+1}. (5.150)

To fix ideas, let a no-slip boundary be placed at the south end of a channel

(see Figure 5.6). The mid-axis bounce back condition is explicitly written as

Ns(z,0) 100 Ny(z +1,1)
Ny(z,0) | =] 0 1 0 Ny(z,1) (5.151)
Ng(z,0) 00 1 Ng(z —1,1)

where (z,0)=S.

5.5.2 Interpolation Scheme for Boundaries

The bounce-back treatment of solid boundaries has the computational advan-

tage of being efficient and simple to implement while remaining sufficiently
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Figure 5.6: The mid-axis bounce back condition at the south buffer. Solid
arrow represents the ‘in’ populations and dashed arrows represent the ‘out’
populations.

detailed to give second-order accuracy. This level of accuracy is obtained
because the wall is placed exactly halfway between two neighbouring lattice
nodes. Unfortunately this means curved boundaries have to be approxi-
mated with staircase-like geometries, leading to discontinuities which cause
larger numerical errors as the Reynolds number increases. To circumvent
this inadequacy several authors have proposed alternative methods for com-
puting with surfaces of smooth curvature using more advanced techniques.
Mei and Shyy [43] and He and Doolen [21,22] extend the LBE to curvi-
linear, or body-fitted, coordinates. Although these methods have produced
encouraging results for flows over cylinders they lose some of the lattice
Boltzmann’s most attractive features such as simplicity and efficiency due to
the need to use numerical grid generation techniques, common to standard
Navier-Stokes solvers. To retain the inherent LBE advantages, interpolation
techniques have been proposed to calculate the distribution functions at a
solid wall [5,10,42]. Such methods are easily implemented in a Cartesian
system and maintain second-order accuracy for curved boundaries [70]. One
drawback is a different formula for the boundary condition is required for
walls placed at different distances from a lattice node. A unified approach
has been proposed by Yu et al. [71] and it is this strategy we choose to adopt.

In general, the boundary condition for the momentum at a solid wall
is specified but the distribution functions N; are not known. Therefore, a
satisfactory approximation is sought. Consider a curved surface in a lattice
mesh, as shown in Figure 5.7. The nodes inside the boundary are labelled
with the vector x;, the nearest fluid sites are denoted xy, the next nearest

node is x5y and the exact location of the wall is x,,. Particles travelling

63



towards the wall have velocity c;, outgoing particles have velocity ¢; and the

fraction of an intersected link in the fluid region is

0<A<I (5.152)

%t

Xg

Figure 5.7: Lattice nodes and velocities with a curved boundary.

After the propagation process has been accomplished, N;(xf,t + 1) and
Ni(xp,t + 1) are known but N;(xy,t+ 1) is not. To obtain this quantity we
first approximate V;(x,,t + 1) by the following linear interpolation:

Ni(xy,t+1) = Nij(xp,t +1) + A[Ni(xp,t + 1) — Ni(xp,t +1)].  (5.153)
For a no-slip condition we require
Nij(xy,t + 1) = Nij(xy,t + 1) (5.154)
which is used as part of the linear interpolation for finding N;(xy,t + 1):

A
Ni(xs,t+1) = Nj(xy,t +1) + H—A [Ni(xf 4+ c;,t+ 1) — Ni(xy,t + 1)].
(5.155)
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For second order accuracy equation (5.153) can be replaced by

Ni(xy,t+1) = Nij(x,t+ 1) + A[N;(xp,t + 1) — Ni(x5,t +1)] (5.156)
Ni(xp,t +1) = 2N;(xy, 0+ 1) + Ni(xy + 3,0 + 1)

+A(A — 1) > ,

and equation (5.155) by

A
Nilxpt+1) = Ni(xu, b+ 1)+ =1 [INilxg + et +1) = Ny, £+ 1)]

{ANZ»(X]@ +2c;,t+1)  AN;(xf+c;t+1)

2+A 1+ A
AN; (X, t + 1)}
2+A)(1+A)]

n (5.157)

Inflow/Outflow Conditions

Periodic boundaries are not suitable for complex flows where the downstream
velocity does not reach a one-dimensional zero gradient profile. In such cases
open boundaries replace the periodicity and inflow and outflow conditions
prescribed. An examination of different inlet boundary treatments and their
effects on computational stability is presented in [70] and based on these
findings we adopt Yu’s superposition scheme.

The arguments of Section 5.1 show that N; = N© + N where the
superscripts e and ne denote the equilibrium and non-equilibrium contribu-
tions, respectively, and Ni(ne) < Ni(e). Therefore, if Ng(e) is specified at the
inlet (with ¢; pointing toward the interior of the flow field), then a substantial
portion of N; at the inlet will be specified.

After the propagation step the number of particles leaving the first column
of fluid nodes is not known but can be obtained via an simple interpolation.
Denoting the inflow equilibrium function by N I(e) and the equilibrium dis-

tribution on the first and second columns of fluid nodes by N/(f) and N 1(;),
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respectively, we find that

i,B il

e e A e e
N9 = N© 4 (N( ) _ N )) . (5.158)

The non-equilibrium part of the distribution function at the inlet is un-

known but by making use of the bounce-back scheme it can be approximated

by

NI = NI, (5.159)

and an interpolation for N;(qu) is then obtained:
N(ne‘J) _ N(”W) A N(nGQ) N(nEQ) 5.160
ia N P A Wie TN ) (5.160)

At the outlet a first order extrapolation is used:
Ni,Z - 2Ni,Y - Ni7x, (5161)

where Z is the last column of fluid nodes, Y the previous column, with X

adjacent.

5.6 Numerical Simulation

Before considering the complex problem of flow over a confined cylinder we
first verify our code and the different boundary treatments with the simula-
tion of laminar Poiseuille flow, as shown in Figure 5.5.

A domain consisting of 128 x 65 lattice nodes was constructed and the
initial density and velocity were chosen to be p = 1 and u = 0, respectively.
The relaxation parameter was set to w = 1.25, corresponding to a kinematic
viscosity of ¥ = 0.1. The analytical solution for the velocity is easily found
to be:

dgy? W W
u(y) = U, <1—i), —5 <Y< 5 (5.162)

where W is the channel width and U, = 0.1 is the maximum velocity. Figure

5.8 plots the analytical solution (solid line) and the numerical predictions
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for the pressure driven periodic flow using a bounce-back, first order inter-
polation and second order interpolation schemes for the no-slip boundary

condition.

0.1

T
Analytical

+
++++++ ++++++ Bounce-back  +
+ 4 Firstorder ~ x
+ Second order ¥

0.08

0.06

Velocity

0.04

0.02

Channel Width

Figure 5.8: Analytical and numerical solutions for the pressure driven
Poiseuille flow using three different boundary treatments.

The graph shows the interpolation technique is a clear improvement on
the bounce-back scheme for the no-slip boundary condition. When using
the interpolation technique an excellent agreement between the analysis and
numerics is observed in all channel positions.

Figure 5.9 plots the analytical solution (solid line) and the numerical
predictions for laminar Poiseuille flow with inlet/outlet conditions using a
bounce-back, first order interpolation and second order interpolation schemes
for the no-slip boundary condition. Once again the plot shows that the
interpolation scheme gives reliable and accurate predictions for the velocity

near a no-slip boundary
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Figure 5.9: Analytical and numerical solutions for the Poiseuille low with
inlet condition using three different boundary treatments.

5.6.1 Flow Over a Cylinder

Since the pioneering work of von Karman, there has been a wealth of in-
terest in the rich topic of flow over a cylinder in a channel. Experimental-
ists, theoreticians and computational fluid dynamicists, including the lattice
Boltzmann community, have sought to explain the interesting flow features
associated with this benchmark problem in CFD. Some phenomena, for ex-
ample the onset of vortices and instabilities at critical Reynolds numbers, the
development of von Karman streets in the cylinder wake, and the measure-
ment of quantities such as the drag coefficient at different Reynolds numbers
in an unbounded domain are now well understood, but surprising little at-
tention has been paid to the influence of the lateral walls on the viscous flow
over a confined cylinder. A detailed study of this problem was recently con-
ducted by Sahin [59] and the primary aim of this section is to compare our
lattice Boltzmann approach against Sahin’s finite volume approach for the
measurement of drag and lift coefficients and Strouhal numbers at different

Reynolds numbers and blockage ratios.
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Drag and Lift Coefficients

The drag and lift coefficients over a cylindrical body are defined to be

||
1
Ch R (5.163)
| I
C vl 5.164
L pU2R ( )

where F = (F,, F,) is the force on the body, U is the free-stream velocity
and R is the radius of the cylinder. The most common way of finding F in

standard Navier-Stokes solvers is by using a stress integration approach:

F = /n- [PL+ pv (Vu+ (Vu)")] dA (5.165)

where n is the outward normal vector and v is the surface of the cylinder.
In the lattice Boltzmann framework u is not a primary variable since it is
approximated by the first moment of the distribution function through equa-
tion (5.4). Therefore, the evaluation of u may suffer a loss of accuracy due
to round-off errors which will be amplified in the calculation of the gradient
field. An alternative method, unique to the LBM, that is simpler to imple-
ment and not victim to the aforementioned shortcomings is the momentum
exchange approach.

The force on each lattice link is a result of the momentum exchanged
by two opposing directions, [C;Ni(xb, t) — ciNi(xb + ¢;, t)} , where N denotes
the post collision distribution. Therefore, the total force acting on solid body

1s:

F=->Yq [Ni(xb, t) + Ni(x + i, t)] (5.166)

Xp =1

x [ =x(x+ )],

where
0 at x 1

X(xp + ¢;) = {

1 at xy.
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The inner summation calculates the momentum exchange between a solid
node and all neighbouring fluid nodes, and the outer summation calculates

the force contributed by all boundary nodes.

Results

We begin with the steady flow over a column of cylinders since this simpler
case has been used as a benchmark test for different CFD techniques, includ-
ing the lattice Boltzmann method. Consider a column of circular cylinders
of radius R and centre-to-centre distance H. To construct this situation we
impose symmetry conditions at y = —H — 1 (corresponding to j = 1 in the

computational domain) and y = H + 1 (corresponding to j = M,):

Nl(l,]_) :Nl(l,?)), N5(Z,1) :Ng(’i,g), NQ(Z,l) :N4(i73),
N@(Z,l) = N7(’L,3), Ng(l,l) = Ng(i,s), N7(Z,1) = Nﬁ(i,g),
N4(Z71) :N2(273)7 Ng(l,l) :N5(i73)7 NO(Z>1) :No(i73>7

with similar conditions holding at j = M,. The cylinder is centred at

(135,65) and at the inlet a uniform velocity u = (V,0) is specified and an
extrapolation used at the outlet. To make comparisons with existing results

in the literature we choose the following parameters:

p

V= 0.06,
w = 1.8657,

M, = 500,

M, = 130,
R = 10.

The Reynolds number is defined to be Re = @ and the above parameters

give Re = 100. Figure 5.10 is a contour plot of the streamwise velocity at

t = 100000. We observe the expected characteristics of a von Karman vortex

street in the wake of the cylinder, the breakdown of symmetry and negative
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Present Linear | Present Quadratic | Yu Linear | Yu Quadratic | Fornberg

1.230 1.246 1.275 1.247 1.248

Table 5.1: Comparison of drag coefficient for flow over a column of cylinders
at Re = 100.

velocity behind the body.

Figure 5.10: Contour plot of flow over a column of cylinders at Re = 100.

Table 5.1 shows our computed value of the drag coefficient using the first
and second order boundary treatment alongside the predictions of Yu [71]
and the established result of Fornberg [11] (finite volume method). It is
seen that this lattice Boltzmann algorithm compares well with the results
of Fornberg [11] and the second order scheme gives a closer approximation.
The slight difference between our results and those of Yu et al. [71] is most
likely due to the small difference between the chosen parameters.

To demonstrate mesh convergence we construct two additional meshes,
one coarser and one finer than the one mentioned above. The coarse grid,
MO0, has dimensions 250 x 75 lattice units, M1 is the original grid (500 x 130)
and the finer mesh, M2, has dimensions 1000 x 260. In these experiments, the
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[ Mo M1 M2 |

Cp || 1.58109 1.24633 1.24640
0.33476 0.00007

Table 5.2: Computed drag coefficient for flow over a column of cylinders
using different meshes and the difference between them.

diameter of the cylinder is always 10. The drag coefficient is measured on each
of these grids using the second order interpolation boundary treatment and
Table 5.2 shows these results and the difference between adjacent predictions.
Mesh MO is clearly too coarse to obtain accurate predictions since the relative
difference between the computed drag on this grid and the results of Fornberg
[11] is over 25%. We also see that doubling the mesh dimensions from M1
to M2 does not appear to effect the results.

To study the influence of the confining walls we define the blockage ratio
A= %, where D is the diameter of the cylinder and W the width of the
channel. Although it is well understood that both the Reynolds number
and the blockage ratio influence the flow field, only recently has a systematic
and quantitative numerical study been conducted [59]. Consider an infinitely
long cylinder of diameter D placed halfway between two parallel plates which
are a distance W apart (Figure 5.11). A no-slip condition is imposed on the
plates and the cylinder boundary, and a parabolic velocity profile specified

as the inflow condition. An extrapolation is once again used at the outlet.

RRRRSR
Rativie

Figure 5.11: Flow domain for cylinder computations.

Table 5.3 shows the computed value of the drag coefficient using the first-
order interpolation boundary condition applied to the parallel plates and
the cylinder for different Reynolds number and blockage ratios. The initial

mesh has dimensions 500 x 101. Also shown in Table 5.3 are the results of
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Sahin [59] and the relative difference between the data sets. We see that
the lattice Boltzmann predictions compare well with the novel finite volume
method with the difference remaining below 5% for all but one value of A
and Re < 100 and in several cases closer agreement was obtained.

Table 5.4 shows the computed value of the drag coefficient using the
second-order interpolation boundary condition applied to the parallel plates
and the cylinder for different Reynolds number and blockage ratios, along
with the results of Sahin [59]. The same mesh as the first-order simulations
was used. Again we see that the lattice Boltzmann predictions compare well
with the novel finite volume method and notice a reduction in relative dif-
ference compared to the first-order case. However, for two results (Re = 10,
A = 0.7 and Re = 40, A = 0.2) the first-order scheme gives a prediction of
Cy closer to the value obtained by Sahin. The reason for this is unclear. It is
also interesting to note that for each value of A the error between the lattice
Boltzmann and finite volume predictions reduces as the Reynolds number is
increased from Re = 10 to Re = 40 although the trend does not continue at
higher Reynolds numbers. In Figure 5.12 we plot the drag coefficient against
Reynolds number for a selection of blockage ratios. The graph emphasises
the good agreement between Sahin’s results and our predictions using both
the first and second order interpolation schemes applied to the no-slip bound-
aries.

Table 5.5 shows the computed value of the lift coefficient using first and
second-order interpolation boundary conditions applied to the parallel plates
and the cylinder when Re = 100 and A = 0.2, 0.3, along with the results
of Sahin [59]. In the table C'g) refers to the results obtained using the first
order boundary interpolation scheme and C’f) is the second order case. The
difference column presents the relative difference between Sahin’s results [59]
and the second order boundary treatment results. We see a decent agreement
between the data sets with relative differences similar to those in the drag
computations.

An important non-dimensional quantity in the analysis of unsteady flow
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| A | Cp | Sahin [59] | Difference (%) |

Re=0.1
0.2 337.78 324.23 4.2
0.3 585.25 558.04 4.88
0.5 1846.39 1765.3 4.6
0.7 7965.1 8058.0 1.2
Re=1
0.2 33.913 32.574 4.1
0.3 58.576 55.875 4.8
0.5 187.516 176.56 4.5
0.7 796.513 806.01 1.2
Re =10
0.2 4.2108 4.1081 2.5
0.3 6.368 6.1464 3.4
0.5 18.976 17.957 5.72
0.7 79.659 80.891 1.28
Re =20
0.2 2.6631 2.6248 1.46
0.3 3.686 3.6052 2.24
0.5 9.8207 9.3786 4.7
0.7 40.2595 40.174 0.2
Re =40
0.2 1.8298 1.8264 0.19
0.3 2.3813 2.3644 0.7
0.5 5.4889 5.3470 2.65
0.7 20.8077 21.298 2.3
Re =100
0.2 1.258 1.322 4.84
0.3 1.5896 1.577 0.8
0.5 3.253 3.1570 3.04
0.7 11.2616 10.782 4.45

Table 5.3: Comparison of drag coefficient for flow over a cylinder using a first
order interpolation boundary scheme.
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| A | Cp | Sahin [59] | Difference (%) |

Re=0.1
0.2 335.1 324.23 3.35
0.3 583.632 558.04 4.6
0.5 1840.58 1765.3 4.3
0.7 7939.11 8058 1.5
Re=1
0.2 33.77 32.544 3.77
0.3 58.415 55.87 4.5
0.5 187.048 176.56 5.9
0.7 799.65 806.01 0.8
Re =10
0.2 4.1867 4.1081 1.91
0.3 6.345 6.1464 3.2
0.5 18.929 17.957 5.45
0.7 79.602 80.891 1.59
Re =20
0.2 2.6484 2.6248 0.9
0.3 3.674 6.1464 1.9
0.5 9.7972 9.3786 4.48
0.7 40.1331 40.174 0.1
Re =40
0.2 1.8174 1.8264 0.49
0.3 2.3714 2.3664 0.3
0.5 5.4761 5.3470 2.41
0.7 20.812 21.298 2.28
Re =100
0.2 1.297 1.322 1.89
0.3 1.5896 1.577 0.8
0.5 3.236 3.1570 2.5
0.7 11.222 10.782 4.08

Table 5.4: Comparison of drag coefficient for flow over a cylinder using a
second order interpolation boundary scheme.

A Og) Cf) Sahin [59] | Difference (%)
0.2 ] 0.28 | 0.2269 0.2231 1.7
0.3 ] 0.099 | 0.0973 0.0943 3.2

Table 5.5: Comparison of lift coefficient for low over a cylinder using a first
(C’g)) and second (C’g)) order interpolation boundary scheme.
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Figure 5.12: Computed drag coefficient versus Reynolds number for A = 0.2,
0.5 and 0.7.

past a body is the Strouhal number, which is defined to be

_ /L

St
U?

(5.167)

where f is the frequency of the vortex shedding, L is a characteristic length
(taken to be the diameter of the cylinder here) and U is the free-stream
velocity. The Strouhal number describes the time-dependent behavior of the
flow and can be thought of as a measure for the vortex shedding frequency.
This quantity is a function of the Reynolds number and previous numerical
and experimental work [59] has studied the relation between the two. These
two numbers are of great importance in engineering applications where the
transition from the steady to the unsteady regime is needed.

To further our study of this model we measure the Strouhal number and

once again compare our results against those obtained by Sahin [59]. The
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A St | Sahin [59] | Difference %
0.2 | 0.1795 0.1718 4.4

Table 5.6: Comparison of Strouhal number for flow over a cylinder at Re =
100.

shedding frequency is found by plotting the x-component of the centreline
velocity and measuring the distance between ‘peaks’ behind the cylinder.
Figure 5.13 plots the x-component of the centerline velocity when Re = 100
and A = 0.2. The distance, between peaks above and below the obstacle is
approximately P = 112, giving a period of shedding 7' = P/U = 1866.67.
The frequency, f, is then f = 1/T, which is then used to find St. The
Strouhal number for this flow is presented in Table 5.6 together with the

corresponding results of Sahin [59] and the relative difference between the
two.
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Figure 5.13: Centerline velocity for flow over a confined cylinder at Re = 100
and A = 0.2.

To demonstrate mesh convergence we construct four additional meshes,
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A MO M1 M?2 M3 M4 Sahin

0.2 || 12661 | 50175 | 201695 | 808807 | 1821255 | 1727584
0.5 || 12241 | 48491 | 194915 | 781495 | 1759719 | 1612384
0.7 || 11753 | 46583 | 187147 | 750207 | 1689311 | 1554784

Table 5.7: Number of degrees of freedom for the five meshes and Sahin’s grid.

one coarser and three finer than the one mentioned above. The coarse grid,
MO, has dimensions 250 x 51 lattice units, M1 is the original grid (500 x 101)
and the finer meshes, M2, M3 and M4 have dimensions 1000 x 203, 2000 x 407
and 3000 x 611, respectively. Note that the mesh refinement factor is 2 for
most cases but mesh M4 is not double the size of M3 because of compu-
tational restrictions. Table 5.7 shows the number of degrees of freedom for
each mesh and chosen blockage ratios along with the corresponding number
used on Sahin’s finest grid. [59].

The drag coefficient is measured on each of these grids using the second
order interpolation boundary treatment and Table 5.8 shows these results and
the difference between adjacent predictions. We see the difference between
computed values of the drag coefficient is approximately the reciprocal of
the mesh refinement factor (excluding the results of MO0), allowing us to
estimate the drag on an even finer grid. The difference between computed
values is larger at larger blockage ratios, which is to be expected considering
the reduction in the number of degrees of freedom. We note that on mesh M0
the numerical values for the drag coefficient have a large relative difference
compared to the results of Sahin [59] and the pattern of halving the difference
is lost. This tells us that grid MO0 is too coarse to predict meaningful results
and a minimum number of nodes is necessary (note that the ‘/” in Table 5.8
indicates that the code was unable to give a result with these parameters).

Although our mesh refinement study shows convergence of the value of
the drag coefficient, the values of the finer meshes have a greater relative dif-
ference compared with Sahin’s. To check our results are indeed converging
we examine the stream-wise velocity at the point (3nz/4,ny/2) in meshes
M1 to M4, where nz and ny are the number of nodal points in the  and

y directions, respectively. Table 5.9 shows the velocity at this point on each
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| Mo M1 M2 M3 M4
Re =10
A=0.2 / 4.1867 4.118 4.036 4.026
0.0687 0.082 0.01

Re =10

A=0.5 | 20.354 18.929 17.978 17.538 17.228
1.425 0.951 0.44 0.31

Re =10

A=0.7 | 94.92 79.602 72.777 68.88 65.922
15.318 6.825 3.897 2.958

Re =40

A=0.2 9.02 1.8174 1.7936 1.7868 1.7814
7.2026 0.0238 0.0068 0.0054

Re =40

A=0.5 || 11.056 5.4761 5.2323 5.1198 5.0528
5.5799 0.2438 0.1125 0.067

Re =40

A=0.7 | 32.292 20.812 19.018 18.235 17.814
11.48 1.794 0.783 0.421

Table 5.8: Computed drag coefficient using different meshes and the differ-

ence between them.
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| M1 M2 M3 M4

Re =10

A=0.2|0.01479 0.01407 0.01403 0.01300
0.00011 0.00004 0.00003

Re =10

A=0.50.01441 0.01432 0.01429 0.01427
0.00009 0.00003 0.00002

Re =10

A=0.710.01232 0.01214 0.01196 0.01181
0.00018 0.00018 0.00015

Re =40

A=0.2 | 0.03904 0.03834 0.03799 0.03786
0.00060 0.00034 0.00014

Re =40

A=0.51]0.04781 0.04670 0.04661 0.04651
0.00111 0.00009 0.00001

Table 5.9: Computed velocity u(3nz/4,ny/2) using different meshes and the
difference between them.

mesh and the difference between adjacent predictions. Although the differ-
ence between adjacent values of velocity is rather erratic (that is, there is no
obvious pattern between the difference in velocity and the size of the mesh)
the results are once again generally showing convergence.

Figure 5.14 plots the streamwise velocity contours for the flow over a
cylinder at Re = 20 and A = 0.2. We observe the correct flow characteristics
of a velocity over-shoot around the leading half of the cylinder and deceler-
ation round the trailing half resulting in zero velocity behind the cylinder.
Figure 5.15 plots the streamwise velocity contours for the flow over a cylin-
der at Re = 20 and A = 0.7. We again see the velocity overshoot but also
notice the larger acceleration and gradients around the cylinder due to the
greater blockage ratio, and see the area of high velocity now follows closely
the profile of the obstacle. The streamlines and vectors of this laminar flow
are plotted in Figure 5.16 showing how the fluid is forced over the cylinder
into a high flow-rate region before returning to a uniform, zero acceleration
flow downstream.

Figures 5.17 and 5.18 show the normal (v-component) velocity for Re =
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Figure 5.14: Contour plot of streamwise velocity for Re = 20 and A = 0.2.

TEETR i - e e

Figure 5.15: Contour plot of streamwise velocity for Re = 20 and A = 0.7.

20 and Re = 100, respectively, when A = 0.7. In front of the cylinder the
contours are similar in both cases. Although the area of non-zero velocity is
larger when Re = 100 both flows exhibit a region of positive velocity in the
upper rear quadrant and a negative region in the lower rear quadrant. Behind
the obstacle the flow pattern is quite different with the higher Reynolds
number plot showing complex contours that extend far past the cylinder and
two smaller vortices developing between them.

As the Reynolds number increases the flow ceases to be stable and the

velocity field looses its symmetry. This complex behaviour is shown in Figure
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Figure 5.16: Streamlines and vector plot for flow over a cylinder at Re = 20
and A = 0.7.

Figure 5.17: Contour plot of normal velocity for Re = 20 and A = 0.7.

5.19 which plots the velocity contours in the streamwise direction when Re =
100 and A = 0.2. We see a region of negative velocity behind the cylinder and
vortex shedding in the wake, giving rise to an oscillating von-Karman street.
This phenomenon is clearly observed in Figure 5.20 and Figure 5.21 which
plot the streamlines of this flow and show the familiar pair of trailing vortices.
The normal velocity is plotted in Figure 5.22, giving further evidence of the
periodic shedding in the cylinder wake.

As the blockage ratio increases to 0.7 (with Re = 100) the flow around
the free end suppresses the von-Karman vortex shedding, as shown in Figure

5.23, and symmetry and stability is preserved. We plot the streamlines in
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Figure 5.18: Contour plot of normal velocity for Re = 100 and A = 0.7.

Figure 5.19: Contour plot of streamwise velocity for Re = 100 and A = 0.2.

Figure 5.24 and magnify the image behind the obstacle in Figure 5.25. We
notice a pair of arch vortices form in the near-wake before returning to a

uniform, zero acceleration flow further downstream.

5.7 Discussion

In this chapter we defined the lattice Boltzmann equation and have shown,
via a Chapman-Enskog analysis, that it is a second order approximation
to the Navier-Stokes equations. An alternative approach to the solution

of the dispersion relation for the generalised lattice Boltzmann equation is
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Figure 5.20: Streamlines and vector plot for flow over a cylinder at Re = 100

and A = 0.2.

presented and a journal article containing this development is in preparation
[51]. A survey of different boundary treatments has been presented with
some numerical results for laminar Poiseuille flow and flow over a column of
cylinders that verify our code and the improved interpolation scheme for the
no-slip boundary condition of Yu et al. [71].

We have also studied the flow over a confined cylinder in a channel and
examined the lattice Boltzmann equation’s ability to predict the drag coeffi-
cient at a variety of Reynolds numbers and blockage ratios. Our results show
that the LBE measurements compare well with those recently obtained using
a novel finite volume approach [59] with a relative difference usually below
3%. Considering no grid refinement around the obstacle was used we believe
these results to be encouraging for a first systematic study of the influence
of the Reynolds number and blockage ratio using a lattice Boltzmann model.
By refining the computational grid we have also been able to demonstrate
second order convergence for the drag coefficient. However, a number of our
results are somewhat puzzling and counter-intuitive. It is, for example, un-
clear at this stage why the error reduces with an increase in blockage ratio for
some values of Re. In some situations the error is below 1% where in others
it is closer to 5% and there appears to be no obvious relation between the
error and the flow parameters. Also, although our study of mesh refinement
shows convergence, in some cases the relative difference between these results

and Sahin’s increases as the mesh size increases. A possible explanation for
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Figure 5.21: Magnified view of streamlines and vector plot for flow over a
cylinder at Re = 100 and A = 0.2.

Figure 5.22: Contour plot of normal velocity for Re = 100 and A = 0.2.

85



Figure 5.23: Contour plot of streamwise velocity for Re = 100 and A = 0.7.

Figure 5.24: Streamlines and vector plot for flow over a cylinder at Re = 100
and A = 0.7.
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the two mentioned peculiarities is the distance between the centre of the
cylinder and the outlet (and inlet) was not constant in these simulations but
was in Sahin [59]. To increase the blockage ratio we increased the radius of
the cylinder while keeping the grid size constant. Therefore, the inflow and
outflow conditions may influence the flow differently for different blockage
ratio’s; a problem that does not occur in [59)].

Finally, an investigation of the velocity field has shown that the relatively
simple lattice Boltzmann model is sufficiently detailed to capture the char-
acteristics of this complex flow. The graphs of behaviour of the fluid in the
wake of the cylinder presented above show the expected development of a
von-Karman street at high Reynolds number and low blockage ratio and a
pair of vortices in the near-wake at high Reynolds number and high blockage

ratio. A journal article for this study is currently in preparation [52].
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Figure 5.25: Magnified view of streamlines and vector plot for flow over a
cylinder at Re = 100 and A = 0.7.
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Chapter 6
Axisymmetric Flow

The formulation of the standard lattice Boltzmann model for predicting the
flow of incompressible fluids is based on the Cartesian coordinate system.
However, numerous important flow problems exist for which there is axial
symmetry e.g. flow past a cylinder or sphere in a confined channel. The com-
putational demand required for three-dimensional lattice Boltzmann models
is considerably greater than for the 2D case. Therefore an axisymmetric
LBM, which will only depend on two coordinates, is highly desirable since it
makes computational sense to take advantage of any reduction in dimension
that can be accrued from geometrical considerations. Alternatively, a reduc-
tion in dimensionality also allows for greater spatial refinement through the
availability of additional degrees of freedom that would have been required
in the third dimension.

Halliday et al. [18] demonstrated how the evolution equation for the mo-
mentum distribution function within a 2D Cartesian framework may be ad-
justed by adding suitable source terms in order to recover the axisymmetric
Navier-Stokes equations in the macroscopic limit. The first and second order
terms in an expansion of the source term are chosen so that the terms in
the lattice continuity and momentum equations, respectively, arising from
the cylindrical polar coordinate system are recovered. Premnath and Abra-
ham [49] adopted a similar approach for multiphase flows by including tem-

porally and spatially dependent source terms to account for the axisymmetric
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contributions of the order parameter of the fluid phases and inertial, viscous
and surface tension forces.

In this section we follow the general philosophy embodied in the paper of
Halliday et al. [18] but depart from it in the way that that the second order
contribution to the source term is chosen in the recovery of the lattice mo-
mentum equation. In this method, the first and second order contributions
to the source term are derived through a Chapman-Enskog analysis. The
analysis detailed here is performed consistently within the Chapman-Enskog
formalism, unlike previously adopted approaches. Furthermore, the form of
the source terms that are derived here allow for a more efficient implementa-
tion of the LBM for axisymmetric flow problems due to the reduction in the
number of terms that require numerical differentiation. The validity of the
model is confirmed with a number of benchmark simulations. The theoreti-
cal development of this alternative model has been published in [55] and an

article containing the numerical evaluation of the model is in preparation [53].

6.1 Governing Equations in Axisymmetric Ge-

ometries

Consider the flow of an incompressible, isotropic fluid through a three-dimensional
pipe. Let e,, ey and e, be the standard orthonormal unit vectors defining a

cylindrical coordinate system:

e, = (f Q,o), s = (?—?0) . e, =(0,0,1); (6.1)

r’r r’oor
where r = /22 +y%, = = rcosf and y = rsinf. If the solution to the

Navier-Stokes equation is of the form
u = u,(r,z)e, +u,(r, z)e,, (6.2)

that is the velocity field does not depend on 6, then the flow is said to be

axisymmetric (without swirl). The continuity equation in cylindrical coordi-
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nates is 9 9
U, Uy U,
- =0 6.3
or + r + 0z ’ (6.3)

and the components of the momentum equation are:

ou, n ou, n ou, _la_P (6.4)
o or " T p Or '
n 0?u, n 10u,  u, n 0?u,
"\orz Trar T2 g2 )0
ou, ou, ou, 10P
ot i or T 0z  poOz (6:5)

N 0%u, N 10u, N 0%*u,
Y or:2 r or 022 )’

where v is the kinematic viscosity.

By performing the following coordinate transformation:

(r,z) = (y,2), (6.6)

(ursuz) = (y, ug); (6.7)

equations (6.3)-(6.5) can be written in Cartesian-like coordinates:

u
Ot = ——2, 6.8
) (6.8)
Dpu,, vp VPUq
Dt + aaP — IJPVQUQ = ?ayua - ?5%}, (69)

where D /Dt is the material derivative, 0,43 is the Kronecker delta function
and a = x,y. The terms on the right-hand side of the momentum equation
(6.9) are the additional axisymmetric contributions that the source terms

need to recover.

6.2 Axisymmetric LBE

To apply the lattice Boltzmann equation to a range of flow problems, an
internal or external force term may need to be added to equation (5.12). The

exact form of this term depends on the mechanics in question, for example
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particle-fluid suspensions [29], multi-phase flows [6,15,63], viscoelastic fluids
[27], or flow in an axisymmetric geometry [18]. A general representation
of forcing terms within the LBE framework that considers discrete lattice
effects has been proposed by Guo et al. [17]. With the intention of deriving
equations (6.8)-(6.9), a spatial and temporal microscopic term, S;(x,t), is
introduced into the D2Q9 lattice Boltzmann equation [18,49]:

Ni(x+ et +1) = Ni(x,t) +w [N§°><x, t) — Ni(x,t)| + Si(x,t),  (6.10)
and we take this source term to be at least O(e):
S; =S 4 25® 4. (6.11)

that is, there is no equilibrium S; term.
The aim now is to perform a Taylor and Chapman-Enskog expansion on
equation (6.10) and choose S; in such a way to recover equations (6.3), (6.4)

and (6.5). To first order in € we obtain:
athz'(O) + CiaaaNz‘(O) = _wNi(l) + Sz'(1)7 (612)

and the mass and momentum constraints yield

aﬁp + 80zpua = Z Sz'(1)> (613)
=0
8
atlpua + Qgﬂaﬁ = Z S,L-(l)Cioé, (614)
=0

respectively, where Il,5 = Zf:o Ni(o)

CiaCip i1s the momentum flux tensor. To
recover the continuity equation (6.3) we, like Halliday et al. [18], choose the

first order source term to be:

Wipu,
y b)

S —

7

(6.15)
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where the weights, W;, i = 0,...,8, are given by equation (5.28). Note that

8
Sosh = P (6.16)
=0 Yy
8
> s, = 0. (6.17)
=0

Our analysis now differs from previous derivations of axisymmetric LBM’s
in the following way. Halliday et al. [18] and Premnath and Abraham [49]
borrow the O(e€) terms in the expansion of the evolution equation from the

unadjusted LBGK equation to find at second order in e:

w

9, N + (9, + ia0a) (1 .

) NO = —uN® 4 52, (6.18)
We argue that the SZ»(I) term plays a greater role in the expansion, thus
changing the form of SZ-(Q).

At order €2 we obtain

1
8, N + 9, NV + ¢;00,NY + 5atlatlj\/f(”

1
+Cia0p 0N + §cm%aaaﬁzv§0> = —wN® +52 (6.19)

If, using equations (6.12) and (6.15), we write the above in a similar form to
Halliday et al. [18] and Premnath and Abraham [49], i.e.

8t2Ni(0) + (8t1 + cmﬁa) (1 — g) Nz(l)

Wipuy _ _\N® 4 g (6.20)

- (atl + Ciaaa)

we see the presence of additional terms involving Si(l) which are missing in the
article of Halliday et al [18]. More precisely, the coupling of the two source
terms occurs through the non-equilibrium part of the distribution function,
Ni(l). Substituting equation (6.12) into equation (6.20) (or alternatively,

equation (6.19)) yields the following axisymmetric terms that are not present
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in the unadjusted LBGK equation:

1 ‘ Wipu,

— S(2) - é (ah + Ciozaa) S(l) - 5(2) (621)

7 K3 K3

Comparing this with the expression (17) in Halliday et al. [18], we see that
our second order axisymmetric contribution does not include the —SZ»(I) /2
term. We suggest that (6.21) is the correct form for the expanded LBGK
expression with an additional geometrical force term and note that equation
(6.20) is consistent with the generalised expansion of LBGK equations with
additional forces, as described in [17].

Applying the mass conservation constraint to equation (6.19) gives:

8
1 1 )
Orsp + 50000 + 0 aptt + 5000pTap = > 82, (6.22)

=0

and upon using equations (6.13) and (6.14) we find that

Dp — 0,2 uy Z S@), (6.23)
Adding the above equation to equation (6.13) shows that
Op + Oaptia = p:y + atl p% + Z 5, (6.24)
so to recover the correct continuity equation we require
i 5% — —%atl pu, = %aanay. (6.25)

When the momentum conservation constraint is applied to equation (6.19)

we find the following equality:

1 1
(3t2pua + (%Qa,g + §at1 atlpua + (9t1 aﬁﬂaﬁ + 58@373157 = Z 57;(2)02'0” (626)
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where Qup = Z?:o Ni(l)cmcw and P,s, = Z?:o Ni(o)cmcwcw. This equation

can be simplified using equation (6.14) to give
1 1 :
Ors e+ 05Qup + 50, 0llas + 5050, Pasy = > 5P, (6.27)
i=0

where, from equation (6.12),

1 ou
o = —— | Oy 1lap + 0, P, Y55 6.28
Qap w(tl g+ 0y ﬂv+3y 6) (6.28)

For a D2Q9 lattice the tensors II and P are found to have the following

form:
m, = 2 )
aB — Glap + PUUZ, (629)
U
Pag, p 5 (Uy0ap + sy + Uadsy) (6.30)

A little algebra now shows that equation (6.27) may be written as

Oy, P, — V <8a8apua + 0,03pup + 8(1% - 28a%>
Yy Yy

a p”y ZSl Ciars (6.31)

where

is the kinematic viscosity. If we assume the fluid is incompressible then
equation (6.13) tells us that

0a0spus + aa% ~0, (6.32)

which allows us to write equation (6.31) as
: U U
Op, P — V0p 0 plq = Z Si(Q)cm — 200, u + —8 £y (6.33)
— )
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Summing the first and second order momentum equations yields:

8
1
Orpug + 0pllap — V04 0nptie = Z Sfmcm Y e 3—86,%, (6.34)
, ) w Y
1=0

and using equation (6.29) we find the momentum equation to be

8
1

p (Ot + ug0pua ) +00 P—prdsisu, = E SZ-(Q)cm—Zuﬁa%—k?)—@a%—i-ua%,

’ Yy W Yy Yy

1=0

(6.35)
where the left-hand side contains the terms in the standard Navier-Stokes
equations and the terms on the right-hand side must deliver the extra axisym-
metric contributions. Looking at the components of the above momentum
equation and the second order mass equation we see that SZ»(Q) must conform

to the following three conditions:

8
1
Si(2) = 4l 6.36
8
; e , (Oyuy + Opuy) 6 Uy v (6.37)
8 2
1 1 U pu
50 = 1 (2,, _ _) <a v — _y) _ Py 6.38
; , . 5) (o= ; (6.38)

To simplify the above relations and follow the the lattice Boltzmann
methodology as closely as possible we try to relate 552) to moments of the

distribution function. Recalling that

1 pu
Qa/g - —; (atlnag + 87Pa137 + S_yyéaﬂ> 5
- —3% (Oatts + ta) (6.39)

enables us to find most of the required gradients in terms of the moments of

96



ve Oy, + Oyuy) = ————— N-(l)cixci , 6.40
Y Yy 7 Y
Yy ,

1 1 u,\  (1—12p)
y(QV 6) (ayuy y) a y

A suitable choice of Si(z) can now be found by inspection. Given below are our

first and second order source terms that meet the required conditions (6.36),
(6.37) and (6.38) and therefore recover the axisymmetric Navier-Stokes equa-

tions in the macroscopic limit:

sv - Dy (6.41)
Y

3W; [e 3u,w pu?

S@@) = ' [Ly <um(9$u y Qa2 — SUywQ,y — —y>
v |2 y Wiy T T
6v p
— 6+ 1Q$y 8 Uy — PUgy
+ iy (1 — 12v) (2(1 o) Qyy + 7 — pug)] (6.42)

The differences between our model and that of Halliday et al. [18] should
now be highlighted. Our second-order source term is given mainly in terms of
the tensor Q, which is the third moment of the non-equilibrium distribution

function, N,

o, Therefore, we argue that this derivation is more sympathetic
to the lattice Boltzmann philosophy. Another advantage of this approach is
the reduction in the amount of numerical differentiation that needs to be
performed compared to the lattice Boltzmann models of Halliday et. al [1§]
and Premnath and Abraham [49]. In the modified LBM described here,
only one term viz. d,u, in the expression for SZ-(Q) needs to be approximated
using finite differences compared with five terms in [18]. Although Halliday
et al. [18] comment that components of the velocity gradient tensor can, in
principle, be evaluated from appropriate higher order moments of the non-

equilibrium function, in practice we are of the opinion that it is not possible
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to express O,u, in this manner. Finally, the analysis performed here is of
the same form and to the same order as that presented in [18] but delivered
in a different manner. We argue that this method is more transparent than
that of Halliday et al. and exposes an additional term in their second order
expansion of the evolution equation. The analysis performed in this paper
is consistent within the Chapman-Enskog analysis and the general form of
LBE equations with additional forcing given by Guo et al. [17]. We note that
along the axisymmetric line, i.e. y = 0, the singular source terms of type
1/y are evaluated using L’Hopital’s rule. After applying this formula we are
only left with terms contain a factor of either 9,(-) or w,. Since u,(0) =0
and all resulting derivatives evaluated at y = 0 are zero the terms S;(0) = 0

and therefore we only need to compute S; from y =1 toy = H.

6.3 Hagen-Poiseuille Flow

We verify our model by simulating flows for which there are known exact solu-
tions. The exact solution, U(r), of the axisymmetric Navier-Stokes equations
(6.3)-(6.5) to the steady, laminar flow of a viscous fluid through a pipe of

radius « is found to be

U(r) = U <1 - 12) , (6.43)

where

Up = —— (6.44)

is the maximum velocity in the pipe and G is the pressure gradient.

We construct a 256 x 64 D2Q9 lattice domain with a line of symmetry
at y = 0 and a solid wall at y = 64. The no-slip boundary condition is
applied to the wall using the interpolation scheme, as described in Section
5.5.2. We impose an inflow and outflow condition as detailed in Section 5.5.2
with maximum velocity Uy = 0.5.

Figure 6.1 plots the analytical solution (solid line) and the numerical

predictions for Hagen-Poiseuille flow. The graph shows a very good agree-

98



ment between the analysis and numerics, thus confirming the validity of the

axisymmetric lattice Boltzmann equation proposed in Section 6.2.

0.05 T T T T —T
Analytical

Numerical ~ +

0.04 -

0.03 -

Velocity

0.02 -

0.01 -

0 1 1 1 1 1 1
10 20 30 40 50 60

Radial distance

Figure 6.1: Analytical and numerical solutions for Hagen-Poiseuille flow.

6.4 Stokes’ Flow over a Sphere

Consider the flow of an incompressible, viscous fluid around a sphere. If the

Reynolds number, which we define to be

D
Re = U—, (6.45)

v

where D is the diameter of the sphere and U is the free-stream velocity, is
small (typically Re < 1) then Stokes’ law is valid for the drag force, Fp, on
the sphere [31]:

Fp =3muDU, (6.46)
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where p is the shear viscosity of the fluid. The drag coefficient, Cp is defined

as:
Fp

~ 0.5pU2A

where A is the projected area of the obstacle in the plane perpendicular to

Cp (6.47)

the flow. For Stokes’ flow over a sphere,

D2
A=" (6.48)
4
so the coefficient of drag is
24
Cp=—. 6.49
P Re ( )

In this section we compute the drag coefficient using our axisymmetric lattice
Boltzmann model and compare the results with the approximation given by
equation (6.49).

We construct a L x H D2Q9 lattice domain with a line of symmetry at
y = 0 and place a sphere of radius r at (z = L/2,y = 0), as shown in Figure
6.2. Since the flow is symmetric about y = 0 the sphere is represented by a
semi-circle. The interpolation scheme, as described in Section 5.5.2, is used
to apply the boundary condition. As equation (6.49) is valid in an infinite
domain we apply symmetry conditions at the north and south boundaries

and specify a uniform velocity, U, at the inlet.

- o

Figure 6.2: Computational domain for axisymmetric flow over a sphere.

Table 6.1 shows, to two decimal places, the computed drag coefficient

(Cp) using a first order interpolation boundary scheme, the Stokes approx-
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imation for the drag and the relative difference between the two for differ-
ent Reynolds numbers. To determine whether or not different flow parame-
ters affect the computation we calculated the drag coefficient twice for each
Reynolds number, changing the diameter of the sphere and the fluid viscosity
while keeping the velocity U = Re/100. In all simulations we kept L/H =5
and r/H = 0.3. We note the excellent agrement between the analytical for-
mula for the drag coefficient and the lattice Boltzmann predictions for all
Re < 0.5.

Table 6.2 shows the computed drag coefficient (Cp) using a second order
interpolation boundary scheme, the Stokes approximation for the drag and
the relative difference between the two for different Reynolds numbers. The
agreement between the data is seen to be excellent with a difference between
the analytical and numerical results often below 0.1%. We also observe the
similarity between the lattice Boltzmann results obtained with the first and
second order interpolation boundary schemes, indicating that the first order
treatment is sufficient to capture the hydrodynamics of this low Reynolds
number, laminar flow. Figures 6.4 and 6.5 plot the stream-wise and normal
velocity contours, respectively, for the axisymmetric flow over a sphere at
Re = 0.01. The plots show the expected characteristics associated with
this flow, including symmetry of the velocity field, decaying axial velocity
approaching the sphere, and a positive radial velocity in front of the sphere
and a negative one behind.

From Tables 6.1 and 6.2 we see that as the Reynolds number increases
beyond 0.5 the relative difference between the approximations gradually in-
creases. This is to be expected since Stokes’ formula (6.49) is only valid when
the inertia terms in the Navier-Stokes equations can be neglected, i.e. when
the Reynolds number is small. When Re is large the following empirical

formula for the drag coefficient on a sphere has been suggested [3]:

2
24
= /= +0.5407 ) . .
Ch ( oo 105 07) (6.50)

Table 6.3 shows the drag coefficient found by equation (6.50) and the nu-
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Re | D Cp Cp = 24/Re | Difference (%)
0.01 | 40 | 2400.41 2400 0.017
0.01 | 60 | 2402.03 2400 0.096
0.03 | 40 | 800.17 800 0.021
0.03 | 60 | 800.78 800 0.98
0.05 | 40 | 480.13 480 0.027
0.05 | 60 | 480.49 480 0.103
0.07 | 40 | 342.96 342.86 0.029
0.07 | 60 | 343.11 342.86 0.073
0.09 | 40 | 266.77 266.67 0.037
0.09 | 60 | 266.95 266.67 0.105
0.1 |40 | 240.10 240 0.042
0.1 | 60 | 240.25 240 0.104
0.2 |40 | 120.10 120 0.083
0.2 | 60| 120.15 120 0.125
0.3 |40 | 80.11 80 0.138
0.3 | 60| 80.12 80 0.150
0.5 |40 | 48.14 48 0.292
0.5 | 60| 48.12 48 0.250
0.7 140 | 34.46 34.29 0.496
0.7 160 | 34.42 34.29 0.379
1 (40| 24.23 24 0.958
1 60 | 24.16 24 0.667
2 40| 12.39 12 3.250
2 60| 12.29 12 2.417
3 |40 8.54 8 6.750
3 |60 8.41 8 5.125

Table 6.1: Comparison of drag coefficient for axisymmetric flow over a sphere
using a first order interpolation boundary scheme.
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Re | D Cp Cp = 24/Re | Difference (%)
0.01 | 40 | 2400.42 2400 0.018
0.01 | 60 | 2402.01 2400 0.084
0.03 | 40 | 800.17 800 0.021
0.03 | 60 | 800.76 800 0.095
0.05 | 40 | 480.14 480 0.029
0.05 | 60 | 480.49 480 0.103
0.07 | 40 | 342.95 342.86 0.029
0.07 | 60 | 343.1 342.86 0.070
0.09 | 40 | 266.76 266.67 0.034
0.09 | 60 | 266.295 266.67 0.105
0.1 |40 | 240.1 240 0.042
0.1 | 60 | 240.25 240 0.104
0.2 |40 | 120.10 120 0.08
0.2 | 60| 120.14 120 0.117
0.3 |40 | 80.12 80 0.150
0.3 | 60| 80.12 80 0.150
0.5 |40 | 48.15 48 0.313
0.5 | 60| 48.12 48 0.250
0.7 140 | 34.46 34.29 0.496
0.7 160 | 34.42 34.29 0.379
1 (40| 24.22 24 0.917
1 60 | 24.17 24 0.708
2 40| 12.40 12 3.333
2 60| 12.27 12 2.50
3 |40 8.54 8 6.750
3 |60 8.41 8 5.125

Table 6.2: Comparison of drag coefficient for axisymmetric flow over a sphere
using a second order interpolation boundary scheme.
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Figure 6.3: Graph showing Cp as a function of Re for axisymmetric flow
over a sphere.

Figure 6.4: Stream-wise velocity contours for axisymmetric flow over a sphere
at Re = 0.01.
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Figure 6.5: Normal velocity contours for axisymmetric flow over a sphere at
Re = 0.01.

Re | Cp | Cp | Difference (%)
10 | 3.58 | 4.37 18.078

20 | 2.58 | 2.68 11.194
40 | 1.87 | 1.73 8.208
100 | 1.07 | 1.06 0.9

Table 6.3: Comparison of drag coefficient for axisymmetric flow over a sphere
for larger Reynolds numbers

merical approximations for larger Reynolds numbers. In all cases U = 0.05
and D = 40. We clearly see that the lattice Boltzmann predictions and
the empirical formula are in better agreement when Re is large. Figure 6.3
plots the drag coefficient as a function of Reynolds number and clearly shows
the excellent agrement between the analytic formula for Cp in axisymmetric
Stokes’ flow and the lattice Boltzmann predictions. The graph also highlights
the numerical predictions departure from Stokes’ formula and approach to

the empirical formula (6.50) at increasing Re

6.5 Discussion

In this chapter we developed an axisymmetric lattice Boltzmann equation
which is shown to be a second-order approximation to the axisymmetric
Navier-Stokes equations. Unlike previous models this one correctly applies
the Chapman-Enskog analysis to LBE and fully exposes the coupling between

the two additional source terms through the non-equilibrium contribution
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Al

Figure 6.6: Stream-wise velocity contours for axisymmetric flow over a sphere
at Re = 100.

to the D2Q9 distribution function, therefore recovering the correct spatial
derivatives in the macroscopic limit. These source terms are geometric forces
which are consistent with the general form for additional LBE forces as found
by Guo et al. [17]. Moreover, the source terms derived here are more local
than those of Halliday et al [18] since they are given mainly in terms of
moments of the non-equilibrium distribution function. This has the practical
advantage of reducing the amount of numerical differentiation which is not
only more sympathetic to the general lattice Boltzmann philosophy but is
also likely to improve computational efficiency and stability. This last point
is as yet unproven but a local stability analysis could be conducted using
a Fourier-space formulation (cf Section 5.4). We first validated the model
by simulating Hagen-Poiseuille flow. This flow has a well-known analytical
solution, with which our numerical predictions are shown to agree very well.
We then applied our equation to Stokes’ flow over a sphere and found an
excellent agreement between the analytical and numerical approximations
for the drag coefficient for all Re < 1 (i.e when Stokes’ law is valid). At
higher Reynolds numbers our results agree with an empirical formula for the
drag based on experimental evidence. Two journal articles, [55] and [53],

have been written to account for this new material.
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Chapter 7

Multi-Phase Lattice Boltzmann
Methods

Our study of lattice Boltzmann models now moves forward into the realm of
complex fluids. In this chapter we discuss at length the application of the
lattice BGK equation to immiscible multi-phase (in particular two-phase)
flows and present the associated numerical results.

We begin this chapter with a brief introduction to the mathematical the-
ory of multi-phase hydrodynamics before reviewing the most favored immis-
cible lattice Boltzmann methods. Followed is an in-depth study of a chosen
model, namely a R-K type model, and our proposed modification. This new
model is evaluated with simulations of problems of practical importance and
has been published in [54]

7.1 Mathematical Theory of Multi-Phase Flow

The work in this section follows closely Joseph and Renardy [28]. We adopt a
fixed Cartesian frame of reference and consider an infinitesimal fluid element

having position vector

X(1) = (21(7), 22(7), 23(T)) (7.1)
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at some time 7. Now define the velocity of the element at time 7 =t to be

d
a(x(t), £) = X0 (7.2)
dT T=t
The acceleration of the fluid element at time 7 = ¢ is given by
D
a(X(t)v t) = —H(X(T), 7—) ) (73)
Dt T=t
where D 5 4 5 9
T (9 '
E_E—i_?a_xa_(aT—i_u(X(T)?T) V) (74)

is the material derivative operator.

7.1.1 Transport Identities

Let p = p(x(t),t) be the density at position x and time t. Let Q(t) be
any material volume and denote it’s boundary by 0€2. Conservation of mass

requires that the rate of change of the mass occupying (t) should be zero:

d
— pdQ = 0. (7.5)
If we use the Reynolds transport theorem with equation (7.5) and assume a

continuous integrand we find that

Dp
E—i—pV-u-O. (76)
If we further assume the fluid is incompressible, that is % =0, then
V-u=0. (7.7)

Now let f(x,t) be a smooth field in Q(¢). The Reynolds transport theorem

tells us that y Df
— fdQ:/ <——|—fV-u> ds?, 7.8
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and since equation (7.7) holds (so that p is a constant),

d Df
= pfdQ::t/‘ p=dQ). 7.9

Suppose f(x,t) has a simple discontinuity (that is, a finite jump in value
with limits existing on both sides of the discontinuity) across the surface
(interface) x, as shown in Figure 7.1. Following the work of Joseph and
Renardy [28] we consider limits in which €(¢) tends to zero while y is held
constant, that is (¢) is collapsed onto .

Figure 7.1: The material volume Q(t) = Q;(¢) U Qa(t). x(t) is an interface
and n; and ny are the outward normals on 0€2; and 0€)s, respectively. ni
is from 0€2; to 025 on x.

Define
[[f]] = fi(x,t) = fa(x,1) (7.10)

as the jump in f at x € x. When concerned with interfaces between two

fluids there are two jump identities:

lim nfdS = /—nlg[[f]]dx, (7.11)
Q—x 90 X

. d : Df

lim — =1 —d) = .
G o = o [ opaen 0
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where dS is an element on the surface of 0f2.
In the absence of any body forces the principle of linear momentum tells

us that
d

— pudQ:/ tdS+/ ondl, (7.13)
dt Jg 20 oy

where o(x) is the surface tension on the interface, n is the normal of the curve
Ox = x N 0L, t is the traction vector and the last term in equation (7.13)
is a line integral representing the force due to interfacial stresses. Using the

divergence theorem this integral can be written as

1 1
/ Vo — o (1’112 . VO') + | =+ = )onp dX, (714)
. R R

where R, and R, are the principal radii of curvature.
In equation (7.13) the traction vector t is a traction vector is given by
the Cauchy-Fourier formula t = Xn. Here, ¥ is the symmetric stress tensor

which in components has the form
Yag = —POas + Tus, (7.15)
where p is the pressure. The extra-stress tensor T is assumed to be a linear

function of the velocity gradient Vu and as a consequence can be written as

Ou

Taﬁ = Aaﬁ'yéﬁ_xéa

(7.16)

where A is some fourth-order tensor. Assuming it is an isotropic function of
the components of Vu the extra stress tensor T is found to have the following
form:

T =7, (7.17)

where 7 is known as the dynamic viscosity and
4= (Vu + (Vu)T> (7.18)

is the rate of strain tensor. The superscript T" denotes the transpose of a
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tensor.
Equation (7.12) tells us the discontinuity in f does not alter equation
(7.9), which when applied to (7.13) yields

Du
p22 a0 = / Snds 7.19
o Dt o0 (7.19)

1 1
—|—/X {VU — 1112 (n12 : VO') + (R_l + R—2) O'n12:| dX

By first noting that with the use of equation (7.11)

/ SndS = [ Snds+ / SnydS — / ([S]nuady (7.20)
o0 o 002 X

and then applying the divergence theorem we see that

/Q <p% _v. 2) 4o (7.21)

1 1
+/ [[E]]nlg—v0+n12 (l’lm'VO') — | =+ = | onye dXZO
X Ry Ry
Finally, if we argue that equation (7.21) is true for all closed bounded material
volumes {2 and surfaces of discontinuity x the governing equations for a bi-

component fluid are found to be

Du
"Dy

1 1
HEH n. = Vo — 115D (n12 . VU) + | =+ = onjo, X € x. (723)
Ry Ry

= V-2, x€Q or, (7.22)

We close this subsection with a few remarks on the boundary conditions
at a fluid-fluid interface. We state that the velocity across such an interface
is continuous:

[[u]] =0. (7.24)

Equation (7.23) tells us the shear stress is also continuous, that is

tr - [[nY]] - m2=0, k=12, (7.25)
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where t;, is tangential to the interface. The normal stress jump is balanced

by the surface tension:

niy - [[77’)’“ *1lyo — [[p]] + (Ril + Ri2> o=0. (726)

Also, a kinematic free-surface condition holds at the interface:

oh
5 tuVh=0, (7.27)

where h(x(t),t) = 0 describes the interface.

7.1.2 Non-Unique Solutions

Joseph and Renardy [28] note that, since the position of a fluid-fluid interface
is unknown, a steady state solution to the multi-phase equations of motion
(7.22,7.23) is not unique. For example, if two immiscible fluids of equal
density are contained within a domain {2 spheres, or bubbles, of one fluid
will emerge. The size and position of these bubbles at steady state are not
unique.

Parallel shear flows of layers of two (or more) liquids also have a con-
tinuum of solutions. There could be, in theory, N layers of one fluid with
viscosity 11 separated by layers of another fluid with viscosity 7. The num-
ber of layers and their heights is arbitrary. Although there is an infinite
number of solutions to problems of this type the configurations that are re-
alised in experiments position the low viscosity component in regions of high
shear. It is argued in [28] that the low viscosity fluid will encapsulate the
high viscosity fluid. Moreover it is proven, by a viscous dissipation principle,
that the arrangement in plane Poiseuille flow that maximises the mass flux

is as shown in Figure 7.2.
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L/4

Figure 7.2: Layered plane Poiseuille that maximises the mass flux for a given
pressure gradient with p; < po (from [28]).

7.2 Multi-Phase Lattice Boltzmann Models

A time dependent interface, as described above, provides an added difficulty
to computation techniques for multi-phase flow. These moving boundaries
require tracking in time - a task not easily accomplished by continuum based
numerical methods. For example, a Lagrangian approach can accurately
track an interface by attaching to it a number of probes, the dynamics of
which follow the boundary evolution. However, if the interface topology is
radically altered this method can suffer from ill-conditioning and singulari-
ties, and due to re-meshing three-dimensional computations can prove to be
costly. An Eulerian approach on the other hand can overcome these diffi-
culties since large deformations in an interface can be captured without a
re-discretisation of the domain. Rather than track the interface explicitly,
this method reconstructs it as an isocontour of a field variable. The problem
with this technique is, due to the lack of explicit treatment, interfacial diffu-
sion effects are generally smeared over a region surrounding this boundary.
From a micro/mesoscopic view point the segregation of two fluids is due to
inter-particle forces. The Lattice Boltzmann method is therefore in a strong
position compared to its macroscopic rivals since these particle interaction
can be incorporated into the evolution of the distribution function. As a
result, a multi-phase Lattice Boltzmann should not track interfaces but rather

let them spontaneously emerge from the underlying dynamics.
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A number of Lattice Boltzmann models have been developed to predict
the flow of two interacting fluids, each showing a degree of success in a variety
of test situations but also several limitations. We now present an overview
of the most favoured models. A comprehensive survey of two-phase Lattice

Boltzmann techniques can be found in [44,61].

7.2.1 The R-K Model

In 1989, Rothman and Keller [57] proposed an extension to the FHP (with
rest particles) to incorporate immiscible two-phase effects in fluid flow. Soon
after, Gunstensen [16] developed a multi-phase Lattice Boltzmann model
based on the principles of Rothman and Keller.

The technique behind these models, which are to be referred to as R-K
models, is to define two types of particles which can be distinguished by a
colour, say "red” and "blue”, and add to the collision process a routine which
will encourage like particles to congregate.

The first step in the Gunstensen algorithm is the usual single face collision
step:

N =N, —w (N,-(x, t) — NO(x, t)) , (7.28)

where N/ denotes the post collision state. The expected number of particles
is N; = R; + B;, where R; and B; are the number of red and blue particles,
respectively. Next, a surface tension inducing perturbation step is added to
N/

N/ = N! + A|F|cos[2(0; — 0F)], (7.29)

where A is a parameter controlling surface tension, ; is the angle of lattice

direction 7, and 6 is the angle of the colour gradient F which is given by
F(X) = Z Z C; [Rj(X + CZ'> — Bj(X + Cl)] . (730)
(O

The next step is a recolouring procedure designed to achieve zero diffusivity of
one colour into the other (but conserving total mass). Finally the populations

are propagated to their nearest neighbours.
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The authors derived a theoretical expression for the surface tension which
was shown to agree very well with Laplace’s law. They also showed a pre-
liminary application to flow in porous media. Although it predicts some
multi-phase phenomena, this original method can only deal with fluids of
equal viscosity and density. A similar model that allows for a variation in
these quantities was developed by Grunau et.al [15] and since this publication
immiscible LBM’s adopting a similar technique have been developed for three
dimensional models in porous media [65] and for incorporating microcurrents
into curved boundaries [19]. Further advances have shown an improvement
in the isotropy of the interface [33] and a comprehensive study of the diffu-
sion and phase separation properties of these gradient-based models can be
found in [32].

R-K type models have been shown to produce results in good agreement
with analytical solutions and experimental observations. They use a rel-
atively straightforward addition to the LBGK algorithm which is easy to
implement. However, the optimisation step can be computationally expen-
sive and a more in-depth study reveals R-K models obey an ideal equation
of state. Despite these drawbacks we chose to develop and use models of
this type because of their success with bi-component flows, their ability to
maintain sharp interfaces, their potential to tackle complicated "real-life”
industrial applications and, unlike other immiscible LBM’s, they allow us to

fix the surface tension value a priori.

7.2.2 The Shan-Chen Model

The pseudo-potential approach introduced by Shan and Chen [6] is a multi-
phase LBM that attempts to be a more physically orientated model than the
R-K models described above. Since flows with more than one phase have a
non-ideal equation of state, Shan and Chen looked to preserve this feature
in a lattice Boltzmann framework by incorporating non-local interactions
among particles.

The evolution equation in the Shan-Chen model is similar to the normal
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LBGK equation:
Ny(x + ¢yt +1) = Ny(x, 1) — w (NZ(X, t) — NO(x, t)> (7.31)

but in this model an additional momentum forcing term I' is explicitly added

to the velocity field after each time step:
u'(x,t) = u(x,t) +L(x,1), (7.32)

where
T(x,1) — —%p;b(x)QZ@b(x#—ci)ci. (7.33)

In the above equation ¢ (x) is a "potential” function and G comes from a

Green’s function:

0, if[x—x/|>1
g, if|[x—x/| =1

G(jx —X|) = {

Unlike the R-K methods this model has, in general, a non-ideal equation
of state, for a D2Q9 lattice given by

p= g +4G?, (7.34)

Consequently, thermodynamic phase transition will occur if the pressure p is
not a monotonically increasing function of the density p.

Shan and Chen demonstrated in [6] that phase transition occurs whenever
the interaction strength G exceeds a critical value G.. They also point out
that their model can simulate fluids with immiscible components by setting
1 = p. This leads to an ideal equation of state. Chin et al used a Shan-Chen
model on a D2Q9 lattice with the LBGK collision operator to simulate flows
of immiscible fluids with different viscosities. Their prediction of Laplace’s
law for surface tension gives noticeable errors and their simulated results
for Poiseuille flow, although in close agreement in single fluid regions, shows
discrepancies near an interface.

Due to its simplicity and elegance the Shan-Chen model is probably the
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most popular choice for flows with phase transitions. Encouraging results in
comparison to thermodynamic theory have been obtained [6,7,60]. There are
unfortunately a number of drawbacks. As pointed out in [44] this model can-
not introduce a temperature which is consistent with thermodynamics and
Luo [36] shows that the equation of state is not the same in the momentum

equation and the energy equation.

7.2.3 The Free Energy Model

Striving to ensure thermodynamic consistency within the lattice Boltzmann
framework, Swift et al [63] introduced a non-ideal pressure tensor directly
into the collision operator by taking into consideration the free energy func-
tional ® defined as

Bx) = [ 5 (Vo + 6lp)] dx. (7.35)

where k is the interfacial energy and the second term in the integrand de-
scribes the bulk free energy. The local pressure tensor then relates to &

through

0P
p= pa—p — . (7.36)

The full pressure tensor is obtained by adding off-diagonal terms:
P.3 = pbas + £OapOap. (7.37)

In order to include this pressure tensor into the equilibrium function,

)

Swift et al used an expansion of Nz-(6 similar to that laid out in Section

5.2 but extended to incorporate the non-local thermodynamic properties of

equation 7.36:
Ni(e) = A+ Beigug + Cu? + DugupcinCis + EaCia + FapCinCip. (7.38)

The coefficients can be found using the moments of Ni(e) as in Section 5.2.

To test their model Swift et al [63] performed numerical simulations (on
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a FHP lattice with one rest particle) using a Van-de-Waals equation of state:

¢ = pTIn <1——pbp) —ap?, (7.39)

where a and b are free parameters. They report a very good agreement
between the mechanical (Laplace’s law) and thermodynamic definitions of
surface tension. Also shown in [63] is the accurate prediction of the coexis-
tence curve between the two phases for different fluid temperatures. Further
work with the Free Energy model was undertaken by Inamuro, Nobuharu and
Ogino [26] who showed Galilean invariance of the model in moving droplet
deformation and breakup simulations, and Xu, Gonnella and Lamura [69]
improved the stability of the model by controlling density fluctuations.
Theoretical criticisms of the free energy approach are made strongly by
Luo [35,36]. He points out that since density gradients do not appear in the
first order Chapman-Enskog expansion (cf Section 5.3) the inclusion of Vp
terms in equation (7.37) is not justified. An in-depth study reveals other
shortcomings such as a degree of anisotropy and varying temperature even
though the model claims to be isothermal. Although all the algorithms con-
sidered so far in this Section are in some way mathematically ad hoc it
appears from the work of Luo that the Free Energy model is also physically

mcorrect.

7.2.4 Contemporary Methods

In a series of theoretical papers Li-Shi Luo [35-37] formally derived a multi-
phase lattice Boltzmann model from the kinetic theory of non-ideal gases
and binary mixtures in an a priori fashion. If the Enskog extension to the

Boltzmann equation which, if BGK approximation is used, is given by
6tf+§-Vf+a-V5f:—§ (= O] +.7, (7.40)

where

J' = —fbpgl€ —u] - In(p’g), (7.41)
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properly describes non-ideal dense gases, Luo proceeded to obtain a lattice
Boltzmann-type equation via the expansion and phase-space discretisation®
of equations (7.40) and (7.41). In these equations f is the (continuous) sin-
gle particle distribution function, £ is the local (Maxwellian) equilibrium
function, € and a the particle velocity and acceleration, respectively, A is a re-
laxation time, g = g(bp) and b is a constant. The resulting lattice Boltzmann
equation on a D2Q9 lattice, assuming unit time steps and lattice spacing, is

shown to be:

—gw | N;(x,t) — Ni(e) (x, t)}
~bgN{/(x,t) x (¢; —u) - V (p*g) — F;
where
F, = =3Wp[(c; —u) +3(c; - u)cy] - a, (7.43)

and the weights W; are defined in equation (5.28). The pressure, found
through the Chapman-Enskog analysis, is given by

P = pf(1 + bpg), (7.44)

where the normalised temperature 6 is defined by
0 — gZ(Ci —u)’N", (7.45)

and g can be found by specifying an appropriate equation of state.
For the case of binary mixtures a similar procedure with the associated
kinetic theory (details of which can be found in [37]) leads to the following

lattice Boltzmann equation:

NF(x+c;,t+1) — Nf(x,t) = QF + Q' — FF, (7.46)

Luo first employed this technique to obtain the lattice Boltzmann equation directly
from the Boltzmann equation [38].
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where

By, [Nf_ Nf(ﬂ, (7.47)
NFK(0)

o= (e ) (), (7.48)
C; - Qa

FF = —Wp, Rka’ (7.49)

where k£ and [ refer to fluid species, p and u are the density and velocity of

the mixture, respectively, T is the temperature and R} is the gas constant

(e)

for species k. The equilibrium function Nik has the following form:

1
Nik(E) - {1 * ﬁ(cl —u) - (u — u)} Nik(0)7 (7.50)
2
NEO =y 14 Gz W (e 751
i T TR T () (751)

and the macroscopic density and momentum for each species are defined as

the first two moments of Nik(e)

, respectively. It should be noted that this
model does not have a surface tension.

Recent work by McCracken and Abraham [40] builds on the theoretical
work of Luo and Girimanji [37] by using multiple relaxation times in the col-
lision process. They have shown that this model improves numerical stability
compared to the LBGK operator and verified the model with numerical ex-
periments. Other contributions come from Premnath and Abraham [49] who
presented a model for axisymmetric multi-phase flows in a Cartesian coor-
dinate system and reported satisfactory agreement between their simulated
results and available data for a number of test problems including Rayleigh

capillary instability and breakup.

7.3 Immiscible Lattice Boltzmann Model

We now expand on our notes of Section 7.2.1 to develop a R-K-type model
for immiscible binary fluids with different densities and viscosities, similar to

the work of Grunau et al [15]. Like these authors we use a lattice Boltzmann
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equation with a single relaxation parameter for each fluid but use a D2Q9
lattice rather than a 7-velocity FHP lattice with additional rest particles.
The equilibrium expressions given in this section, found by a simple ansatz,
thus differ to those in [15] and the collision operator is modified to satisfy
the conservation laws and recover the extra volume source term in the multi-
phase Navier-Stokes equations.

Let NF be the single particle distribution function for fluid k, where
k = r or b denotes the colour ("red” or "blue”). The total population at

node x and time ¢ is
Ni(x,t) = Nf(x,t) + N](x,1), (7.52)
and the evolution equation for each phase is
NF(x 4 c;,t +1) = NF(x,t) + QF(x,1). (7.53)
The collision operator
o = (@)Y + (@), i=0,....8 (7.54)

consists of two processes. The first represents relaxation to a local equilibrium

state using, for simplicity, an LBGK operator:
()" = —on (N = N}©), (7.55)

where Nik(e) is an equilibrium function and wy, is the relaxation parameter of
fluid k. (Qf)(Z) is derived in Section 7.3.1.

Mass and momentum are, as usual, defined to be the first two moments
of the distribution function respectively, and conservation of these quantities

require

o= YN SN, (750

pu = Z Z NFec; = Z Z N, (7.57)
% k % k
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where pj. is the density of fluid k, p = p,. + pp is the total density, and u is
the local fluid velocity.

The equilibrium function, Nf(e)

, can be chosen arbitrarily providing it
respects the conservation constraints of equations (7.56) and (7.57). To derive

an expression we specify a D2Q9 lattice domain and use the following ansatz:

N = Ak 4 DEu?, (7.58)
Nk(e) = A]f—i—chZu—l—Cf (Ci'U)Z‘i‘DIqu, 1= 17273747 (759)

7

NFO = Ak 4 Bbe;-u+ CF(c;-u)? + Dhu®, i=5,6,7,8, (7.60)
where the 10 capital letters are free parameters to be ‘tuned’ accordingly.
To continue we adopt tactics similar to Section 5.2 and take advantage of
the first three moments of the equilibrium function. However, to achieve a
stable interface we require the non-stationary distribution functions for both

liquids to be equal when u = 0. To meet this condition we assume

B Df Dt
BY ~ DF DF (7.61)
and find » = 4. Now assume
Ag = OgPk, (762)
A}
A_S = T, (763)

where ay, is a free parameter. The equilibrium functions are readily found to
be

. 2
Né“( ) = Pk (Oék - §u2) ; (7.64)
e 1- [ 9 3 ]
N = p, ( 50% + W, |3¢c; -u+ 3 (ci-u)® — 5112 ) , (7.65)
for i=1,2,3,4, '
e 1- [ 9 3 ]
Nik( ) — Ok ( 200% +W; _3Ci -u+ B (ci- u)2 - 5112_ ) , (7.66)

for 1=5,6,7,8,
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where the weights W, are given by equation (5.28). The stable interface

assumption leads to the following density ratio, v:

T 11—
E——— (7.67)
Pb 1 - o7%
with the pressure given by:
3pr (1 — ag
ph = 2L = 769

which satisfies an ideal equation of state.

The parameter oy, determines the speed of sound, (cf)?, thus controlling
the hydrodynamic pressure at interfaces. It can be viewed as representing
the ensemble average number of degenerate rest particles, which is needed
to achieve a stable interface and achieve a density variation between the
fluids. Therefore the choice of «y is important for flows with a large density

difference. To ensure that 0 < N < 1 in a mixed region we require
0<ap<l, (7.69)

and a little manipulation reveals that

Pr — Pb
pr

<o <1, (7.70)
if Pr = Po-

7.3.1 Two-Phase Collision Operator

The two-phase collision operator, (Qf)m, is defined in such a way as to
encourage colour segregation while satisfying the conservation constraints of

equations (7.56) and (7.57). A spatial colour difference, p, is defined as

7(x) = p,(x) — po(x). (7.71)
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The colour gradient may be calculated in terms of the colour difference using
H(x) = Vp(x).

A fourth-order approximation, F', to the colour gradient, H, is given by

8
F(x) = ci[p(x+c)—p(x+c). (7.72)

i=1
Since the colour gradient is perpendicular to the interface, we can define an

approximate unit normal, n, to the surface:

_r .V
F|— [Val

An extension of the model proposed by Grunau et al. [15] to a D2Q9
lattice would give
(F : Ci)2 3

—}, i=1,...,8. (7.73)

E\(2) ﬂ _
(QZ) - 2 ’F’[ |F|2 4

In the above equation Ay is a free parameter controlling surface tension and
we note that F = 0 in pure phases, thus (Q?)(Q) only contributes to mixed
interfacial regions. The factor 3/4 (1/2 in [15]) in equation (7.73) is included

to ensure the conservation of mass and momentum:

8

S@)? = o, (7.74)
e

i=1

(
> ()

=1

) (7.75)

However, it can be shown using the Chapman-Enskog technique that it is
not possible to derive the macroscopic continuum equations for multiphase
flow when the two-phase collision operator is defined by (7.73). To obtain

the correct form of the continuum equations we propose the following repre-
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Interface

Figure 7.3: The colour gradient F is normal to a fluid-fluid interface.

sentation of the two-phase collision operator

(oh® = %m [Wi <CTI*.“|E)2 = Bi] L i=0,...,8, (7.76)
where .
—5 =0
B; = 237 i=1,2,3,4 (7.77)
k % i=5,6,7,8.

The colour gradient F(x) is normal to the interface at node x (see Figure.
7.3) so we see that (Q2F)?) in (7.73) serves to add mass to populations moving
in this direction and removes mass parallel to the interface. Since this term
does not conserve colour densities separately an additional step is needed to
promote phase segregation and maintain surfaces between fluids. Following

Gunstensen [16], we define the colour flux K(x) by

K(x) = 28: (N — N}) e, (7.78)
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and force this vector to align with the colour gradient (7.72) and minimise

the diffusion of one colour into the other.

Re-colouring

The optimisation problem above can be written as follows: Maximise the

work done W against the gradient:
W =K-F, (7.79)
subject to the constraints

NT/I + N-b// — N//

10

YN = p, (7.81)

(]

where the double primes denote post two-phase collision quantities. Differ-
entiating W with respect to N/” and N yields

oW
o = D (e F)=0, (7.82)
oW

ONV' =D _(ei-F) =0, (7.83)

i.e, there are no turning points. Optimisation techniques such as the method
of Lagrangian multipliers are therefore redundant. We continue to solve the
maximisation problem in a more ad hoc fashion. The link vectors c; are
listed in descending order starting with the one nearest the colour gradient
F. The maximum amount of red particles available are sent in the directions
close to F (i.e perpendicular to the interface) while blue particles are sent
the opposite way, subject to constraints (7.80) and (7.81). Latva-Kokko
and Rothman [32] point out that a potential drawback of this re-colouring
technique is so called lattice pinning. This situation occurs when one of the
fluids, say red, is close to or on a fluid-fluid interface but the flow is too

weak to move many red particles. The interface now becomes pinned to the

126



lattice. Latva-Kokko and Rothamn studied this effect in the case of small
bubbles concentrated around one lattice node. The authors report that such
bubbles will not move unless forced very hard - a problem which can be of
significance when examining the flow and separation of an initially mixed
state. Alternative re-colouring schemes which reduce lattice pinning but
widen the interface have been suggested by Latva-Kokko and Rothman [32],
and Télke et al. [65].

Interface relaxation parameter

The thickness of an interface will depend on an averaged relaxation param-
eter. When the relaxation parameters wy, and therefore the viscosities, of
the two fluids are different, the interface width increases. To ensure a stable
interface and smooth change in viscosity we define an order parameter v in

the same fashion of Grunau [15] et al.:

Pr — Pb
= . 7.84
w Pr+ po ( )

The relaxation parameter w is defined as follows:

Wy, Y >0,
Y L), 0> >0, (7.85)
fo(¥),  0>9 >4,
Wh, %ZJ < _57
where
L) = B+ +e)? (7.86)
h) = B+np+ &2 (7.87)

and (,7,¢,m and £ are constants chosen so that w and its derivative are
continuous. Let (w) = 2w,w;,/(w, +wp) be the averaged relaxation parameter
across the interface and assume that f.(0) = w,, fo(—9) = wp, Ow/OY = 0
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when ¢ = £4, and f,(0) = f,(0) = (w). Simple algebra reveals that

(7.88)
(7.89)

(7.90)

(7.91)
(7.92)

where § < 1 is a free parameter controlling the thickness of an interface. If

the relaxation parameters (and therefore viscosities) are equal the value of §

does not affect the flow. If on the other hand there is a large difference in

viscosity between the two fluids the choice of § could affect the thickness and

dynamics of an interface.

7.3.2 Surface Tension

Figure 7.4: Planar interface geometry in Cartesian co-ordinates.

Interface

The mechanical definition of surface tension is

o, ¢]
O'I/
—00

(Pn(2) = Pr(z))dz,
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where Py and Pp are the normal and tangential components of the pressure
tensor and z measures the distance normal to the interface. Let 6; be the
angle between link vector c¢; and the x-axis and let 6, be the angle between

z and the z-axis (Figure 7.4). Py and Pr are given by

Py = Y N, (7.94)
Pr = Y Nicip, (7.95)
where
N = |ci|cos(6; —6,), (7.96)
cr = |cilsin(0; —6,). (7.97)

Consider equation (7.93) as an average over M adjacent long integration
lines y = constant and cast a discrete summation over lattice nodes in an
area A [19]:

 cosfs ZZNU _ cosb, ZZ ( neq)> U, (7.98)

xXEA i xXEA 1

where

U; = cZcos[2(0; — 6.)]. (7.99)

Now consider the equilibrium and non-equilibrium contributions separately.
After substituting equations (7.64), (7.65) and (7.66) into (7.98) a little al-

gebraic evaluation leads us to the following relation:

SN NI =Y pu?cos[2(6, — 6.)], (7.100)

XEA 1 xEA

where 0, is defined through

uy = |u]cosf,(x), (7.101)
u, = |ulsinf,(x). (7.102)
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To find the non-equilibrium contribution we note that at steady state the

evolution equation is reduced to
Ni(x +¢;) = Ni(x) —wN"™ 4+ 0P i=0,...,8 (7.103)
where Q( ) (QT) + (€2 @) For a lattice with well defined boundary

conditions
> Ni(x+e) =) Ni(x) (7.104)

and therefore
ZZNi(neq) A, —i— Ab Z |F| Z ( i \FP - Bi> U;.  (7.105)

If we assume F/|F| is constant we can write

(i F)? (e G)?
= (S-S (7109

where G is any vector perpendicular to F. This then yields:

S N + A” Z F). (7.107)

Combining the equilibrium and non-equilibrium contributions then gives:

o co]\s;’z (Z pu? cos[2(0, — 6.,)] + M:TZA(’) Z |F|> . (7.108)

X X

The second term in equation (7.108) is relatively straightforward since |F|
vanishes in non-interfacial regions but there appears to be no obvious general
simplification of the first term (which is second order in u). It is however
manageable in particular circumstances.

To first order in u we can neglect the first term in (7.108) to obtain

cos b, —|—Ab A, +Ab
o= ( Z|F|> (7.109)
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where w determines the kinematic viscosity of the fluid through the relation-
ship (5.52).

Plane interfaces

Consider a thin plane interface parallel to the y-axis (such that cosf, = 1)
with colour symmetrically separated and assume there are no microcurrents
(u=0),1ie

2(A, + Ap) cosb, Z
= F|.

Sl (7.110)

The stable interface cannot be centered on a single layer and as we integrate
(7.93) along the line perpendicular to the interface three nodes will contribute
to the surface tension, i.e there are three nodes with non-zero F: one lying
on the line z = xy and one to both is left and right (Figure 7.5). This

corresponds to a |F| given by
F|=C(0(x —xz0+ 1)+ (z —x9) +0(x — 20 — 1)), (7.111)

where C' is a constant and § here refers to the Dirac delta function. Therefore

2C(A, + Ap) cos b,

7 18Mw ;(6<x_$0+1)+5<$_$0)+5($—$0 71)2)
. A'r‘ + Ab
= O (7.113)

At steady state the colour gradient is constant, making it possible to estimate
|F|, and therefore C'. By looking at the amount of red and blue particles at
interfacial sites we find that C' = 5p/2 and therefore

A+ A

= . 114
o=5 6 (7.114)

To verify the above relation a 64 x 64 square lattice domain was con-
structed with a vertical interface through the center. Equal amounts of red
and blue fluid filled the domain and for simplicity we set w, = w, = 1 and

A, = A, = 0.0001. The system was allowed to evolve to a steady state be-
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Figure 7.5: Symmetric separation about a thin interface. Circled nodes
contribute to the theoretical expression for surface tension.

fore Py and Pr were measured and the integral (7.93) approximated using
a simple trapezoidal formula. Figure 7.6 shows the numerical measurements
of the mechanical definition (4) and the theoretical prediction (solid line) of
o as a function of density. The theory and numerics are seen to be in good
agreement, confirming the validity of the above analysis.

We also test the capability of the model to predict Laplace’s law for
surface tension. We construct a 128 x 128 domain with a bubble of red fluid
centered in the middle of the geometry and measure the pressure difference

inside and outside the bubble. Laplace’s formula is as follows:

g
R?

where p; and p, are the pressures inside and outside the bubble, respectively,

Pi = Po = (7.115)

R is the radius and o the surface tension. Figure 7.7 plots the pressure
difference (calculated by equation (7.68)) against 1/R using the following
choice of parameters: p, = p, = 1, A, = A, = 0.001 c, = 0.1. The numerical
measurements are shown by the ¢ symbols and the solid line is a linear fit
passing through the origin, the slope of which gives the surface tension. The

straight line is seen to be an excellent fit to the predicted pressure difference,
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Figure 7.6: The numerical measurements (+) and theoretical predictions
(solid line) of surface tension as a function of density.

thus demonstrating the models ability to predict surface tension.

7.3.3 Macroscopic Equations of Motion

Although the addition of the two-phase component of the collision operator
(7.73) enables the lattice Boltzmann model to simulate some multi-phase
problems [15], the validity of the operator is not well understood. More
specifically, its ability to handle flows with substantially different densities is
untested and the theoretical considerations are incomplete.

A collision operator of the form (7.73) or (7.76) aims at a discretisation
of the term involving the distributed stress tensor because the colour gradi-
ent is an approximation of the derivative of a jump condition. However, it
can be shown that equation (7.73) does not recover the correct form of the
macroscopic force term after applying the Chapman-Enskog analysis. We
will show, however, that a modification of the lattice Boltzmann collision
operator can recover the correct form of the macroscopic equations. A sin-

gle phase version of the Navier-Stokes equations are derived containing an
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Figure 7.7: The numerical measurements ¢ and theoretical predictions (solid
line) of Laplace’s law for surface tension.

134



appropriate source term, localized to the vicinity of the interface, to account
for surface tension effects.

Since the two-phase collision operator (Qf) @) Vanishes in regions contain-
ing just one fluid, the standard Chapman-Enskog analysis can be employed
for each pure phase and the Navier-Stokes equations can be derived. At an
interface the two-phase operator, (€2¥)?) enters the analysis and a Taylor and

Chapman-Enskog expansion of equation (7.53) yields, to first order in e:

at1Ni(0) + CiaaaNi(O) = _WNi(l) + 952)7 (7116)

where we have summed the ‘red’” and ’blue’ contributions. We note that in
the above w = w¢ is the averaged relaxation parameter defined in equation

(7.85). The mass and momentum constraints yield:

O p+ Oapua = 0; (7.117)
O pua + 0u1ls = 0, (7.118)

respectively, where II,43 is the momentum flux tensor, given by:

9

Mg = Y Nciacis, (7.119)
=0

= podas + pusug, (7.120)

where the pressure py = pj, + p}, is found from equation (7.68).
After the application of the mass constraint to the second order expansion

of equation (7.53) we obtain:

B0 = 0; (7.121)

and combining this with the first order results shows that

Op+ V- pu=0. (7.122)
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Application of the momentum constraint to the second order equation leads

to the relation:
1 1
8t2pua + 8g@a[5 + iatlagnag + 58587]3@7 =0, (7.123)

where Pog, = ), Ni(o)cmcwcm and Qug = Y, Ni(l)ciacig. The two-phase

operator dictates the following form of the tensor Q,s:

1 2
Qap = —— <3t1Haﬁ + 0, Pagy — Z o )Cmczﬂ> : (7.124)

and therefore we find that

1 1

1
Ory e + O (5 - ;> (00 Moy + 0y Pag] + 05— > 0P cincis =0 (7.125)

Now, adding equations (7.118) and (7.125) and using vector notation we
find that

dpu+ V- (puu) = =VpI + v [V?(pu) + VV - (pu)] = V-S,  (7.126)

where
1 )
Sag = > Weiacs 7.127
B w Z i CiaCig ( )
AlF| 1 )
W <W ; Wi(ci - F) ciacip — ; Biciacip (7.128)
AlF|

1 1
( F7F5(6a5(575 + 5047(5&5 + (5,15557) — 5(5&5) (7.129)

w \9|F]?

which can be written as

2A [ —F? F,F,
= A 7.130
9w|F| ( F,F, —F2 > (7.130)
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The additional term in the Navier-Stokes equation viz. V - S, arises
from the effect of surface tension and can be expressed in terms of the fluid
composition. The fluid composition is modelled using the colour difference,
p, which plays the role of an order parameter.

In the lattice Boltzmann model for immiscible fluids described here and
elsewhere there are three fluid regions: homogeneous red and blue regions
and a thin region near the interface where the two fluids mix. The method
will not recover a sharp interface, i.e. one of zero thickness, but instead
produce what is known as a ‘diffuse’ interface. Diffuse interface ideas were
developed by Rayleigh [34] and by van der Waals [66], who proposed gradient
theories for the interface based on the principles of thermodynamics. In
diffuse interface models [1] a capillary stress tensor is used to model the
interface between the two fluids. In this way a theory of the interface based
on continuum mechanics may be developed and a modified Navier-Stokes
equation can be derived with an additional term that accounts for surface
tension (see Anderson et al. [1], for example). The capillary tensor, I, has

the following form in terms of the colour difference:
I~ |V I-Vpe Vi~ |[F'I-F®F, (7.131)

where ® denotes the outer product between two vectors.

Suppose that p, and p, are smooth functions that decay rapidly to zero
in the interfacial region. Since p approximates a jump function, the surface
delta distribution d5, defined by

(60,0) = / b ds,

where s is the interface between the two phases, satisfies 65 ~ C|F| where C
is the inverse of the jump height. The surface distribution d, is only non-zero

within a finite thickness transitional region near the interface since F = 0 in
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pure phases. Therefore we can express the tensor S in the form

24 /. F@F
s — —(I— o )yFy

Iw |F|?
2A
= @(I —_nege n)5s

To first order in u, A/w is approximately proportional to o, and therefore

we have

S = Bo(I — n®n)ds, (7.132)
where B is a constant. We note that
V- (I—n®n)dj; = knds,
where k is the mean radius of curvature of the interface defined by
k=—V, -n.

Note that the constant B in (7.132) can be replaced with unity by scaling

the two-phase collision operator (7.76) by an appropriate factor.

7.4 Numerical Simulations

Poiseuille Flow

We first verify our model for Poiseuille flow of layered immiscible fluids.
Consider two incompressible immiscible fluids moving under the influence of
a pressure gradient G in the z-direction. If the flow is sufficiently small so
that no instabilities occur with the interface remaining in the center of the

channel at all times then the analytic solutions for the steady flow are found
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to be

Gh? Y\ Y (ur—/u))
T —(Z) + 2 (=22 7.133
2
MT :|a _h§y§07
:ur‘{'”b
Gh? Y\N2 Y (e —
b r
= — |- (2 A (R U 7.134
! 24 { <h) " (,Ur‘l‘ﬂb) (7:134)
2
el y 0<y<h,
Mr"’ub

where h is the half channel width and p, and p; are the shear viscosities for
red and blue fluids, respectively.

A horizontally periodic 128 x 65 lattice with a no-slip condition on the
upper and lower walls was initialised with the upper half of the channel
consisting of pure red fluid and the lower half pure blue. The centre line
initially contained an equal number of each particle type. Both fluids were of
unit density with w, = 0.795229, w, = 0.360685 (corresponding to viscosities
wy = 0.2525, p, = 0.75775). We also set o, = 0.1, 6 = 0.1, A, = A, = 0.
Initially the system was at rest and a small force G was used to mimic the
pressure gradient and drive the flow based on the velocity u; at the center:

gh?

Uy = = 0.045 7.135
! o + Mo ( )

Figure 7.8 plots the analytic solution (solid line) and lattice Boltzmann pre-
diction (+) of the velocity profile. We see a very good agreement between
the numerical and analytical predictions.

To demonstrate the role of the relaxation parameter, d, we perform the
layered Poiseuille flow simulation as outlined above with =0.01, 0.3, 0.5, 0.7,
and 0.9. Figure 7.9 plots the velocity profile when § = 0.9. Compared with
Figure 7.8, we see a smoother curve in the neighbourhood of the interface
and a further departure from the analytical solution in this region. Table
7.1 shows the computed value of velocity at the points y = —h/2, y = 0 and

y = h/2 for each value of ¢ alongside the relative error between these and the
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Figure 7.8: Analytic and numeric (+) measurements of velocity of two adja-
cent immiscible fluids.
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analytical values. It is clear that as ¢ increases the relative error increases,

hence our choice of § = 0.1 in the simulations that follow.

0.06 T T T T T T T

0.05 | _

0.04 - -

0.03 | 1

Velocity

0.02 - -

O 1 1 1 1 1 1 1

Channel Width

Figure 7.9: Analytic and numeric (+) measurements of velocity of two adja-
cent immiscible fluids when ¢ = 0.9.

To demonstrate the effect the domain size has on the numerical calcula-
tions increased the number of lattice points in the transverse direction and
ran the Poiseuille flow simulation as described above and measured the ve-
locity at three different positions, y = —h/2, y = 0 and y = h/2. Table 7.2
shows the computed value of velocity at these points for the original mesh
(as used above) and the six refined meshes, alongside the relative error be-
tween these and the analytical values. We notice the velocity in the lower
half of the channel (which contains the slower moving, more viscous fluid) is
less dependent on the mesh dimensions then the velocity in the upper half
and maintains a value of 0.03021 for all tested domains with nz > 128. The
less viscous fluid does not appear to be overly sensitive to the mesh dimen-
sions but it is important to note that an increase in the number of lattice

points in the transverse direction has a positive effect on the accuracy of the
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| 4 [ u(=h/2) | w(0) | u(h/2) |
0.01 0.03020 | 0.0451 | 0.04490
error (%) 0.5 0.2 0.2
0.1 0.03021 | 0.0451 | 0.04490
error (%) 0.5 0.2 0.2
0.3 0.0306 | 0.04520 | 0.0457
error (%) 2 0.4 1.56
0.5 0.0306 | 0.0454 | 0.0457
error (%) 2 0.89 1.56
0.7 0.0306 | 0.0458 | 0.0457
error (%) 2 1.78 1.56
0.9 0.0297 | 0.0459 | 0.0458
error (%) 1 2 1.78

Table 7.1: Comparison of velocity for 2-layer Poiseuille flow using different
values of §. The exact values are (to three significant figures): u(—h/2) =

0.03; u(0) = u(h/2) = 0.045.

simulations.

Using the same value for the force g we measure the velocity of a flow

that has one fluid sandwiched between another less viscous fluid (Figure

7.2). Apart from the initial configuration this lattice Boltzmann simulation

is identical to one described above. The analytic solutions to this flow are

given by

G(3h2 h2—4y2) h
o + ’ _hgyf__’
8 Hor Hb 2
G h h
9 (h2_y2)7 ——§y§—>
L 2 2

h?  h? — 4y? h
§(3 +—y), S<y<h
8 Hor Hb 2

and in Figure 7.10 we plot the velocity predicted by the analysis (solid line)

and the numerics (+). Once again we see the results to be in good agreement.
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Mesh Dimensions | u(—=h/2) | u(0) [ u(h/2) |

128 x 65 0.03021 | 0.0451 | 0.04490
error (%) 0.5 0.2 0.2
128 x 85 0.03023 | 0.0452 | 0.0457
error (%) 0.77 0.4 1.56
168 x 85 0.03021 | 0.0454 | 0.0437
error (%) 0.5 0.89 2.9
168 x 105 0.03021 | 0.0447 | 0.0445
error (%) 0.5 0.67 | <0.1
208 x 105 0.03021 | 0.0452 | 0.0448
error (%) 0.5 0.4 0.4
208 x 125 0.03021 | 0.0451 | 0.0449
error (%) 0.5 0.2 0.2
248 x 125 0.03021 | 0.0451 | 0.0449
error (%) 0.5 0.2 0.2

Table 7.2: Comparison of velocity on different meshes for 2-layer Poiseuille
flow. The exact values are (to three significant figures): u(—h/2) = 0.03;
u(0) = u(h/2) = 0.045.

0.08 —
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0.04

Velocity

0.03 |

Channel Width

Figure 7.10: Analytic (solid line) and numeric (4) measurements of velocity
in a three-layer Poiseuille flow.
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Spinodal Decomposition

Our next test is for spinodal decomposition. A 64 x 64 lattice domain with
a no-slip condition on the horizontal walls and periodic conditions on the
vertical boundaries was initialised with red and blue particles randomly dis-
tributed. The density ratio, p,./pp, was set to 2/3 with w, = w, = 1. The
other input parameters were: A = 0.0001; ;. = 0.1 and 6 = 0.1. There was
no body force driving the flow. Figures 7.11 to 7.14 plot distribution of colour
mass using white to represent the more dense fluid and black the less dense.
Any grey area signify interfacial regions containing both particle types. In
Figure 7.11 we see how layers of fluid emerge and join to form larger, more
distinct areas of different phases. Figure 7.12 shows bubble-like features de-
veloping due to the random internal motion of particles caused by the local
density gradient. The snapshots at times ¢ = 5000 and ¢ = 7000 show how
some of these ‘bubbles’ collide or break free to form larger areas and Figure
7.13 shows the system in its equilibrium state. Two distinct phases are ob-
served here and snapshots taken after ¢ = 10000 show no visible difference
in the configuration of fluids.

The theoretical problem of finding the position of a fluid-fluid interface
has non-unique solutions. However, experimental observations show immis-
cible fluids of the same density form spheres of one fluid within another. A
stability analysis along with a study of the dynamics of rotating binary mix-
tures predicts the same phenomenon [28]. We test our model against these
findings by adjusting the material parameters of the spinodal decomposition
simulation discussed above. Starting with a random mixture of fluid in a fully
periodic 64 x 64 domain with p, = p, = 1, w, = 0.360685, w, = 0.795229
(corresponding to viscosities v, = 0.7575, v, = 0.2525), A = 0.0001, and
a, = 0.1 we view the fluid configuration at various time steps. It is impor-
tant to note that the mass of each species did not change throughout this
experiment. In Figure 7.15 we see how a mixture of two liquids of different
viscosities evolves into a stationary configuration with one large low viscous
bubble immersed in a more viscous fluid. This result seems to agree with the
ideas of Renardy and Joseph [28]:
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t=100

t=500
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Figure 7.11: Distribution of colour at times ¢t = 100 and ¢ = 500.
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t=1000

t=2000

Figure 7.12: Distribution of colour at times ¢t = 1000 and ¢ = 2000.
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t=5000

t=7000

Figure 7.13: Distribution of colour at times ¢t = 5000 and ¢ = 7000.
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t=10000

Figure 7.14: Distribution of colour at time ¢ = 10000. The system is now in
equilibrium.
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Perhaps there is a selection mechanism based on the stability to
large disturbances, in which the stable configuration is the one
that minimizes the surface area. This type of criterion would lead
to large bubbles, even one large bubble, rather than many small

ones.

Non-equilibrium Rod

When a rod or cylindrical drop of one fluid is immersed in another, surface
tension causes it to deform and capillary waves are induced that make the
drops surface oscillate about its equilibrium shape. This behaviour can be
observed in numerical calculations by surrounding an initially square droplet
of one fluid with another and monitoring its response. To perform this test
with our model we let a 32 x 32 square of red fluid centered in a 64 x 64 grid

evolve in time. The parameters chosen for this flow were:

pro= 2
pp = 1,
ve=v, = 1,
A=A, = 001,
a, = 0.5,
6 = 0.1

The initial configuration is shown in Figure 7.17 and we take snapshots
of the flow at different time-steps. After 140 time-steps surface tension has
caused the corners (which are the areas of high curvature) to collapse, which
in turn pushes the center of the vertices outward, resulting in diamond-like
formation (as in Figure 7.18). Surface forces are then strong in these new
areas of high curvature, thus setting the drop into oscillation. This behaviour
is observed in Figures 7.19 and 7.20 which show the red drop collapsing back
to a smoothed square (¢ = 300) before returning to a smoothed ”diamond”

shape. The frequency of this oscillation decreases in time and Figure 7.21
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Figure 7.15: Distribution of colour at times ¢ = 1000 and ¢ = 3000. The
white fluid is the more viscous.
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Figure 7.16: Distribution of colour at times t = 15000 and ¢t = 30000. The
black fluid has been encapsulated by the white.
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shows that by 800 time-steps the red fluid has found its equilibrium spherical
shape. The final radius of the bubble is approximately 18.061, which shows

its area is almost identical to the initial square configuration.

Figure 7.17: Initial configuration for the non-equilibrium rod test.

To demonstrate mesh convergence we construct three additional meshes,
one coarser and two finer than the one mentioned above. The coarse grid,
MO, has dimensions 32 x 32 lattice units, M1 is the original grid (64 x 64)
and the finer meshes, M2 and M3 have dimensions 128 x 128, and 256 X
256, respectively. The initial square droplet is half the size of the mesh
and placed in the center of the domain in each case. Table 7.3 shows the
number of degrees of freedom (DF) on each mesh and area of the initial
square configuration. The column titled "Radius” gives the value of the final
bubble radius required to preserve the area identically and ”Error” refers
to the relative error between this value and the measured radius. We see a
excellent agreement between the required and measured radii on meshes M1,
M2 and M3 showing that our 2 phase operator produces the desired surface
tension effects while conserving mass. Mesh M0 was too coarse to produce
any meaningful results. Although the initial square droplet began to deform

in the expected manor the equilibrium state, which is shown in Figure 7.22,
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Figure 7.18: Configuration at time ¢ = 140 for the non-equilibrium rod test.

Figure 7.19: Configuration at time ¢ = 300 for the non-equilibrium rod test.
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Figure 7.20: Configuration at time ¢ = 440 for the non-equilibrium rod test.

Figure 7.21: Configuration at time ¢ = 800 for the non-equilibrium rod test.
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| Mesh | DF | Area | Radius | Measured Radius | Error (%) |

MO | 1024 | 256 | 9.027 / /
M1 | 4096 | 1024 | 18.054 18.061 0.061
M2 | 16384 | 4096 | 36.108 36.117 0.025
M3 | 65536 | 16384 | 72.216 72.59 0.5

Table 7.3: Comparison of measured radius on different meshes for the non-
equilibrium rod test.

was not a perfect circle, thus making it difficult to calculate the final area.

Figure 7.22: Final configuration of the non-equilibrium rod test on mesh MO.

Coalescence of Two Bubbles

For a large density ratio test we look at the coalescence of two identical
circular droplets. Two red bubbles of radius R = 18.2 and density p, = 2.261
are placed very close together in the center of a 100 x 100 computational
domain. The surrounding fluid is blue with density p, = 0.122, giving a
density ratio of v = 18.5. To unsure a stable interface we set o, = 0.95
and the other parameters are: v, = v, = 1 and A, = A, = 0.008. The

initial configuration is shown in Figure 7.23 and as soon as the simulation
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starts inter-molecular forces cause the bubbles to coalesce and we see in
Figures 7.24 and 7.25 how the two droplets merge together. Like the non-
equilibrium rod test, tension forces send the surface into oscillations before
it reaches its equilibrium, as shown in Figures 7.26-7.29. The symmetries
about the x = nx/2 and y = ny/2 are preserved and in agreement with
other researchers’ results [72]. The oscillation is clearly visible in Figure 7.30
which plots the droplet radius at y = ny/2 against time ¢. It is important to
note that the relation Ry = \/§RI, where Ry is the final radius of the bubble

and R; the initial radius, is satisfied.

Figure 7.23: Initial configuration for the coalescence test.

To demonstrate mesh convergence we again construct three additional
meshes, one coarser and two finer than the one mentioned above. The coarse
grid, M0, has dimensions 50 x 50 lattice units, M1 is the original grid (100 x
100) and the finer meshes, M2 and M3 have dimensions 150 x 150, and
200 x 200, respectively. Table 7.4 shows the number of degrees of freedom
(DF) on each mesh and the initial bubbles radius, R;. The column titled
"R¢” gives the value of the final bubble radius from the relationship Ry =
V2R, and ”Error” refers to the relative error between these two values. An

improved accuracy with an increase in degrees of freedom is clearly seen.
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Figure 7.24: Configuration at time ¢ = 40 for the coalescence test.

Figure 7.25: Configuration at time ¢ = 80 for the coalescence test.

157



Figure 7.26: Configuration at time ¢ = 160 for the coalescence test.

Figure 7.27: Configuration at time ¢ = 240 for the coalescence test.
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Figure 7.28: Configuration at time ¢ = 400 for the non-equilibrium rod test.

Figure 7.29: Configuration at time ¢ = 800 for the non-equilibrium rod test.
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Figure 7.30: The radius of the coalescing bubble at y = ny/2 as a function
of time. The solid line is a polynomial fit through the data points.

| Mesh | DF | R; | Ry | Measured Radius | Error (%) |

MO
M1
M?2
M3

2500
10000
22500
40000

9.1
18.2
27.3
36.4

12.87
25.74
38.61
51.48

12.73

25.69

38.99
21.5

1.1
0.19
0.05
0.04

Table 7.4: Comparison of measured radius on different meshes for the bubble

coalescence test.
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7.5 Axisymmetric Multi-Phase Flow

In Chapter 6 we showed how the single relaxation time lattice Boltzmann
model in a two-dimensional Cartesian coordinate system can be extended
by adding suitable source terms to recover the axisymmetric Navier-Stokes
equations in the macroscopic limit. We now combine this with our two-phase
model to give a lattice Boltzmann model for axisymmetric binary fluid flow.

From our arguments in Chapter 6 we know that the addition of a source
term S; = eSi(l) +€e25% where Si(l) and SZ»(Q) are given by equations (6.41) and

(6.42), respectively, to the LBGK equation accounts for axisymmetric effects
k(2)

in the model, and the addition of a two-phase collision operator, {2;*”, as
defined in equation (7.76) incorporates surface tension effects into the LBE.

Therefore, we propose a lattice Boltzmann equation of the form:
NF(x+cit+1) = NF(x,8) — w (Nf - NZ.’“@) +OF® gk TR (7.136)

where SF is the axisymmetric source term for fluid & and TF is a new term
that will be chosen to recover the additional two-component terms that arise
in a cylindrical coordinate system.

From equation (7.126) we see the two-phase term in the momentum equa-
tion is V - S. In axisymmetric cylindrical coordinates the divergence of a

tensor S in component form is:

(V ‘ S)T = 67’57’7“ + aerz + S;T, (7137)

and if we perform the coordinate transformation (r,z) — (y,z) we see that
T, = Ti(r) —|—Ti(b) must be chosen such that in the macroscopic limit it recovers

the following = and y components, respectively:

Sy 2AF,F,

Doy _ Ty 7.139

Y Jwy|F| (7.139)
o 2

Sy _ —24F; (7.140)

y wy|F|
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These terms are of order O (€2) so we see that T} = €27\,

If the Chapman-Enskog expansion is applied to equation (7.136) then at

O (€¢) the mass and momentum constraints yield:

Oup + Oapria = S (7.141)

3t1pua -+ 8/31_[&5 = Z SZ-(l)CZ'a, (7142)

which are identical to equations (6.13) and (6.14), respectively.

The second order mass equation is found to be
1 1) _ 2) (2)
f%ﬂ+?%z;& 2;& +2;E . (7.143)

Since surface tension effects do not alter the general form of the continuity
equation we set ) . T =0.
When the momentum conservation constraint is applied to the second

order expansion of equation (7.136) the following relation is obtained:

8 8
1 1 2 2
Ors i+ 03 Qa5 00, O pitt-O, DTt 5050, Pagy = 2; st kM; T2 ¢,

(7.144)
where Il,3 and P,g, are as in Chapter 6 and

Qs = Y NVewey (7.145)

! D _ 0@ _ @
= = [ OuTlag + 0, Pagy = > (81 = 0P = 1) ciacis |
W t1 B + 74 aBy i i 7 i CiaCip
Since the required additional multi-phase components for axisymmetric flow

)

do not include any derivatives we set Ti(2 ciaCip = 0. Therefore, there are
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four necessary conditions that Ti@) must satisfy:

SN = o (7.146)

2AF,F,

) AR
S 1%, = oy El (7.148)
N TP ey = 0. (7.149)

and one possible choice for TZ@) that satisfies these conditions is

T = & (7.150)
wy

We note that choosing T¢(2) in this way is consistent with the role of the two-
phase lattice Boltzmann operator, i.e it serves to add mass to populations
moving normal to an interface and remove mass parallel to it, and is also
computationally efficient since the multi-phase terms can be conveniently
written as ng) (14 ¢iy/(yw)). On the line y = 0, |F| = 0 by the symmetry
condition and therefore lim,,_.o TZ-(2) = 0/0. We evaluate this expression using
L’Hopital’s rule and find 0,|F(z,0)| ~ (|F(z,—1)| — |F(z,1)|)/2 = 0 by

symmetry, so that Ti@) =0 when y = 0.
Adding the first and second order mass equations (equations (7.141) and
(7.143)), and the first and second order momentum equations (equations

(7.142) and (7.144)) yields the equations of motion for axisymmetric multi-

phase flow:
Dot = ——L, (7.151)
Yy
Dpuy, 9 vp VPUg,
Dt +aaP — I/pV Uq — ?3yua - ?(Say
Sya
+ (V-S), + % (7.152)
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where we have used the definitions of SZ.(I), Si(Q), 0% and Ti(Q) given by

7 )

equations (6.41), (6.42), (7.76) and (7.150), respectively.

7.5.1 Laplace’s Law

We apply our axisymmetric multi-phase lattice Boltzmann equation to verify
Laplace’s law (equation (7.115)) for surface tension. A 256 x 128 D2Q9
lattice domain is defined with periodic conditions applied to the vertical
boundaries, the bounce-back scheme applied to the north wall and symmetry
conditions on the south boundary. Axisymmetric drops of 6 different radii
R = 16.667, 20, 25, 33.333, 50, 100 are centered on the line of symmetry and
the following values for the flow parameters are used: A, = A, = 0.0005,
w=wp=1,p.=pp=1, . = = 0.1, and § = 0.1. Figure 7.31 plots the
pressure difference as a function of 1/R. The numerical measurements are
shown by the ¢ symbols and the solid line is a linear fit passing through the
origin, the slope of which gives the surface tension. The straight line is seen
to be a good fit to the predicted pressure difference, thus demonstrating the

model’s ability to predict surface tension.

7.5.2 Non-Equilibrium Rod Test

The three dimensional extension of the non-equilibrium rod test, as described
in Section 7.4, is performed. We construct an axisymmetric pipe of radius
r1 = 64 and height h; = 128. A cylindrical droplet of red fluid with radius
ro = 32 and height hy = 64 is placed in the center and is surrounded by a
blue fluid. The densities of the two species are: p, = 3 and p, = 1. The other
flow parameters are w, = w, = 1, A, = A, = 0.0005, o, = 0.9 and § = 0.1.
The initial configuration is shown in Figure 7.32. As in the two-dimensional
case we expect surface tension forces to act at the areas of high curvature
and cause the droplet to find its equilibrium shape, i.e. a sphere. Figure 7.33
shows the final droplet configuration, which we see to be a cross-section of
a sphere. It is important to note that the final radius is 7y ~ 36.6, showing

that volume has been preserved.
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Figure 7.31: Plot of pressure difference as a function of the reciprocal of the
radius of an axisymmetric droplet. The numerical predictions are denoted
by the symbols.
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Figure 7.32: Initial configuration for the axisymmetric non-equilibrium rod
test.

Figure 7.33: Final configuration for the axisymmetric non-equilibrium rod
test.
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| Mesh | DF | Volume | Radius | Measured Radius | Error (%) |

MO 2048 25736 18.315 / /

M1 8192 205887 | 36.631 36.590 0.1
M2 | 32768 | 1647099 | 73.260 72.99 0.35
M3 | 131072 | 13176794 | 146.52 146.67 0.1

Table 7.5: Comparison of measured radius on different meshes for the non-
equilibrium rod test.

To demonstrate mesh convergence we construct three additional meshes,
one coarser and two finer than the one mentioned above. The coarse grid,
MO0, has dimensions 64 x 32 lattice units, M1 is the original grid (128 x 64)
and the finer meshes, M2 and M3 have dimensions 256 x 128, and 512 x 256,
respectively. The initial square droplet is half the size of the mesh and
placed in the center of the domain in each case. Table 7.5 shows the number
of degrees of freedom (DF') on each mesh and volume of the initial cylindrical
configuration. The column titled "Radius” gives the value of the final bubble
radius required to preserve the volume identically and ”Error” refers to the
relative error between this value and the measured radius. We see a excellent
agreement between the required and measured radii on meshes M1, M2 and
M3 showing that our axisymmetric 2 phase operator produces the desired
surface tension effects while conserving mass. Mesh M0 was too coarse to

produce any meaningful results.

7.5.3 Rising Bubble

We now present a preliminary simulation of a bubble of one fluid rising in
a denser medium. A 128 x 64 D2Q9 mesh is constructed with a line of
axisymmetry at y = 1. A bubble of blue fluid with density p, = 1 and radius
r = 32 is initially centered at (50, 1). The surrounding red fluid has a density
pr = 2. Following Télke et al. [65], a gravitational force F; = —gc;,, where
g = 1 x 1075 is the gravity acceleration is added to the LBE to induce the
motion. No-slip conditions are applied to all boundaries other than the line
of axi-symmetry.

Figure 7.34 plots the motion of the bubble at different time-steps. By
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t = 2500 the bubble has lost its spherical shape and departed from its initial
position. The shape is further deformed as the simulation proceeds and at
t = 10000 the radial symmetry is clearly lost and the bubble has risen up
the pipe. These are only preliminary results to shown qualitatively that this
model can produce the desired effects under gravity. Further, more in-depth
studies should be conducted to show if the proposed LBE can predict more
detailed features such as the bubbles terminal velocity and final shape which
can be characterised by the viscosity ratio, E6tvos number, Morton number

and Reynolds number [65].

7.6 Discussion

In this chapter, a Rothman-Keller type lattice Boltzmann model has been
developed for immiscible binary fluids using a D2Q9 lattice. An equilibrium
function and collision operator for each phase has been derived, allowing
each fluid to have to have its own density and viscosity while at the same
time satisfying the necessary conservation laws and symmetry conditions.
A Chapman-Enskog analysis shows that our modified two-phase collision
operator recovers the correct form of the Navier-Stokes equations for binary
fluids in the macroscopic limit. A theoretical expression for surface tension
has been derived from this model and shown to be in excellent agreement with
numerical measurements. The macroscopic governing equations are satisfied
by the mesoscopic evolution of each phase.

The model was first used to study Poiseuille flow in a two-dimensional
channel for two and three layer configurations of immiscible fluids. Good
agreement with the analytical solution was obtained in both cases and a
greater accuracy was obtained when the number of lattice nodes in the trans-
verse direction was increased. The three layer configuration maximises the
mass flux for a given pressure gradient [28]. Using a body force of the same
magnitude a greater maximum velocity is obtained than in the two layer
configuration.

The thickness of the interface between the two fluids is controlled by the

value of the free parameter, 6. Sharp interfaces are achieved by choosing small
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Figure 7.34: Motion of a bubble under the influence of gravity at times
t = 100 (top left) t = 2500 (top right), ¢ = 5000 (bottom left), and ¢ = 10000.
The surrounding fluid is the more dense.
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values of ¢ while values close to unity lead to the interface being spread over
several lattice cells. The results here were generated using § = 0.1. Larger
values caused too much smearing of the interface and resulted in a less ac-
curate prediction of the velocity profile near an interface. The model was
then used to simulate the spinodal decomposition of a binary mixtures. In
the case of a mixture of two fluids with the same density but different vis-
cosities the model predicts that, in equilibrium, one large low viscous bubble
is surrounded by the more viscous fluid. This prediction agrees with the
analysis of Joseph and Renardy [28] who show, using rigorous mathematical
arguments, that stable solutions to the equations for rigid motions of two
liquids can be framed as a minimisation of energy problem, the only global
solution to which is one large sphere.

We have also performed simulations to demonstrate that this model can
predict binary flows with much larger density ratios than other R-K type
LBM’s. When the two fluids have different densities interface stability is
maintained by the free parameter, «,.. Large density variation can be ob-
tained provided the bounds on «, are respected. Both the non-equilibrium
rod test and the coalescence of two identical bubbles test were completed
successfully and the results have led us to believe that our modified collision
operator can capture qualitative and qualitative two-phase flow phenomena.
We have written a journal article containing all this material and it has
been published in the Journal of Physics A: Mathematical and Theoreti-
cal [54]. Finally, an axisymmetric multiphase lattice Boltzmann model has
been proposed. This model is easy to implement and two test cases have

been performed to demonstrate its capabilities.
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Chapter 8
Viscoelasticity

All models so far have been concerned with Newtonian fluids, that is purely
viscous fluids which have a simple micro-structure and thus can be char-
acterised by the Navier-Stokes equation (5.53). Fluids with complex micro-
structures exhibit more complicated behaviour which the Navier-Stokes equa-
tions fail to capture. Such non-Newtonian fluids may have complex constitu-
tive relations for stress and in this chapter we focus on models for viscoelas-

ticity.

8.1 Rheology and Constitutive Equations

Rheology is defined as the the science of deformation and flow. The classical
extremes of a materials behaviour are Hooke’s law of elastic solids and New-
ton’s law of viscous fluids. Hooke proposed that the stress, o, in an elastic

body is proportional to the strain, v:
o= Gpgy, (8.1)

where Gy is referred to as the rigidity modulus. Newton postulated that the

stress in a liquid is proportional to the rate of strain, +:

o =ny, (8.2)
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where the constant of proportionality, 7, is called the viscosity and ¥ = 0;7.

Many materials do not fall neatly into either of these two categories but
instead show solid-like or fluid-like behaviour at different timescales or in
different circumstances. For example, glass is generally thought of as solid
but over sufficiently long times is observed to flow under the force of gravity.
The two most important properties in material classification are the viscosity
and timescale. Some rheological phenomena include: shear-rate dependent
viscosity; non-zero normal stress difference; Weissenburg rod-climbing effect
and die swell. A detailed discussion of such behaviour can be found in Barnes
et al. [2] and Tanner [64].

8.1.1 Linear Viscoelasticity

For an incompressible fluid in a bounded domain D of R3 there exists a

symmetric stress tensor, o, so that from the conservation of momentum:

Du
—-Vv. 8.3
and we have assumed there is no body force. A proof of the above can be

found in Phillips and Owens [48]. The stress ¢ can be decomposed to
Oap = —P(Saﬁ + Tag, (84)

where P is the pressure and T is referred to as the extra stress tensor.
The constitutive relation for the extra stress tensor for a Newtonian fluid
is given by equations (7.17) and (7.18). An equation for the stress in a
purely elastic body can also be derived but here we concentrate on linear
viscoelastic behaviour.

Many features of linear viscoelasticity can be deduced from small ampli-

tude oscillatory shear motion. The stress can be shown to be [64]:
t
Tos(t) = /_ Gt — )ALt at, (8.5)

where ASﬁ) is the first Rivlin-Ericksen tensor which can be interpreted as the
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rate of strain. In what follows the tensor quantities defined above are written
without Cartesian subscripts to denote one-dimensional shearing motions.
Let

Y(t) = o exp(iwt), (8.6)

where i = /—1, w is the frequency and 7y is the strain amplitude, which is

assumed to be small. Then
4 = dwy exp(iwt), (8.7)

and substituting this into (8.5) yields:

t
T = iwype ™! / G(t —t)e™t dt'. (8.8)

—0o0

Defining the complex modulus G* as T'/v gives
G* = iw/ G(s)e ™*ds, (8.9)
0

where s = t — t’. Equation (8.9) can be separated into real and imaginary

components:
G =G +iG" = / wG(s) sin(ws)ds + z/ wG(s) cos(ws)ds,  (8.10)
0 0

where G’ and G” are called the storage modulus and loss modulus, respec-

tively. The complex viscosity, 7*, is defined to be T'/4, hence

n=n—in = — —i—. (8.11)

The detailed form of n* depends on the constitutive relation for stress. Two
important models are the Maxwell and Jeffreys models which are given by

the following equations, respectively:

T+nT = ny, (8.12)

T+nT = n(&+mn7y), (8.13)
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where 7 is a relaxation time and 75 is retardation time. Details of the
derivation of these equations can be found in Barnes et al. [2] and Phan-
Thien [47]. For the Jeffreys model (8.13) the components of the complex

shear viscosity are found to be

/ Mo — Mo

g e T (wr)? (8.14)
" (770 - noo>W7—

= X7 P/ 8.15

1 1+ (wr)? ’ (8.15)

where 19 and 7, > 0 are the zero and infinite frequency viscosities, respec-
tively [64], and 7 is a relaxation time. The special case 77, = 0 gives the
Maxwell model.

When extending equations such as (8.12) and (8.13) to more than one
dimension one must consider the principles which govern formulation of con-
stitutive equations. These are: coordinate invariance, determinism and local
action; and the principle of material objectivity. Details of these general rules
can be found in the books of Phan-Thien [47] but here we merely state that
extending equation (8.12) to higher dimensions gives, using contravariant

tensors, the Upper Convected Maxwell (UCM) model for stress:
v .
T+n T=ny (8.16)

v
where 4 is defined by equation (7.18) and T denotes the upper convected
derivative of T DT
v
T= 5 (Vu)T — T(Vu)', (8.17)

and 1 denotes the matrix transpose.

8.1.2 The Fokker-Planck Equation

Viscoelastic phenomena are primarily due to molecular forces which arise
from the orientation of polymer chains in the liquid. The polymers immersed
in a solvent can be modeled as elastic dumbbells consisting of two beads and

an interconnecting spring. Suppose that the beads have mass m; and msy
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and position vectors x; and x3. The equations of motion for the beads can
be written as [48]:

d*x; dx;

mid—; — ¢ ( CZ — (up + (Vu)Txi)> +B+F, i=12  (818)
where B, are the Brownian forces due to the impact on the beads of the
solvent molecules, F; are the forces on the beads exerted by the spring and
&; are the friction coefficients. Let Q = x5 — x; be the end-to-end vector of a
dumbbell and suppose 1(Q, t)dQ is the probability a dumbbell in the range
Q to Q + dQ at time ¢ has end-to-end vector Q. It can be shown [48] that
¥ satisfies the Smoluchowski equation:

oY

o , O : 0y
+8Q (Vu)'Qy — k§12Q

where &5 = 1/& + 1/&, k is a constant and F = F; = —F,. Since

VéeF | =0, (8.19)

0 [
Q 0Q’

the diffusion equation for the probability density function, ¢, known as the

H((Vw)'Qy) = (Vu)'Q) - (8.20)

Fokker-Planck equation, is:

o 0%y 9
+((Vu)'Q) - q kfl?an 512%

U

= - (WF). (8.21)

Multiplying equation (8.21) by QQ and integrating over R? yields:

(QQ) = 2ké1T — 261, (QF), (8.22)

where

(f(Q) = g F(Q)¥(Q,1)dQ, (8.23)

is the ensemble average of any function f of Q and we have used the diver-
gence theorem and the fact that v — 0 as |Q| tends to its maximum possible

length.
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The Kramers expression for the extra stress tells us that

T = —nkI + nsy + n(QF),

(8.24)

where n is the number density of the dumbbells. Substituting equation (8.22)

into the above for (QF) yields the Giesekus expression for the extra stress

tensor:

) n ,V
T:mv—iE@Q%

If the connecting spring is Hookean the force law for F is
F=HQ,
for some positive parameter H, and equation (8.24) becomes
T = —nkl + n,ynH(QQ).

Using the fact that
v
I= _;Y7

(8.25)

(8.26)

(8.27)

(8.28)

we can eliminate (QQ) between equations (8.27) and (8.25) by taking the

upper convected derivative of (8.24) to give:

v ) v
T+7m T=m (’Y+72’Y>,

where

m = Ns+ Tp,
B nk
T SHE,
1
T = )
! 2HE
7737—1
Ty = .
T

(8.29)

Equation (8.29) is the Oldroyd B constitutive equation. The solvent and
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polymeric contributions to the stress can be separated as
T = nyy + s, (8.30)

where s is the elastic stress, and substituting into (8.29) yields the UCM

equation for the extra stress T as 7, — 0:

S+ 7 S— nyY.- (8.31)

8.2 Viscoelastic Lattice Boltzmann Models

The equations governing the flow of viscoelastic fluids are, in general, a set
of complicated nonlinear partial differential equations of mixed type. For
example, if the the fluid is incompressible one must solve the system of equa-

tions:

V-u = 0, (8.32)
Du

where o is given by equation (8.4) and the extra stress tensor, T, is given
by an appropriate constitutive equation, such as (8.16). Analytical solutions
to such equations are limited to a number of special cases (such as the so-
called viscometric flows), and experiments on industrial fluids that may be
described mathematically by the above equations are often expensive and
time-consuming. Therefore, accurate and efficient numerical algorithms for
solving non-Newtonian flow problems are considered highly desirable by rhe-
ologists. A detailed description of computational rheology is given in [48].
Traditional approaches to the numerical simulation of complex fluids in-
volve the discretisation of the (macroscopic) governing partial differential
equations using either finite difference, finite volume or finite element meth-
ods (which are local methods) or spectral elements (a global method). De-
spite their successes there are a number of difficulties associated with these

methods. For example, irregular geometries are not easily incorporated into
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the discretisation framework (particularly using finite difference approxima-
tions), unresolved theoretical problems concerning compatibility conditions
to ensure a well-posed discrete problem, and difficulties in dealing with the
convective term, u- VT.

The macroscopic models for viscoelasticity do not always give results that
are in quantitative agreement with experimental data. Therefore, it is neces-
sary to look to more sophisticated models based on a finer level of description,
such as the Fokker-Planck equation in Section 8.1.2. Numerical methods for
solving these equations generally involve a computationally intensive proce-
dure and only in recent years has this become a feasible task. Since the
lattice Boltzmann algorithm is based on discrete mesoscopic dynamics and
has the computational advantages of: natural parallelisation; and suitability
for flows in complex geometries (c.f. Section 5.5), it is considered a promising

computational tool for viscoelastic flows.

8.2.1 A LBE for the Jeffreys Model

The first attempt to extend the lattice Boltzmann equation to represent vis-
coelastic effects was by Giraud et al. [13] who incorporated Jeffreys’ complex
shear viscosity (8.13) into the original LBE framework. They considered the

linearised LBE with a full collision matrix, i.e.

Ni(x+cit+1) = Ni(x,t) — > Qi(N; — N9, (8.34)

and first defined the model on a thirteen velocity (D2Q13) lattice, as shown
in Figure. 8.1. We explained in Section 5.1 that the elements of €2 can be
chosen arbitrarily, subject to the conservation laws and laws of symmetry.
We also remarked in Section 5.4 that the macroscopic equations depend on
the eigenvectors of the collision matrix. The normalised eigenvectors of this

model were chosen to be
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Yo = (1,1,1,1,1,1,1,1,1,1,1,1,1) /13,

¥, = (0,1,0,—1,0,1,—1,—1,1,2,0,—2,0)//14,

¥, = (0,0,1,0,—1,1,1,—1,-1,0,2,0, —2)//14,

¥y = (28,15,15,15,15,2,2,2,2, —24, —24, —24, —24) /24/1001,
vy = (0,1,— 1,0,0,0,0,4,—4,4,—4)/2¢1_7,

Y = (00000,1, ,1,—1,0,0,0,0)/2,

v = (4,— 2,—2,1,1,1,1,0,0,0,0)/6,

¥r = (28,4,4,4,4,—20,—20, —20,—20,9,9,9,9) /6777,
¥s = (0,—2,0,2,0,1,—1,—1,1,0,0,0,0)/2V3,

Yy = (0,0,—2,0,2,1,1,—1,—1,0,0,0,0)/2V3,

v = (0, —2,0,2,0,—2,2,2,—2,3,0,—3,0)/v42,

Y = (0,0,-2,0,2,—-2,-2,2,2,0,3,0,—3)/v42,

Y, = (o —4,4,-4,4,0,0,0,0,1,—1,1,—1)/2/17,

corresponding to the eigenvalues

[0,0,0, Aes Ay Ao Mgy Ags Ay Ay ALy AL AL (8.35)

X0 “hxr Ty

In Section 5.4 we showed how the LBE can be expressed in an alternative
dual basis based on the moments m; = ¢; -%. The macroscopic equations for
this model were derived via the Chapman-Enskog analysis in this new basis

and the expansion yields:

9,m® + 5.0,m® = —Qm®), (8.36)
9,,m®© + (1 - %) 9, m® + 3, (I - —) 9,m® = —Om®, (8.37)

where (Sa)ij = 0;jCio. From the above expansion, Giraud et al. [13] were able

to recover isotropic Navier-Stokes equations.

To incorporate viscoelastic effects into the model the authors coupled the
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12

Figure 8.1: The D2Q13 lattice.

symmetric viscous stress tensor (which is related to the moments my4 and ms)
to some new quantity which evolves slowly in time, leading to memory effects.
To achieve this they added two non-propagating quantities that behave like
the viscous stress tensor. The new model is a 15 velocity model with ¥, and

15 replaced by

¥, = (a,0,0,1,—-1,1,-1,0,0,0,0,4, —4,4, —4), (8.38)
¥s = (0,b,0,0,0,0,0,1,—1,1,—1,0,0,0,0), (8.39)

where a and b are coupling constants, and two new eigenvectors

Y13 = (—68/a,0,0,1,—1,1,—1,0,0,0,0,4, —4,4, —4), (8.40)
¥y = (0,—4/b,0,0,0,0,0,1,—1,1,—1,0,0,0,0), (8.41)

which have not been normalised for legibility. The corresponding eigenvalues
are denoted by [A,, \,] and the additional lattice velocities ci3 and cy4 are
in the rest particle position. The other 11 eigenvectors are derived from the
vectors ¥y to Y3 and ¥g to 112 with two components equal to zero in front
of them.

When A, = 0, the moments m;3 and my4 are conserved and the following
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macroscopic equations are obtained:

Op + Orju + Oyjy =0, (8.42)

Orje + (895% + ayj”ij> + 0, P + <L (0pmaz + Oymay)
= Voo DNz + §0002(0zJu + 9y ), (8.43)

Oy + (33/%5 + 3;0%7]@’) + Oy P + L (0ymuy — Oymys)
= Voo AJy + £000y(Onfin + OyJy), (8.44)
Oymaz + K(Onjz — Oyjiy) = Do, (8.45)
Ovmay + K(0zJy + Oyjz) = Doy, (8.46)

where j is the momentum, and « and ¢, are free parameters such that 0 <
K < 749/442 and 2 < k/2 < 749/884. The viscosities and pressure are given
by:

Ve = (g - ci) (Ai - %) , (8.47)
R I T

845 — 1383k + 44262 (1 1
D. = & - 8.49
LT (749 — 442r) (Ag 2) (8.49)
P = p, (8.50)

where the sound speed, c,, is considered a free parameter.

When A\, is non-zero, m;3 and my4 are no longer conserved quantities and
must have equilibrium values. For simplicity, both these values are set to zero
in [13]. If A, is of the same order of magnitude as the other eigenvalues the
Navier-Stokes equations can be derived from the Chapman-Enskog analysis

with a shear viscosity

K 5 ) 1 1 , (1 1
== - ——= ———. 51
v (2 2 (Ay 2)+CL<)\7 5 (8.51)
When ), is a non-zero but very small the fluid should behave as a viscous

one for time scales much longer than 1/)\, and as an elastic one for time

181



scales much shorter. To study this, Giraud et al [13] examined the roots of
the dispersion equation (5.84), which were obtained numerically. We note
briefly that no analytical expressions for the determinant were given and
the model is not generalised in the sense of Section 5.4. The authors plot
the real and imaginary parts of the roots, z, of the dispersion equation and
observe three distinct regimes: three hydrodynamic modes with z — 1 as
k — 0; two "quasi-hydrodynamic” modes with z ~ 1 when £ — 0; and the
non-hydrodynamic ones with |z| < 1 when & — 0. A coupling between a
hydrodynamic (shear) mode and one of the quasi-hydrodynamic modes for
k > ke~ A, /(2c.) was observed; a signature of a Jeffreys/Maxwell complex
viscosity.

Giraud et al. [13] appear to have built the first viscoelastic LBE and their
model was able to demonstrate some non-Newtonian behaviour. Although
most encouraging, the results are only qualitative and the amount of numer-
ical evidence presented for viscoelasticity is small. Also, the authors were
not able to derive the macroscopic equations of motion since the Chapman-
Enskog analysis assumes the time scales are much larger than the inverse of
the smallest non-zero eigenvalue, which is not necessarily true in this case.
Moreover, the (linear) dispersion approach is not valid for the convected
Jeffreys, or Oldroyd B equation (8.29), since this model contains nonlinear
terms in velocity gradients.

This model was improved by the same authors [14] by reducing the lattice
to a D2Q11 model, shown in Figure 8.2. As well as simplifying the model
they also argued that the collision matrix, €2, can be perturbed in the same

manner as the distribution functions in the Chapman-Enskog analysis, i.e:
Q=00 00 4 203, (8.52)

where the matrices are assumed to have the same eigenvectors which are
split into three groups: the conserved ones with zero eigenvalues; the quasi-
conserved ones with zero eigenvalues for the zeroth order matrix; and the

non-conserved ones with zero eigenvalues only for the first and second order
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matrices. These eigenvectors are similar to the 15 velocity model:

Yo = (1,1,1,1,1,1,1,1,1,0,0),

¥, = (0,1,0,—1,0,1,—1,—1,1,0,0),
¥, = (0,0,1,0,—1,1,1,—1,—1,0,0),
Yy = (4,1,1,1,1,—2 —2,-2,-2,0,0),
Yy = (0,1,— 1,0,0,0,0,0,0),
¥s = (00000,1, ,1,—1,0,0),
v = (4, —2,-2,1,1,1,1,0,0),
¥, = (040 —4,0,-2,2,2,-2,0,0),
Yy = (0040 —4,-2,-2,2,2,0,0),
vy = (0, —2,0,0,0,0,—4/a,0)
Y10 (00000,2, —2,2,-2,0,—4/b),

which have not been normalised. The obtained macroscopic equations for

viscoelasticity are then:

Oup + Brju + Byjy = 0, (8.53)
Ouju + 0P+ c) (1— ) (Bammg + O,ma0)
= Voo ANJo + £6002(02 i + Oydy), (8.54)
Oujy +0,P +c1 (1 - —) (Bamming — Byme)
= Voo AJy + €oc0y (O i + OyJiy), (8.55)
(1 - %) dimg + Aymao + Opjz — OyJy = Doc Ay, (8.56)
(1 _ %) Do + Aymg + Oy + 0yjs = DoeAmng, (8.57)
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where the transport coefficients now read:

-4 (1 1
Ve = ‘L (---), (8.58)

4 A 2
_ (3 (LD

fo = (4 cs) (Ae 2), (8.59)
_ 2 (L 1

Dy = & (Ag 2). (8.60)

The three conservation equations can be written in the equivalent me-

chanical formulation:

8tja = 8[5%[3, (862)
where the stress tensor 0,3 = —Pd.s5+ crg}ﬁ) + O'SZ) contains a viscous (v) and

non-Newtonian (N) contribution:

Ogg = Voo(gajﬁ + aﬁja - 'yj’y(saﬁ) + Sooa’yj’yéaﬁ, (863)
A
agfg) = ¢ <1 - 77) Mag; (8.64)

where m,, = my, = mg and my, = m,, = myo. Equation (8.64) is a solution
of

USZ) + T(atagl];) + DOOAUSZ)) = (0 = ¥0)(0adp + Ipjo — Dyjsdap), (8.65)

where 7 = (1/\,) — 1/2. Equation (8.65) is claimed to be the Jeffreys con-

) , which becomes

stitutive equation, plus a stress diffusion term DOOAJSZ
negligible when D7 ~ 1.

To verify the model Giraud et al. [14] simulated a pulsed Couette flow
between two parallel plates, where the plate at height h = 0 oscillates in
time with pulsation w. The vertical boundaries were periodic while the plate
at h = H was assigned the bounce-back condition. Their results for the

amplitude of the flow velocity are in excellent agreement with theoretical
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Figure 8.2: The D2Q11 lattice.

predictions but errors in the second harmonic are observed. Although the
authors are not able to explain this discrepancy they do offer some potential
causes. They suggest it may be due to the approximations used to compute
the theoretical results (details of which are not given in [14]) and/or to a small
error in the localisation of the effective walls associated with the bounce-back
scheme.

As with the original model [13] there is little numerical verification for
the viscoelastic LBE described above. Moreover, the constitutive equation
(8.65) does not contain any time derivatives on the right-hand side which
should be present in a Jeffreys model (8.13). Another limitation is equation
(8.65), despite being given in tensor notation, does not satisfy the principles
of objectivity of continuum mechanics (cf. [47] for a review of this subject
and the references therein) and thus is not frame invariant and may only be
valid for simple shear flows (with o =z and 3 = y in (8.65)). A satisfactory
dimensional extension of (8.13) is the upper-convected Jeffreys model, also
known as the Oldroyd B model (8.29), which this lattice Boltzmann model

cannot recover in the macroscopic limit.
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8.2.2 A LBE for the Maxwell Model

A Maxwell model for viscoelastic media links the elastic part of the stress

tensor, H&eé), to the rate of strain .5 = J,up + Osu, via the equation
A R (8.66)

where p is an elastic coefficient and A is a relaxation time. Then the viscoelas-
ticity of the fluid can be taken into account by adding the Maxwell body force
F() to the right hand side of the Navier-Stokes momentum equation (5.53):

F(x,7) = & / " exp[— (7 — 7)/A] Au(x, )7, (8.67)

— 00

Grant et al. [27] proposed adding the lattice equivalent of (8.67) to the
lattice BGK equation (5.12):

Ni(x + ci,t 4+ 1) = Ny(x, 1) +w [N}e> ~ Ni(x, t)} Ty (G(x,t)c),  (8.68)

where y is a constant depending on the lattice and G is the time discretisation
form of (8.67), i.e.

G(x,t+1) = G(x,1) {1 - ﬂ + %Au(x, ). (8.69)

Here, A is the discrete Laplace operator
A(x, 1) = ¢ [u(x+cit) —u(x, 1), (8.70)

and ( is a lattice constant.
This model has been checked for viscoelastic properties on the hexago-
nal FHP lattice (so that x = 1/3 and ¢ = 2/3) by measuring the Fourier

transform of the transverse velocity auto-correlation function |, (k,, 6)|?,
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where [27]

H/2 H T

1 . .

z=—H/2 y=1 t=1

with 7 = +/—1, T being the maximum number of time steps, H a height and

k., = 2mn/H, forn=-H/2,--- H/2, (8.72)
0 = 2mm/T, form=1,---,T. (8.73)

The initial results generated by Grant et al. [27] predict two propagat-
ing shear waves, showing that their model does indeed exhibit viscoelastic
properties. The simulations were only qualitative in nature however and dis-
persion relations needed to be derived in order to get a more quantitative
insight of the model’s elastic features. To achieve this, Grant et al. [27] de-
rived dispersion relations for the continuous shear waves in the framework of

the Maxwell model, i.e.

¢ /
oV =vAV + ,u/ exp[—(t — t')/T]AV(t')d—t, (8.74)
o T
where
V(z,t) = Voexp(—jwt) exp(jkz), (8.75)

and from this they obtain the following equation for k:

j+ 6t

K = .
v(1 = j6t) +

(8.76)

The authors were interested in propagating shear waves with sufficiently
small dissipation, hence they considered parameters for which the ratio (k) /R(k)
is small. Grant et al. [27] chose to simulate a periodic volume-driven fluid
in a capillary and the obtained results are in fairly good agreement with the
theoretical values. They conclude that their model reproduces the Maxwell

viscoelasticity for incompressible fluid flow. However, they have only run

187



simulations over a small range of parameters. This approach has therefore
only been shown to be successful in a small number of specific cases. Stabil-
ity requirements have prohibited simulations in the limit of small relaxation
times and it has yet to be shown if a similar method can be applied to more
sophisticated viscoelastic models. Also, the extra terms needed for the elas-
tic contribution have been added to the right-hand side of familiar LBGK
equation (5.12), which was ‘tuned’ specifically for Newtonian flows, with-
out considering how they effect the macroscopic equations. No effort has
been made to check if the correct equations of motion are recovered in the
macroscopic limit. It is also worth mentioning that a one-parameter LBGK
equation may not be a suitable model for viscoelasticity since it assumes that
all modes relax to their equilibrium state at the same rate; which may be

physically unrealistic (see Section 8.2.1).

8.2.3 Lattice Fokker-Planck Equation

It has been shown by Luo [38] that the lattice Boltzmann equation can be
derived from a direct numerical discretisation of the continuous Boltzmann
equation (1.16). A lattice Boltzmann-type equation for the Fokker-Planck
equation seems to have been derived independently by Succi et al. [62] and
Onishi et al. [45] who used the ideas of Luo to discretise the Fokker-Planck
equation on a lattice.

Succi et al. [62] considered the Fokker-Planck equation (8.21) in a concise,

one-dimensional form:

where f is the one-body particle distribution function and C' is the rate of
change due to collisions, which consists of a drag term R and a diffusion
coefficient D. Succi et al. [62] begin in the same fashion of Luo [38] by

projecting the distribution function upon a Hermite basis set:

M

f =Y Fulz, tyw(v)h(v), (8.78)

k=0
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where
w(v) = (2m) V2 /2, (8.79)

is the Gaussian weight of the discrete Hermite polynomials Ay (v). Equation

(8.77) can now be written as the following system of PDEs:

O F, +0,0,=Cy, k=0,1,..., M, (8.80)

where
o, = (vf, hy), (8.82)
Cr = (Chg), (8.83)

are the generalised densities, fluxes and collision rates, respectively, and

(19) = [w@)f@)ge)de, (884

is the scalar product in Hilbert space. These scalar products are evaluated

by means of a Hermite-Gauss quadrature to yield:

G

Fe = Y hiif (8.85)
i=0
G

o, = thivifia (8-86)
i=0
G

Ck = C;, (887)
i=0

where v; are a set of G+ 1 Gaussian nodes, w; are the corresponding weights,

and
_ Jw;
Cw;
¢ = w(j). (8.89)



After a little algebra and using a first-order Euler scheme for the time dis-

cretisation, Succi et al. [62] obtained:

which is the desired lattice Fokker-Planck equation. The specific form of the
collision term, ¢;, is needed to make equation (8.90) operational, and this can
be obtained once the moments Cj are computed from Cy = (hy0,[R(v)f +
Do, f]). The form of R and D depends on the problem of interest.

To relate equation (8.90) to the lattice Boltzmann equation, Succi et

al. [62] write the function Cj, as the result of an operator C' acting upon f:
Cy = (hy,, Cf) = chm s (8.91)

where the coefficients

Clom = (hie; Cw () hy) (8.92)

provide the matrix representation of the collision operator C in the discrete
Hermite basis set [62]. Substituting the above two equations into (8.89)

shows, after some algebra

Cij = W; Z Ak,iCk,mAm,la (8-93)

k,m

where A, ,, = hy(vy,)/H,, are orthonormal eigenvectors. To ensure Galilean
invariance and include hydrodynamic effects, w(v) in equation (8.92) needs
to be treated appropriately. Succi et al. [62] consider an expansion about
a small mean flow speed, u, and find the following lattice Fokker-Planck

equation for hydrodynamics [62]

filr + et +1) — fi(z, t) ch ), (8.94)

where fi(e) is the local equilibrium function which can be constructed so as

to conserve the correct quantities at the hydrodynamic scale.
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The authors illustrate their model’s capabilities by specifying a form of
the lattice Fokker-Planck equation and performing some simple test simula-

tions. They choose a one-dimensional charged fluid such that
R(v) =A(w)v—a, D=y, (8.95)

where v(v) denotes the inverse relaxation time processes describing the dissi-
pative interactions of particles of speed v with particles at rest. For simplicity
this term is taken to be y(v) = 7o + Y2v?. For the linear case (v, = 0) the
steady flow speed u was measured and shown to agree well with Ohm’s law:
uy = a/7o. In the nonlinear regime, a temperature dependence is introduced
and the obtained results are shown to preserve the qualitative features asso-
ciated with the drift speed. As with the viscoelastic LBE’s of Sections 8.2.1
and 8.2.2, the amount of numerical evidence presented is small and limited
to qualitative studies. Although the derivation of the lattice Fokker-Planck
equation in [62] is general, specific forms of the collision operator could be
difficult to obtain, especially if the terms R(v) and D contain derivatives of
functions. It should be noted that this algorithm may offer some advantages
over other Fokker-Planck solvers since it preserves the desirable feature of
the standard lattice Boltzmann equation, i.e. the streaming operator is lin-
ear, boundary conditions can be easily implemented, and efficient parallel
processing.

In the same year, Onishi et al. [45] proposed a lattice Fokker-Planck
equation specifically designed for polymeric liquids, i.e. so that the UCM
model can be recovered. Like Succi et al. [62] these authors take advantage
of Gauss-Hermite quadrature approximations but start by introducing the

distribution function, v, for the polymeric Fokker-Planck equation:

Y(Q) = §(Q)e” Q) (8.96)

where Q is a configuration vector, k is a constant, H is the Hookean spring

constant, and ¢(Q) is a function. The moments of ¢ can be found by evalu-
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ating integrals of the form
@) - [B@uQQ

_ (%)D/Q | Bgs@oet (8.97)

where B(Q) is an arbitrary function of Q and £ = Q/Q. is a non-dimensional
configuration vector with Q. = \/2k/H, and D is the dimension of space.
Applying the Gauss-Hermite Quadrature to equation (8.97) yields:

(B(Q)) = > B(Qj)vs: (8.98)
where iy
o=u () o) (5.99)

In equation (8.99), w; are weight factors and Q; are the discrete configuration

vectors. The Fokker-Planck equation (8.21) can now be written as
Dby = —u - Vip + Qg + M;, (8.100)

where €24 ; describes the dumbbells relaxation to an equilibrium state and
M; accounts for solvent effects. Onishi et al. chose an equilibrium function

in the following form:

H \""? H
w):(ﬁ) exp (—%Q‘Q), (8.101)

and substituting equation (8.99) into the above yields:
Pl = w,. (8.102)

To keep the model simple, a one-parameter collision operator is chosen to
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describe the relaxation process

Qpj = L (wj - 1/1](6)) , (8.103)

T4

where 7, is a relaxation parameter for ¢;. We note the similarity with the
BGK collision operator in the standard lattice Boltzmann equation (5.12).

To find an expression for M;, equation (8.99) is substituted into the right-
hand side of (8.21) to find

H k H
My =17 Q- Q; — 1) - (Vu)- —(Q;Qy). (8.104)

k H kp

It is readily checked that the moments of M, are
M =1, (8.105)
J
> MQ; = o, (8.106)
J

ZMJQJQJ = (Vu)' (Q,Q)) +(Q;Q;) - Vu. (8.107)

The optimal choice for the space discretisation is a D2Q9 lattice, i.e. the
Q;’s for the lattice shown in Figure 5.1 with weights W; given by (5.28).
The time discretisation is again a first-order Euler scheme and the resulting

lattice Fokker-Planck equation for polymeric liquids is

¢j(x7t+ 1) - ¢j(x7t) =

1 T,
At — _®© Y AL
¢] T¢+0.5(¢ ¢ )+Tw+0.5 a

where A, represents convection of dumbbells and is given in [45] by

Ay = Y [=05(€) Zr(x) + v (x + cx) Zp(x + )] /N, (8.108)
N,
Wi = s (8.109)
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where N is a normalisation factor. The polymeric stress, T, is then found

from Kramers formula:
T,=-n, Y HQu+n,y HQuY, (8.110)
J J

where n, is the number density of the dumbbells.
To couple equation (8.110) with the lattice Boltzmann equation (5.12),
Onishi et al. [45] introduce a modified particle distribution, Ni(e), function to

incorporate the extra stress:

3 9
N = W [1+3ciu—§u2+§(ci-u)2 +T (8.111)
9 1 T
T% _ = ii__I ;_p_ 8.112
5 (CC 3 ) L ( )

The zeroth and first moments of the equilibrium function give the density
and momentum, showing that the additional term 7; does not effect the

conservation constraints, but the second moment is

Z Ni(e) =puu+ pl +T,. (8.113)

The Chapman-Enskog expansion now yields the equations of motion for an
Oldroyd B fluid:

Op+V-(pu) = 0, (8.114)
p(du+u-Vu) = —VP-V .o, (8.115)
o = pusy+ /“LPTP’ (8‘116)

where p1, = pkw is the solvent viscosity and p, = n,k7, is the polymeric
viscosity.

Onishi et al. [45] calculate shear and first normal stress difference using
their proposed model and the results show how they relax to their equilibrium
values at a Deborah number, De = 7,/4 = 10. They also incorporate a
FENE-P model for the dumbbells and show shear-thinning characteristics.
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Moreover, the results are in good agreement with theoretical predictions for
a wide range of De. The authors also investigate the validity of the model
by performing simulations of small-amplitude oscillatory shear flows. The
temporal evolution of the polymer stress is seen to be in-phase with the shear
rate, which agrees qualitatively with the UCM model. When the oscillation
has a high frequency and the flow domain is large analytical solutions for
the velocity profile can be found, and the numerical results obtained in [45]

agree very well with these.

8.3 Concluding Remarks

In this chapter we have discussed the significant models which have been
proposed as an extension of the LBE to viscoelastic flows. The models re-
viewed can be classified as either multi-relaxation models which couple the
viscous stress tensor with slowly decaying quantities to incorporate memory
effects (cf. Section 8.2.1), forcing models which incorporate a macroscopic
source term to account for viscoelastic stresses (cf. Section 8.2.2), or ki-
netic models which are a direct discretisation of the Fokker-Planck equation
on a lattice (cf. Section 8.2.3). Although all models have demonstrated
some success in predicting viscoelastic phenomena, we argue that the forcing
strategy for complex fluids has least in common with the lattice Boltzmann
philosophy since the additional source term is a macroscopic quantity that
requires a finite difference approximation to the Laplacian term. Another
severe theoretical limitation to the approach suggested by Grant et al. [27]
is the assumption that the viscous and viscoelastic properties have the same
relaxation times - a characteristic not observed in Maxwell-type fluids.

The multi-relaxation models for non-Newtonian LBE’s proposed by Gi-
raud et al. [13] [14] take advantage of the lattice Boltzmann framework by
incorporating viscoelastic effects into the collision operator. This means the
characteristic quantities of complex fluids are given purely in terms of lat-
tice moments. Although the numerical verification is limited, the ability to
‘tune’ the collision matrix gives these models the potential to recover the

constitutive equation of choice without having to resort to additional numer-
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ical differentiation of macroscopic quantities. This theoretical advantage has
yet to be demonstrated correctly in practise and the relation between lattice
moments and viscoelastic properties is not well understood at present. The
lattice Fokker-Planck models one the other hand have a firm mathematical
basis as they are shown to be a direct discretisation of a continuous kinetic
equation. Despite being a new and therefore little tested technique, the cur-
rent numerical evidence to support these models is very encouraging and the
algorithm is simple compared to other models for polymeric melts. There-
fore, future emphasis in non-Newtonian lattice Boltzmann models is likely to
fall on these kinetic models which promise to be a competitive alternative to

macroscopic numerical models for polymeric fluids.
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Chapter 9
Conclusions and Future Work

The lattice Boltzmann method is a relatively new CFD technique based on
the resolution of physics at a mesoscopic level whose governing equations are
linear in phase space. It is often promoted as a numerical simulation tool
that is particularly suitable for predicting complex flows and this thesis has
attempted to justify the above statement.

A common benchmark test in computational fluid dynamics is the flow
over a cylinder. A lattice Boltzmann algorithm with advanced boundary
condition treatment was written to simulate this well known problem and
calculate the drag coefficient, lift coefficient and Strouhal number. The sim-
ple case of flow over an unconfined cylinder was used to verify the code and
excellent agreement between the lattice Boltzmann prediction and the bench-
mark value for the drag was observed. The flow over a confined cylinder was
then considered and for the first time the influence of the Reynolds num-
ber and aspect ratio were systematically studied using the LBE. The three
aforementioned characteristics were measured and compared with results re-
cently obtained using a stylised finite volume method. The two data sets
were seen to be in close agreement for a large range of Reynolds numbers
and aspect ratios. A study of the velocity field clearly showed the onset of
von Karman streets in the cylinder wake and a series of mesh refinements
demonstrated convergence. A journal article containing this work is currently

in preparation [52]. However, a number of our results are somewhat puzzling
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and counter-intuitive. In some situations the relative difference is below 1%
where as in others it is closer to 5% and at this stage there appears to be
no obvious relation between the error and the flow parameters. A possible
explanation as to why the error is larger for high Re and high A is that the
number of degrees of freedom decreases as the aspect ratio increases. Also,
the distance between the centre of the cylinder and the outlet (and inlet) was
not constant in these simulations but was in those of Sahin [59]. To increase
the blockage ratio, we increased the radius of the cylinder while keeping the
grid size constant. Therefore, the inflow and outflow conditions may influ-
ence the flow differently for different blockage ratios; a problem that does not
occur in [59]. We suggest two further studies which may shed some light on
the matter. Firstly, the multi-relaxation time LBE, as described in Section
5.4 and in our article [51] can be applied to study this flow and the opti-
mised equation could possibly predict more accurate results for the drag, lift
and Strouhal number. More specifically, the generalised model can be used
to determine stability requirements and wave vector and streaming velocity
dependence of the LBE. Successful ‘tuning’ of the adjustable parameters can
reduce these effects which are likely to influence the flow and higher Reynolds
numbers. Secondly, a non-uniform mesh can be constructed and refined in
the vicinity of the cylinder. This should capture the flow characteristics in
the areas of high gradients and produce more accurate results. Details of
mesh refinement techniques for lattice Boltzmann methods can be found in
the papers of Bouzidi et al. [4] and Filippova et al. [10]. We note also that the
results obtain by Sahin [59], which were used for comparison in this thesis,
are themselves approximations for the drag, lift and Strouhal number and
are subject to discretisation errors.

In the next project an axisymmetric lattice Boltzmann equation was de-
veloped and shown to be a second-order approximation to the axisymmetric
Navier-Stokes equations. Unlike previous models this one correctly applies
the Chapman-Enskog analysis to LBE and fully exposes the coupling be-
tween the two additional source terms through the non-equilibrium contri-
bution to the D2Q9 distribution function, therefore recovering the correct

spatial derivatives in the macroscopic limit. These source terms are geo-

198



metric forces which are consistent with the general form for additional LBE
forces as found by Guo et al. [17]. Moreover, the source terms derived here
are more local than those of Halliday et al [18] since they are given mainly
in terms of moments of the non-equilibrium distribution function. This has
the practical advantage of reducing the amount of numerical differentiation
which is not only more sympathetic to the general lattice Boltzmann phi-
losophy but is also likely to improve computational efficiency and stability.
This last point is as yet unproven but a local stability analysis could be
conducted using a Fourier-space formulation (cf Section 5.4). We applied
our equation to Stokes’ flow over a sphere and found an excellent agreement
between the analytical and numerical approximations for the drag coefficient
for all Re < 1 (i.e when Stokes’ law is valid). At higher Reynolds numbers
our results agree with an empirical formula for the drag based on experimen-
tal evidence. The theoretical development of the model has been published
in Physical Review E [55] and a further article on the numerical evaluation of
the model is currently in preparation [53]. An extension of this model would
be to develop a multi-relaxation time formulation. This could be achieved
either by adding the source terms to the right-hand side of equation (5.79), or
by defining the moments of the generalised LBE such that the source terms
are satisfied. Both procedures would be beneficial as they would enable the
stability properties of the axisymmetric LBE to be analysed in detail and
allow the model to be extended to non-isothermal flows. However, it should
be pointed out that both suggestions could prove problematic since for the
first case the dispersion equation may be difficult to obtain in the presence
of additional forcing terms, and for the second case the moments for the
axisymmetric contributions may be difficult to incorporate into the collision
matrix since, at present, they are given in terms of the non-equilibrium part
of the distribution. Also, if non-isothermal flows are to be studied a more
complicated lattice (with additional velocities) may be needed if all the de-
sired macroscopic properties dictate more than 9 eigenvectors of the collision
matrix.

A lattice Boltzmann model for immiscible binary fluids with different

viscosities and densities has been developed. In the macroscopic limit this
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model was shown to recover the Navier-Stokes equations for two phase flow.
This was achieved by constructing an operator that induces the appropriate
surface tension term in the macroscopic equations. A theoretical expression
for surface tension has been derived from this model and shown to be in
excellent agreement with numerical measurements. The model was first used
to study Poiseuille flow in a two-dimensional channel for two and three layer
configurations of immiscible fluids. Good agreement with the analytical so-
lution was obtained in both cases and a greater accuracy was obtained when
the number of lattice nodes in the transverse direction was increased. The
three layer configuration maximises the mass flux for a given pressure gra-
dient. Spinodal decomposition of a binary mixtures has been studied. In
the case of a mixture of two fluids with the same density but different vis-
cosities the model predicts that, in equilibrium, one large low viscous bubble
is surrounded by the more viscous fluid. This prediction agrees with the
analysis of Joseph and Renardy [28] who show, using rigorous mathemat-
ical arguments, that stable solutions to the equations for rigid motions of
two liquids can be framed as a minimisation of energy problem, the only
global solution to which is one large sphere. We have also performed simu-
lations to demonstrate that this model can predict binary flows with much
larger density ratios than other R-K type LBM’s. When the two fluids have
different densities, interface stability is maintained by the free parameter,
a,.. Large density variation can be obtained provided the bounds on «, are
respected. Both the non-equilibrium rod test and the coalescence of two
identical bubbles test were completed successfully and the results have led
us to believe that our modified collision operator can capture qualitative
and quantitative two-phase flow phenomena. Finally, an axisymmetric mul-
tiphase lattice Boltzmann model has been proposed. This model is easy
to implement and some test cases have been performed to demonstrate its
capabilities. This material has been published in the Journal of Physics A:
Mathematical and Theoretical [54]. The most computationally intensive rou-
tine in the multi-phase lattice Boltzmann algorithm is the re-colouring step
and we have mentioned another of its shortcomings, namely lattice pinning.

Other re-colouring procedures have been suggested ( [32], [19], [65]) and it

200



would be interesting to investigate if these alternative routines improve the
proposed model. Although this binary fluid LBE, in contrast to others, has
been shown to recover the correct form of the Navier-Stokes equation in the
macroscopic limit (in a manner consistent with the Chapman-Enskog analy-
sis), it does have a number of limitations, in particular an ideal equation of
state and an inability to simulate fluids with very large density ratios. There-
fore, another worthwhile study would be to analyse the alternative models
reviewed in Chapter 7 to see, as we have done with the R-K model, if it is
possible to modify them so that the macroscopic equations are furnished.

A review of the extension of the lattice Boltzmann equation to visco-
elasticity has also been presented. The significant steps in the theoretical
development of the models have been described and the pros and cons of each
highlighted. The state-of-the-art LBE’s for non-Newtonian fluids appear to
have the potential to offer a promising alternative to traditional continuum-
based numerical methods for viscoelasticity, but this is still a contemporary
topic and further study is clearly needed if such models are to seriously

compete with existing numerical techniques.
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